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Abstract 

Current understanding of complex biological processes and structures relies entirely on 

available imaging and sensing techniques. As many of these investigation tools suffer from severe 

limitations, the need for methods which can provide new insight is growing rapidly. Enhanced 

Raman techniques are becoming increasingly important research tools in biosciences thanks to 

their unique non-destructive, non-invasive and label-free nature. This work aimed to demonstrate 

the capabilities of enhanced Raman techniques in life sciences and biomedicine research. The 

techniques used in this work were surface-enhanced Raman spectroscopy (SERS) and coherent 

anti-Stokes Raman scattering (CARS). While SERS uses the enhancement of Raman signals by 

utilising nanoparticles CARS utilises non-linear optical effects to increase signals. Furthermore, 

SERS is utilised as an analytical technique using spectral information while  CARS is used for 

chemically selective imaging at a vibrational frequency of molecular bond. The studies in this 

thesis explore the broad scope of applications of both these enhanced Raman techniques. SERS 

was used for detection of different bacterial strains, where it was shown that using 

nanopatterned surfaces resulted in improved distinction compared to use of nanoparticles. SERS 

was also applied to monitor of intracellular metabolic processes. The effect of different 

treatments to differentiate SHSY-5Y cells was studied and the changes observed were correlated 

with biochemical analysis. Additionally, novel SERS nanoparticle probes and their potential in life 

sciences was also investigated. CARS was used to study stem cell differentiation and food 

deprivation in nematodes. In both the cases the effect of chemical modulators and treatments 

was also studied. The results showed that label-free imaging using CARS is a viable and superior 

alternative to conventional staining used to study these processes in biological sciences. Overall, 

the work in this thesis establishes the use of SERS and CARS as potent tools in the life sciences.  
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Chapter 1: Introduction 

1.1 Vibrational spectroscopy and life sciences 

1.1.1 The reasons behind introducing vibrational spectroscopy into life science research 

 The complexity of organic molecules and biological systems has always been a source of 

both fascination and torment for life science researchers. The ultimate goal, to be able to observe 

and understand nature’s ways without artificially disturbing the delicate homeostasis, is still 

mostly out of our reach. Many commonly used techniques, although excellent at providing 

detailed insight into structure and functionality of biological entities, often involve heavy 

interference by introducing additional chemicals or removing components of the natural 

environment. Thus, for all of the observations made in such altered conditions there is a risk of 

reaching misleading conclusions. While in some cases this risk is acceptable, there are systems 

where there is simply no possibility of retrieving useful information when changes are introduced 

to their native state. Therefore, researchers strive to provide ways that allow studying these 

systems without any interference from the outside. Such an opportunity is also provided by use of 

vibrational spectroscopy methods. Vibrational spectroscopy has been primarily used to 

characterise small molecules and unknown chemical compounds till a couple of decades ago.   

Technological progress through the 1970-90s, which brought in commercial availability of the 

spectroscopic equipment and opportunities to increase the sensitivity, vibrational spectroscopy 

became of an interest also for studying biological systems. The advantages provided by this 

approach include: rapid and non-destructive insight into molecular structure and composition, 

operator-independent and cost efficient analysis based on intrinsic properties of the specimen. 

Application of such an approach to biomedical sciences has proved to be highly successful and 

established a new interdisciplinary research area that combines knowledge of physics, chemistry 

and biology 1.  

1.1.2 Vibrational spectroscopy – a brief introduction 

 Vibrational spectroscopy is a term that covers two main techniques that utilize intrinsic 

molecular vibrations – infrared (IR) and Raman spectroscopy. Both are relatively old, as the 

discovery of IR radiation was made over 200 years ago, while Raman effect was first observed in 

1928. As mentioned before, in these methods molecular vibrations, that are, oscillations of 

electrons that form molecular bonds are measured. As these oscillations only happen in a 

designated manner, for each molecule there is a pattern that defines the number of possible 
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vibrational modes. These vibrational modes carry comprehensive information about the 

molecular structure, composition and interactions with surrounding environment 2. Although both 

IR and Raman spectroscopies provide information on molecular vibrations they operate using 

different physical mechanisms – absorption and scattering. When light interacts with matter, a 

number of processes can happen. It can either get absorbed or scattered or not interact at all and 

be transmitted. In the absorption process, the energy of the incident photon must match the 

energy gap between ground and excited state of a given molecule. However, scattering can occur 

irrespective of the availability of energy levels that can absorb the radiation. In IR spectroscopy, 

broad spectrum infrared radiation is applied to the sample and causes photons with energies 

matching the frequencies of vibrational modes to be absorbed. Since vibrational energies in 

molecules are in the range of 0.02 eV to 0.7 eV they can absorb infrared photons 3. The absence 

of these frequencies after signal collection is detected. In Raman spectroscopy, these vibrations 

are excited by inelastic scattering of monochromatic light on the molecule, where the resulting 

frequency of scattered light corresponds to the difference between incident and vibrational 

frequencies. Differences between these spectroscopic modalities also result in the fact that not all 

vibrational modes are detectable by each technique 4. These differences originate from the nature 

of occurring molecular transitions. For such a transition to be Raman active, a change in 

polarizability of the molecule during the vibration must occur. This means that a positional change 

of the electron cloud must take place. Similarly, for an IR active transition, there must be a change 

of the dipole moment of the molecule during vibration. In general, molecules with a strong dipole 

moment are usually hard to polarize. Molecules that cannot be detected with one of the methods 

can be easily detected with the other. Moreover, some molecules can have bonds that are either 

Raman-active, IR-active, or both. Thus, together both techniques provide with complementary 

and comprehensive knowledge of structural properties of molecules of interest 5. 

1.1.3 Why Raman spectroscopy? 

 To say that all known forms of life depend on water is a truism. It not only provides an 

environment which allows proliferation of life, but also is a vital solvent and compound involved 

in many metabolic processes that occur in living entities. This means that any scientific 

observation of naturally occurring processes would involve working with aqueous environment, to 

retain the native state of the biological system. This is a major obstacle when it comes to using IR 

spectroscopy, as water exhibits strong absorption bands which can overlap with bands 

corresponding to molecules that constitute the system of interest. The way to overcome this 

problem is to substitute water with heavy water, which displays bands that are located in a 

different spectral region 6. This may be an excellent solution for in vitro studies of biological 
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molecules and their interactions. However, for in vivo studies of more complex specimens like 

cells or whole organisms, this is not a valid option as it would require removing water from 

structures that are isolated by biological membranes from the outside environment. Such 

substitution would be a very difficult and invasive process and thus it is simply not feasible to 

consider using IR for such studies. In Raman spectroscopy however, aqueous environment is not 

an issue as water is a very weak Raman scatterer 7. Therefore, it is an ideal choice for studying 

biological systems without interfering with the natural surroundings. As the main focus of this 

PhD work was to examine complex biological entities such as bacteria, cells and nematodes, 

analytical methods that utilize Raman scattering were chosen over IR spectroscopy.  
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1.2 Raman scattering – the theory 

1.2.1 Basic theory 

 However theoretically predicted by Adolf Smekal in 1923 8, Raman effect was first observed 

5 years later, in 1928 by C. V. Raman and K. S. Krishnan, where they reported the discovery 

of a new type of light scattering 9. This was a remarkable finding, as it was made using very basic 

instrumentation. In the original experiment, sunlight was focused onto a sample (purified liquid or 

a dust-free vapour) using a telescope. Another lens was placed next to the sample to collect the 

scattered light. To evidence the scattered radiation, a system of optical filters was used. When 

light (electromagnetic wave, which is a propagating oscillating dipole), interacts with a molecule, 

the electron cloud is affected by it – electrons go to a higher energy state and polarize. This 

interaction can be seen as short-lived coupling between electrons and light. This means the 

molecule displays different configuration of electron cloud but no major nuclear movement. The 

geometry of electron cloud in such state differs from that found in the static molecule, thus it 

cannot be described by any of the electronic states of the molecule. The actual shape of the 

electron cloud depends on energy transferred to the molecule and hence on the frequency of 

incident light. This occurrence, called the virtual state of the molecule, is not stable and excess 

energy is readily released as scattered radiation 10. Most scattered photons will have the same 

energy (frequency and wavelength) as the incident photons. This is elastic scattering, also called 

Rayleigh scattering, and occurs when the electron cloud relaxes without any movement of the 

nuclei 11. However, a small fraction (approx. 1 in a million) scattered photons will have different 

energy from the incident photons. This type of light scattering, called Raman scattering, is often 

referred to as inelastic as the energy of scattered photons is different that of incident photons 

(either lower or higher). This occurs when nuclei move during the interaction of electron cloud 

and light 12. If during the interaction with a photon (with energy E0) the molecule gains energy 

hνvib, the scattered photon will have lower energy (E0- hνvib) than the incident photon (Stokes 

process). In the opposite case, the molecule can lose energy hνvib and the photon will be scattered 

with a higher energy (E0+ hνvib) than the incident photon (anti-Stokes process). This terminology 

refers to Stokes’ law of fluorescence and is also used for Raman scattering 13. According to it, the 

frequency of fluorescent light is always smaller or equal to the energy of incident light. Stokes 

lines in fluorescence are these that agree with Stokes’ law and anti-Stokes lines are these that 

contradict it. From Boltzmann distribution it can be inferred that at room temperature most of 

the molecules are likely to be in the lowest vibrational level of the ground electronic state. In this 

state, molecules can only accept energy from an incident photon and therefore scattered photons 

will be emitted at lower energies due to energy lost to the vibrational levels of the molecule. 
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Therefore, Stokes scattering is far more intense than anti-Stokes process (which requires 

scattering molecule to be in excited vibrational state) 14. A graphic representation of these 

processes is presented in Fig. 1.1.  

 

Figure 1.1. Jablonski energy diagram for Raman scattering in comparison with Rayleigh 

scattering. Arrows indicate absorbed (↑) and scattered photons (↓). 

1.2.2 Important aspects – selection rules 

1.2.2.1 Polarizability 

An important aspect which should be discussed with regards to Raman activity of molecules 

is polarizability. Light is an electromagnetic wave, where components are oscillating in different 

directions. By passing the light through a suitable optical element all of the components can be 

made to propagate in the same plane. This is known as plane or linearly polarized radiation. The 

lasers that are used for excitation in Raman scattering are generally polarized. When such light 

source interacts with the molecule, the molecule suffers distortion as an induced electric dipole is 

formed due to nuclei and electrons being attracted to the opposite poles. The extent of such 

distortion is dependent on the ability of the electron cloud to change its orientation in the electric 

field, i.e. polarizability 15. Polarizability [α] is defined as the ratio of the induced dipole moment of 

an atom to the electric field that produces this dipole moment – p=αE 16. Even though applied 

light is linearly polarized, the effect on the electron cloud occurs in all directions. A change in 

polarizability is required for a molecule to exhibit a Raman effect 10. Actual scattering of light by 

molecules is administered by the relative polarizability of the electron distribution in the 

molecule. The Raman intensity is proportional to the square of the induced dipole moment (that 
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is the square of the polarizability derivative). If the vibration does not change the polarizability 

noticeably, the induced dipole moment will be small, and hence the Raman emission will be weak. 

Thus, the intensity of the Raman scattering from a given molecule is proportional to the 

polarizability change 17. 

1.2.2.2 Molecular vibrations 

 A given molecule has a certain number of vibrational modes of its chemical bonds that are 

defined by degrees of freedom of the molecule in a relaxed state. Three of them describe the 

translation of a molecule in space and another three describe rotational movement. Therefore, 

for a molecule with N number of atoms, the number of vibrational degrees of freedom and 

consequently the number of possible modes of vibrations is 3N – 6. For linear molecules this 

equals 3N – 5 as two of the rotational movements are identical 18. In diatomic molecules, 

vibrations can only occur only along the chemical bond that connects two nuclei. However, in 

polyatomic molecules, all of the nuclei can oscillate, which makes it more complex. Nevertheless, 

these movements can be broken down to of a number of independent ‘normal’ vibrations and in 

that way described more easily. It is clearly demonstrated by water and carbon dioxide molecules 

by using a simple schematic showing atoms connected by bonds (Figure 1.2). If atoms oscillate 

along the bond axis in a symmetric manner, a symmetric stretching vibration takes place.  When 

atoms move along the bond axis in such a way that one bond is stretched while the other is 

shrunken, an asymmetric stretching vibration (deformation) occurs. When all atoms move in a 

direction perpendicular to the bond axis, a bending vibration takes place 7. This schematic 

illustrates symmetric, asymmetric and bending modes in water and carbon dioxide molecules. Not 

all of these vibrational modes can be detected with Raman spectroscopy. In the presented 

triatomic molecules, the symmetrical stretching causes large polarization changes and thus strong 

Raman scattering. The deformation mode, however, introduces a very small polarizability change 

and therefore weak or no Raman scattering at all. For complex, cyclic molecules and for functional 

groups these vibrational modes are often influenced by the proximity and oscillations of other 

atoms and hence such molecules would display altered, combined vibrations 19. 
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Figure 1.2. Graphic representation of ‘normal’ vibrational modes in H2O (top) and CO2 (bottom) 

molecules. This model depicts possible molecular vibrations in non-linear and linear molecules. 

1.2.3 The limitations 

Raman scattering is a very weak occurrence, as only approximately 1 in a million photons 

will be scattered in such a way. In practice, this is usually sufficient for the analysis of bulk 

materials, where molecules are densely packed. Nevertheless, in solutions or complex biological 

entities such as single cells, Raman spectroscopy is simply not sensitive enough in practical 

timescales to provide useful information about the sample. Furthermore, biological specimens are 

known to often exhibit autofluorescence.  As the Raman signal is several orders of magnitude 

weaker than the fluorescence emission in most cases, it becomes difficult to observe any Raman 

activity, as the fluorescence becomes dominant in the spectra 20. Therefore, techniques that allow 

the improvement of sensitivity are the topic of interest for practical applications of Raman effect 

in life science research. 
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1.3 Overcoming Raman weakness  

 As already discussed, spontaneous Raman processes are very weak in general. The key 

components of a Raman experiment, that influence the strength of an output signal, are the 

excitation source, detection method and scattering by the molecules of interest. Manipulation of 

these factors allows spectroscopists to attempt to amplify Raman signals in order to improve 

sensitivity, spatial resolution and acquire very specific information. Techniques such as Resonance 

Raman spectroscopy (RRS), Coherent anti-Stokes Raman scattering (CARS), Coherent Stokes 

Raman spectroscopy (CSRS), Surface-enhanced Raman spectroscopy (SERS) and Tip-enhanced 

Raman spectroscopy (TERS) are examples of methods that improve Raman signals and thus 

broaden its applications in life sciences 21, 22. Experimental work carried out during this work 

utilized two of these methods, namely SERS and CARS. Therefore, following theoretical 

description will focus on these techniques only. 

1.3.1 Surface-enhanced Raman spectroscopy (SERS) 

1.3.1.1 Basic theory 

 SERS was first observed in 1974 by Fleischman and colleagues  23. They reported strong 

Raman scattering from pyridine adsorbed onto a silver electrode roughened by numerous 

oxidation–reduction processes. They attributed the ability to detect surface adsorbed molecules, 

not possible till then, by Raman spectroscopy to the increased surface area of the electrode, 

which enabled more pyridine molecules to access and bind to the surface. It was only later in 

1977, when Jeanmarie and Van Duyne 24 and Albrecht and Creighton 25 independently showed 

that this unusual signal intensity was caused by more than just an increase in surface area. They 

observed that an increase in intensity from the roughening of the surface to allow more 

molecules to attach would be less than a factor of 10, whereas the enhancement obtained was 

much higher – of the order of 106. These authors hence suggested that a different form of 

enhancement on the Raman intensities of the molecules must be taking place. It is now known, 

that the majority of this amplification happens through the electromagnetic interaction of light 

with coinage metals, such as silver, gold or copper. Such interaction results in large amplifications 

of the electric field through a phenomenon called as plasmon resonances. This however requires 

analyte molecules to either be adsorbed onto the metal surface or to be at a close proximity to 

the surface (less than 10 nm).This above enhancement mechanism forms the basis of the 

electromagnetic enhancement theory. A second theory requires molecules to be chemically 

bound to the metal surface. Enhancement in this case occurs through charge transfer between 

free electrons from metal to the molecule and back to the metal. This is called chemical 
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enhancement. This enhancement can only take place in the first layer of analyte molecules, the 

one that is the closest to the metallic structure, as subsequent layers have no access to the 

surface. Overall, it contributes less to the overall enhancement than electromagnetic 

enhancement 26.  

1.3.1.2 Surface plasmons and their importance in SERS 

 On metal surfaces, the framework of positive ions that are fixed in place is surrounded by a 

mobile ‘sea’ of electrons, that bounce off the cations constantly 27. This is the reason for 

properties of metals such as electrical and heat conductivity. When light interacts with these 

electrons, they start to oscillate simultaneously along the surface. Such a coupled collective 

oscillation of surface electrons is called a surface plasmon (see Figure 1.3). For a plasmon to be 

excited, such oscillations need to be perpendicular to the surface plane. Thus, SERS active 

elements need to be structured accordingly, as then plasmons can be localized in surface traps. 

Surface plasmons, which are formed on small metal particles or on arranged metal arrays, scatter 

and absorb light most efficiently. On plain surfaces electrons cannot oscillate perpendicular to the 

surface plane without applying special coupling techniques and thus no light can be scattered 28. 

As SERS enhancements are caused by a resonant response of the metal substrate to the exciting 

light, they are usually dependent on the incident wavelength. Most SERS substrates are designed 

to operate within visible/near-infrared range, which is the usual wavelength range of interest for 

Raman scattering experiments. Gold or silver are the two metals that are used the most, simply 

because they have the right optical properties in this wavelength range to produce appropriate 

plasmon resonances for SERS experiments 29. 
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Figure 1.3. Schematic representation of surface plasmon, where the free electrons in the metal 

nanoparticle are driven into oscillation due to strong coupling with incident light (electric field 

wave). 

1.3.1.3 Electromagnetic enhancement theory 

 SERS enhancements are explained by two different theories. The electromagnetic theory 

accounts for the majority of enhancement. On the surface of a metallic structure such as a gold 

nanoparticle, surface plasmons can be brought on by electromagnetic radiation. This causes 

enhanced electromagnetic fields to appear on the metal surface. The field enhancement 

magnifies the intensity of incident light, which excites the Raman modes in the molecule of 

interest. Field enhancement can also increase the strength of the scattered signal, therefore 

increasing the strength of Raman signal by increasing at both the excitation and scattered 

wavelengths.  As the electrons in the molecule of interest, that is either adsorbed or in close 

proximity to the metal surface, interact with the surface plasmons, inducing greater polarization 

to the molecule, the Raman signal is then further magnified by the surface, due to the same 

mechanism that excites the incident radiation, resulting in an even greater increase in the total 

output signal 30. However, the greatest enhancements arise from coupling between metal 

particles. These give rise to highly localized enhancements (especially useful for single-molecule 

detection) and are called hot-spots. Hot-spots are commonly found at junctions between metal 

particles. Plasmon coupling generates enormous electric fields and therefore the gaps between 

nanoparticles give particularly effective SERS enhancements. Therefore, the repeatability of SERS 

measurements in colloids are often influenced by the way metal particles aggregate and their size 

and shape. Organized metal arrays can typically provide a more uniform enhancement 

throughout the surface 31. 
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1.3.1.4 Chemical enhancement theory 

 The charge transfer or chemical enhancement theory requires the formation of a chemical 

bond between the analyte and metal surface. Such surface complexes can be then considered as 

new species, in which transitions associated with the electronic states occur. Formation of such 

complexes also allows transferring charge from the metal to the molecule and can increase the 

ability of studied molecule to polarize. The enhancement is then assumed to happen due to the 

formation of new electronic states which are the consequence of the coupling between the 

analyte and the metal surface. Excitation in resonance with such electronic state transition leads 

to the enhancement of the Raman signal of the atom-molecule complex by the transfer of 

electrons from metal to the adsorbate. The electrons then transferred back into the metal and re-

radiation occurs from the metal surface (Figure 1.4). Thus, unlike in the electromagnetic 

enhancement, the radiation is absorbed into the metal rather than absorbed or scattered by the 

surface plasmons 26, 32.  

 

Figure 1.4. Schematic representation of a chemical enhancement mechanism in SERS. Charge 

transfer between metal and analyte in the complex causes the enhancement of Raman signal. 

1.3.2 Coherent anti-Stokes Raman scattering (CARS) 

1.3.2.1 Basic theory 

 Coherent anti-Stokes Raman scattering (CARS) was first described in 1965 by Maker and 

Terhune 33. They used a pulsed ruby laser to investigate the third order response of several 

materials. In the original experiment, they passed the ruby laser beam through a Raman shifter to 

create a second beam, and then directed the two beams subsequently onto the sample. When 

both beams overlapped in space and time, a shifted CARS signal was observed. They also 
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demonstrated that the signal increased greatly when the difference in frequency between the 

beams matched specific Raman frequency of the sample. Maker and Terhune called these 

observations 'three wave mixing experiments'. The name coherent anti-Stokes Raman 

spectroscopy was given almost ten years later, by Begley et al. in 1974 34. Unlike conventional 

Raman scattering, CARS is a multi-photon process (third order process that relies on use of two 

high power lasers 35), as more than one photon interacts with a molecule at the same time. For 

this reason, scattering intensity is not linearly associated with incident light power, as it is in case 

of Raman scattering. Hence CARS is termed a non-linear technique. In CARS, molecules are 

stimulated at their vibrational state to generate an anti-Stokes shifted emission (CARS signal). This 

emission is possible because of the use of incident beams at two different frequencies: a higher 

frequency pump beam and a lower frequency Stokes beam. In CARS a pump beam, a Stokes beam 

and a probe beam interact with a sample and generate an anti-Stokes signal. Pump beam causes 

the molecule to enter to a first virtual state, as in Raman scattering. Stokes beam is tuned to the 

frequency that matches the frequency that would be scattered in spontaneous Stokes Raman 

scattering. This induces transition of the molecule to an excited vibrational state in a coherent 

manner, that is, a vibrational coherence. Subsequently, by the interaction with the third beam 

(probe), the molecule passes to a second virtual state. As a result, the molecule returns to ground 

state with simultaneous stimulated emission of an anti-Stokes Raman (CARS) signal 36, 37. A 

diagram of this process is shown in Figure 1.5. Unlike in linear process, where light scatters in all 

directions, in CARS the anti-Stokes signal retrieves the energy of the incident photons and the 

anti-Stokes photon is emitted in the same direction and in coherence with the incident photons. 

In other words, incident and scattered photons are in phase 38. The anti-Stokes emission is more 

easily detected, as it has a shorter wavelength than the excitation laser fields. The detection of 

CARS signal happens at blue-shifted frequency, which is free from fluorescence, unlike the 

conventional  Raman signal that is detected at red-shifted frequency where it has to compete 

with fluorescent contributions 39. 
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Figure 1.5. A graphic representation of coherent anti-Stokes Raman scattering process. 

 It is also possible to simplify the process by using only two lasers. In such case, pump and 

probe beams are provided by the same laser source. For a nonlinear process that all photons 

involved must reach the molecule simultaneously, so beams must be phase matched. This can be 

achieved by making the beams non-co-linear, however it also causes the distance over which the 

scattering occurs to be quite long, and as a consequence makes it harder to collect the scattered 

radiation efficiently. The way around it is to send the laser light from two lasers co-linearly and in 

phase down a microscope. The high numerical aperture of an objective lens in a microscope 

removes the issue connected with co-linear beams and at the same time, provides enough phase 

matching to produce effective CARS at the focal point. Tuneable laser that is necessary to provide 

both frequencies can be easily produced by using a modern solid state laser and an optical 

parametric oscillator (OPO) 40. 

1.3.2.2 CARS spectroscopy versus CARS imaging 

 The common approach in most CARS investigations differs significantly from both 

conventional Raman and SERS spectroscopy. The main difference is the fact, that CARS is usually 

employed in chemically selective imaging – so that the intrinsic properties of a sample are 

presented as an image rather that a spectrum. Although it would be ideal to obtain a complete 

spectrum for every object in CARS experiment, as it is done in SERS and Raman spectroscopy, it is 

difficult to achieve. To obtain pixel-by-pixel spectroscopic data with currently available broadband 

femtosecond lasers, integration times of milliseconds to seconds per pixel are needed. This can 

cause samples to be greatly photodamaged. Even when a spectrum is obtained, it does require 

substantial processing before useful information can be retrieved, as the background often masks 

the signal. To overcome this problem, narrowband imaging is introduced. In this approach, an 
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image is collected for selected points in the spectrum rather than collecting a spectrum at each 

point in the image. This allows vibrationally selective imaging, so a distribution of a specific 

molecular vibration throughout the sample can be visually observed 41. 

1.3.2.3 Important considerations 

 An important obstacle in CARS imaging is the so-called non-resonant background. It arises 

from the fact that CARS is a multiphoton event. In case when pump and Stokes beams match the 

vibrational resonance of the analyte, resonant process occurs. This process is the foundation of 

CARS signal. However, it can also happen that there is no resonant interaction between 

vibrational state of the molecule and laser beams. This process gives rise to the non-resonant 

background observed in CARS, which can hinder the sensitivity and alter the CARS spectra from 

spontaneous Raman spectra. The use of laser sources with lower peak powers (picosecond lasers) 

range can help diminish these interactions and therefore obtain an image with better signal-to-

noise ratio. Near-infrared excitation can also help to improve the penetration depth in case of 

thick samples. In thick tissue, scattering that occurs causes a loss in laser intensity along with an 

increase in the focal spot size. This weakens CARS signal significantly. By setting pump  and  Stokes  

beams in the NIR range, the scattering is reduced and consequently, sample  penetration  depth is 

improved,  allowing for CARS imaging  even in thick samples 42. Additionally, non-resonant 

background can be supressed by using collinear beam geometry that can help obtain the phase 

match between beams. Further, picosecond pulse excitation can provide enough excitation 

energy for CARS process to occur, without inducing high amounts of non-resonant background, as 

is the case with femtosecond pulse lasers. Finally, in biological samples, epi CARS (backscattered) 

detection can be beneficial, as the non-resonant signal from water is completely eliminated 43. 

Another hurdle in CARS imaging is the fact that multiphoton (especially two-photon) absorption is 

the main cause of sample degradation. The use of pump beams shorter than 800 nm is said to 

produce a substantial amount of multiphoton absorption by UV electronic resonances. It has been 

established that multiphoton damage decreases greatly when the pump wavelength is set to be 

above 800 nm 44.  

1.3.3 Advantages and selection rules for SERS and CARS 

1.3.3.1 SERS 

 There are numerous advantages of SERS not only over conventional Raman spectroscopy, 

but also over other spectroscopic methods, such as fluorescence spectroscopy. SERS, unlike 

fluorescence spectroscopy, is a label-free technique and can be directly applied to any molecule, 

without the need for the presence of a fluorescent tag. SERS can also work at any wavelength in 
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principle, whereas fluorescence is typically limited to the visible range and dictated by the 

excitation wavelength required for the fluorophore. Moreover, SERS benefits from very high 

sensitivity that allows single molecule detection, and selectivity – providing a unique ‘fingerprint’ 

of a studied molecule. This feature also provides an opportunity of multiplex monitoring, which is 

studying several different species simultaneously in one media 45.  

Raman spectrum of a molecule is characterized by frequency shifts, line widths and relative 

intensities of the Raman lines. In SERS, as a consequence of possibly different enhancement 

mechanisms for different Raman modes, a spectrum sometimes shows differences in relative 

intensities compared with a Raman spectrum of the same molecule. Moreover, due to the 

interaction between the molecule and metal, in SERS spectrum Raman lines can be slightly shifted 

in frequency and changed in line width compared with a free molecule 46. Additionally, scattering 

from molecules with higher degrees of symmetry (usually in molecules with a centre of symmetry) 

is dependent on symmetry-related selection rules. When a molecule gets adsorbed onto the 

surface, the symmetry of the molecule may be distorted and such distortion may enhance some 

IR-active bands that would otherwise be invisible 47. 

1.3.3.2 CARS 

 As already mentioned, CARS provides non-destructive imaging contrast based on the 

intrinsic molecular vibrations of a sample and thus the need for external labelling is absent. It is 

also orders of magnitude more sensitive than spontaneous Raman microscopy, which allows 

video-rate vibrational imaging at average excitation powers. The nonlinear and multiphoton 

nature of the CARS provides it the capability of three-dimensional sectioning, which is useful for 

imaging thick tissues or spatial structures. Finally, as CARS emission occurs at the ground 

electronic state, sample photodamage is minimal, especially when picosecond pulse lasers are 

used to reduce multiphoton effects 43.  

 Since CARS is the nonlinear optical version of Raman scattering, CARS and Raman 

spectroscopy share the same selection rules, dependent solely on the properties of the molecule, 

unlike in the case of SERS experiments 48. 
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1.4 Enhanced Raman techniques in life sciences and biomedicine 

 Enhanced Raman techniques are becoming increasingly popular in life science research, as 

the potential they hold appears to be very attractive for studying complex and sensitive biological 

processes, both in vitro and in vivo. The scope of using these techniques in biological sciences is 

now very broad. Thus, a short summary of the most interesting ongoing research is presented 

below. 

1.4.1 Important applications of SERS 

 Since its discovery in 1977, interest in and the use of SERS has grown enormously, as it can 

be observed by the number of publications, exceeding 25,000 in 2011 49. The detection and 

identification of biological molecules such as proteins 50-52, DNA 53-55 and RNA 56, 57, and molecular 

entities such as bacteria 58-60, yeast 61-63, eukaryotic cells 64, 65 and viruses 66, 67 using SERS were 

reported in numerous studies. SERS is now being used and valued as an important research tool 

by many scientists from the life science sector.  

1.4.1.1 Single-molecule SERS 

 First attempts of SERS on single molecules were reported by Nie and Emory and Kneipp in 

1997. Nie and Emory achieved signal enhancements of 1014 when investigating single molecules of 

rhodamine 6G adsorbed on silver nanoparticles 68. They observed a few so-called 'hot particles' 

that exhibited exceptionally high SERS signals. Kneipp et al performed similar experiment using 

molecules of crystal violet with similar enhancements 69. It has been later proved by Etchengoin et 

al. that detecting single molecule SERS signals with enhancement factors as low as 106 is also 

possible 70. Due to its ultra-sensitive detection capability down to the single molecule level, 

it is a promising tool in various types of small molecule biosensing assays.  

1.4.1.2 Biosensors and pathogen detection 

 Diabetic patients often require frequent monitoring of their blood glucose levels. Most 

commonly, patients use a fingerprick for sampling blood in an inconvenient way. Therefore, many 

research groups are striving to provide less invasive and methods for quantitative glucose 

detection. A SERS-based biosensor for glucose was designed by using functionalized silver or gold 

film over nanosphere (Ag FON/Au FON) substrates 71, 72. After functionalizing the substrates with 

self-assembling monolayers (SAMs), the same approach was applied for real-time detection of 

physiological glucose concentrations  (4.0 – 7.8 mmol/L 73) 74.  This strategy was later improved to 

enable the detection of larger concentration range, making it applicable to a more diverse group 
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of patients 75. Recently, a novel glucose biosensor using Ag@Au nanoparticles/graphene oxide 

nanostructures functionalized with mercaptophenylboronic acid was reported 76. The biosensor 

was successfully applied for the determination of glucose in blood samples, as well as in urine 

samples 77. In comparison with other glucose detection methods, this glucose assay benefits from 

the lack of necessity for prior purification of the sample, as well as the requirement of only an 

extremely low sample volume. It also exhibits very high specificity for glucose as the 

quantification is carried out in a spectral window (1800−2200 cm−1), which has a very low chance 

of signal interference from any other biomolecules. 

Presently, immunoassays are widely used for detection of antigens in clinical testing, 

disease monitoring and diagnostic treatment. Various immunoassays have been developed which 

are based on SERS sensing. Compared to conventional immunoassays such as ELISA, SERS-based 

assays benefit from highly improved sensitivity (2-3 fold increase), multiplexing opportunities, 

lower costs due to low reagent consumption and short incubation times 78. A typical SERS-based 

immunoassay platform consists of three elements: a capture substrate to specifically extract 

antigens from solution, selective tags (functionalized gold nanoparticles) for captured antigens 

and a spectroscopic measurement device. The antigen of interest is therefore sandwiched 

between a capture substrate and an antibody tagged with a gold nanoparticle. This approach has 

been used i.a. for detection of immunoglobulin G  (IgG) 79, prostate specific antigen (PSA) 80, viral 

pathogens 81, anthrax biomarker 82 and simulants of biowarfare agents 83. These SERS 

immunoassays however involve multiple incubations and washing steps and thus they are usually 

time-consuming and laborious. The speed, at which an immunoassay is performed, is limited by 

the rate of antigen delivery to the antibody. Most commonly, these assays rely on diffusion 

transport, which causes long incubation times. A rapid and automated SERS immunoassay was 

designed using optoelectrofluidics based on the electrokinetic motion of particles or fluids 84. 

Immunoreaction on this substrate was observed to be significantly faster than in the conventional 

immunoassays performed on solid substrates, as the reactions occurred in solution and the 

diffusion-limited kinetics were no longer a limiting aspect.  

SERS is particularly suitable for such microbial detection and analysis. Many studies have 

shown that it enables detection and discrimination of bacteria 85-87 that belong to different genera, 

but also to differentiate between closely related strains within the same genus 88. Bacteria 

responsible for urinary tract infections (UTIs) were identified 89 using an aggregated silver colloid 

substrate and their antibiotic sensitivity was tested 90. For antibiotic sensitivity testing, SERS spectra 

of bacteria were collected after exposure to the antibiotics ciprofloxacin and amoxicillin. Spectral 

analysis revealed clear separation between bacterial samples exposed to antibiotics to which they 

were sensitive and samples exposed to antibiotics to which they were resistant. Lou and Lin 
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reported a portable system for SERS based detection of foodborne pathogens, such Listeria 

monocytogenes, Escherichia coli O157:H7 and Salmonella enterica 91. The system consists 

of a semiconductor laser, a fibre optic probe, a mini spectrometer and a computer. Spores of 

Bacillus anthracis,  used as a biological warfare agent, have been identified with a portable SERS 

device 92. Using this technology, 104 bacillus spores were detected with a 5 s data acquisition period 

on a nanofabricated silver SERS substrate. This approach is still being perfected for distinguishing 

between different genera, as spore composition in Bacillus genus is quite similar. In order 

to overcome this problem, studies on vegetative cells have been conducted 86 93. In the first study, 

an aggregated silver colloid substrate was used for the analysis of a closely related group of bacteria 

belonging to the genus Bacillus. In the second study, spectra of vegetative whole-cell bacteria were 

obtained using silicon dioxide substrates covered with in-situ grown gold nanoparticle clusters. 

Spectra obtained using in-situ grown gold cluster covered silica substrates resulted in improved 

reproducibility and enhanced specificity for bacterial diagnostics. SERS combined with PCA is now 

widely used for so-called ‘barcoding’ of bacterial cells 94. This is the first step for creating an open 

library of bacterial SERS spectra that would allow quick identification of bacterial contamination in 

any sample. All of the abovementioned studies have shown that SERS can be an important new 

method of detecting pathogens, which is of great interest nowadays due to issues such 

as antibiotics resistance, food safety and biological warfare agents. 

1.4.1.3 Cancer detection and treatment 

Just like regular Raman spectroscopy, SERS has huge potential in cancer diagnostics, as 

biocompatible and non-toxic metal nanoparticles are being vastly developed. For cancer 

detection, SERS immunoassays are also commonly used, for instance in detection of pancreatic 

cancer 95, multiplex lung cancer diagnostics 96 and breast cancer 97. There is also an ongoing 

interest in SERS technologies, which allow differentiation between healthy people and cancer 

sufferers by identifying new biomarkers at early stage of cancer. Using various SERS nanoprobes, 

researchers identified exclusive Raman peaks in saliva from  oral cancer patients 98, in blood 

plasma to detect nasopharyngeal 99 and gastric cancer 100 and in blood serum from colorectal 

cancer patients 101. Numerous diagnostic tests for cancer rely on detection of specific DNA 

sequences and single-nucleotide polymorphisms associated with different disease stages. SERS-

based hybridization assays allowed identification and recognition of splicing variants of breast 

cancer susceptibility gene 1 (BRCA1) 102, 103. Additionally, SERS has the ability to detect single-

nucleotide polymorphisms by ligase detection reaction (LDR). An interesting example is an LDR-

SERS technique to detect point mutations in K-RAS (colorectal cancer oncogene) and its multiple 

alleles 104, 105. The ability to detect bloodstream circulating tumour cells (CTCs) is an important 

milestone in cancer diagnostics. SERS-based assays were utilized to detect CTCs in human whole 
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blood 106 and in patients with squamous cell carcinoma of the head and neck 107. Compared to 

other methods used for CTCs detection, such as flow cytometry, SERS assay displayed 

substantially higher specificity towards cancer cells. Other benefits of such testing platform 

include rapid (approx. 1 h) and simple analysis with no need for sample preparation. 

 The idea of using metallic nanostructures for disease treatment has been implemented for 

destroying cancer cells 108-110. This effect is believed to occur because such nanostructures 

undergo localised heating due to laser action and the heat affects the cell leading to its 

destruction 111, 112, however other studies show that the damage can occur as well without a 

major temperature increase 113. SERS has been used to localise nanostructures, so that treatment 

can be targeted to a specific region; SERS is thus showing potential to become a key step in cancer 

treatment 112, 114. 

1.4.1.1 Cellular and in vivo studies 

SERS has found many biomedical applications in investigating cell structure and metabolism 

115-124. The ability of using SERS to obtain spectra from live cells without any label molecules was 

first demonstrated with in HT29 cell line 64. Specific examples include studying of cell functionality 

65, 125, 126 and cellular transport 127-129, enzymatic functions 130-133 and apoptosis 134, 135. Additionally, 

drug molecules have been monitored both while interacting with the cellular membrane 136, 137 

and after being taken up by cells 138, 139. SERS-active nanoparticles were also used to study 

organelles, such as mitochondria 140 and the composition of plasma membrane in endothelial cells 

141. Another study revealed a uniform charge distribution of the cell membrane although spatial 

spectral differences in SERS maps indicate local molecular diversity 142. In endosomes, SERS-based 

investigations have mostly focused on pH sensing, employing reporter molecules such as 4-

mercapto benzoic acid or p-aminothiophenol 143-146.  SERS has been also used to investigate the 

functional state of cell nucleus 117, 147. 

One of the most recognisable examples of in vivo SERS imaging is the study by Qian et al., 

where tumours were targeted with antibody-functionalised gold nanoparticles in vivo. The 

nanoparticle-antibody conjugates were introduced into the mice through injection and they were 

successfully transported into tumours. The success of this targeting was demonstrated by SERS 

monitoring; signals acquired from the tumour sites were representative of the reporter from the 

nanoparticle-antibody complexes. This study demonstrated the ability of nanoparticles to travel 

through the animal model and consequently, the application of SERS for monitoring of such 

process in vivo 148. 

In vivo imaging using SERS has also been applied for studying of inflammation process. 

SERS-active nanostructures were functionalised with antibodies which possess an affinity for the 
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inflammation biomarker. Such conjugates were able to specifically target inflammation marker in 

vitro, ex vivo and in vivo. The effectiveness of this SERS-based approach was directly compared 

with the conventional fluorescence method and it was found to be significantly more sensitive 149. 

1.4.2 Important applications of CARS 

 The interest in CARS for biological imaging was reignited by the report of Zumbusch et al. 

whereby by using a collinear geometry for excitation through a high numerical aperture 

microscope objective they successfully imaged live Shewanella bacterial cells and HeLa cells in 

1999 150. CARS confers the advantages associated with multiphoton imaging, such as 3D sectioning 

ability, reduced background and photodamage, as well as higher depth penetration, the aspects 

that are very much sought for in imaging in the life science sector. 

1.4.2.1 Chemically selective imaging 

 In CARS, structures which are rich in C-H bonds (for example lipids) provide high vibrational 

contrast and thus are good candidates for chemical CARS imaging. This strong signal allows the 

observation of dynamic processes with high time resolution. For this reason, many lipid biology 

studies were conducted with the use of CARS imaging 151-153. Processes such as organelle 

trafficking, particularly the transport of lipid droplets (LDs) are very difficult to selectively 

visualize, as fluorescent lipid droplet labels may have distortive effects 154. This advantage has 

been utilised in a study where CARS microscopy was used to monitor the transport of LDs in 

mouse adrenal cortical cells by targeting the lipid CH2 stretching vibration 155. A correlation 

between cell shape and lipid droplets transport activity was observed. Another example is CARS 

imaging of plant cells. One of the major cell wall components, lignin is vastly responsible for the 

resistance to chemical and enzymatic degradation of cellulose in biomass to biofuel conversion. 

However, it is very difficult to visualize lignin using common imaging techniques. Lignin was 

however successfully imaged with CARS 41, 156. CARS opens up new possibilities for the analysis of 

lignocellulosic materials and thus satisfies a strong industrial interest in achieving biomass 

products with new interesting properties. In order to be able to improve the biofuel conversion 

efficiency, a CARS- based real-time monitoring of chemical composition of the biomass was 

employed 157.  

1.4.2.2 Metabolic imaging 

 As mentioned before, CARS is a very sensitive method for visualizing long-chain 

hydrocarbons such as lipids. For this reason, CARS has been used to follow the differentiation of 

cells into adipocytes, monitoring the associated development of LDs 158. Two studies used CARS 
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imaging to assess the changes in cellular lipid metabolism caused by the hepatitis C virus, finding 

that there was a build-up of lipids connected to treatment with peroxisome proliferator-activated 

receptor antagonist 159, 160. Hellerer and colleagues demonstrated the ability of CARS microscopy 

to image lipid metabolism in a living organism by monitoring lipid stores in Caenorhabditis elegans 

nematode 161. CARS provides reliable quantification, similar to standard biochemical methods, 

without the typical errors associated with the use of dyes in traditional lipid-labelling methods, 

such as non-specific staining or variable dye concentration 162 163. Combination with confocal 

Raman analysis can further improve specificity, as shown by Le et al. who quantified unsaturated 

lipids in worms 164. Morck et al. studied the effect of statins (cholesterol lowering agent) on lipid 

stores in worms, proving that traditional Nile red lipid staining method yields false results as 

statins may interfere with dye uptake in worms 165. While most studies with CARS have focused on 

lipid imaging, the technique can be used to study other biochemicals such as polyglutamine 

aggregates expressed in C. elegans body wall with the possibility of detecting in vivo certain 

protein structures first characterised in vitro 166. 

  All of the mentioned experiments used the high intrinsic contrast of lipids for visualisation. 

Some studies require additional steps, such as isotope labelling via deuterium substitution. This 

approach was used to study the effect of omega-3 fatty acids on cellular lipid metabolism in rat 

cell line. Cells were treated with a combination of normal and omega-3 fatty acids. Because these 

two molecules cannot be distinguished with CARS imaging, deuterium substitution in normal fatty 

acids was used. The vibrational frequency of C-D lies in the Raman silent region and hence, allow 

easy and distinctive visualisation. The results indicated that omega-3 fatty acids change the way 

cells process normal fatty acids 167. 

Lipid metabolism is an important factor affecting many disease development processes. 

The first use of CARS for imaging of lipid absorption in the small intestine in living mice in real 

time was described by Zhu and colleagues. With minimally invasive surgery, the scientists were 

able to observe the enterocytes at given times after feeding dynamic and found a cytoplasmic 

triacylglycerol pool that may play in processes such as regulating postprandial blood 

triacylglycerol concentrations 168. CARS imaging has also been used to study the impact of excess 

lipids on the development of cancer 169. Furthermore, CARS flow cytometry was employed to 

characterize lipid-rich circulating tumour cells and particles in microfluidic chambers 170, 171. Le et 

al. reported a CARS study of an early onset diet-induced obesity and its impact on breast cancer 

development in rats. They found larger lipid droplets of adipocytes and higher density of collagen 

fibrils in obese rats when compared with lean rats, thereby delivering the first imaging evidence 

that supports the relationship between obesity and breast cancer risk 172. 
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1.4.2.3 Diagnostic imaging and stem cell applications 

 During the past years, the applications of CARS imaging in biomedicine have vastly 

appeared. When compared to techniques such as magnetic resonance imaging, CARS offers 

subcellular spatial resolution and high time resolution. CARS imaging in vivo was first 

demonstrated  by using CH2 vibrational stretching frequency on the skin of a mouse ear with a 

real-time video-rate system 173. Many CARS imaging studies focused on structure and function of 

nervous system. The first application of CARS imaging to visualize demyelination in life spinal 

tissues was reported by Wang and colleagues 174. Further, the process of induced myelin 

degradation was characterized in real time in vitro and in vivo 175. Huff et al. 176 imaged the sciatic 

nerve of living mice was imaged in vivo using only minimal surgical intervention. Another CARS 

study demonstrates paranodal myelin splitting and retraction following glutamate application 

both ex vivo and in vivo 177. The possibility of real-time in vivo monitoring of  demyelination and 

remyelination of sciatic nerves in rats following peripheral nerve injuries was also demonstrated 

178. CARS imaging was also applied to assess the capacity of copolymer micelles in fixing damage 

to the spinal cord 179.  

 Existing diagnostic tools for detecting atherosclerotic plaques are limited and inadequate 

for early detection. The importance of CARS-based multimodal non-linear optical (NLO) imaging 

for detection and composition analysis of plaques is demonstrated by several studies. Initially, it 

was used to visualize the arterial walls and atherosclerotic plaques and resolve their chemical 

composition 180, 181. Furthermore, it was used to image and identify different atherosclerotic lesion 

types, as originally classified by the American Heart Association Committee 182. Later, this system 

was utilized to evaluate the impact of a high-fat and high-cholesterol diet on the composition of 

atherosclerotic plaques, as well as to observe the changes in the chemical profiles of 

atherosclerotic lipids following the treatment with statin drugs, both in mice 183, 184.  Finally, Ko 

and colleagues employed multimodal imaging to monitor atherosclerotic plaque development in 

myocardial infarction-prone rabbits 185.  

CARS imaging has been also used for skeletal stem cells research. Skeletal stem cells 

are the self-renewing stem cells of the bone marrow stroma responsible for the 

regenerative capacity inherent to bone. Unique capabilities of isolated skeletal stem cells 

suggest that they have critical role in maintaining bone’s innate capacity for remodelling, 

in response to mechanical stimulation and regeneration after damage. One can then infer 

that the quality (that is strongly influenced by ageing) of these cells is a critical factor for 

their regenerative performance 186. CARS, two photon excitation fluorescence, and second 

harmonic generation were applied together to observe differentiation of adipose-derived 

stem cells into adipocytes and osteoblasts 187. Similar approach, but excluding fluorescence 
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was utilized for monitoring collagen production in 3D cell cultures 188. A combination of 

Raman spectroscopy, CARS and SHG was used to detect and image osteogenic 

differentiation of human neural crest-derived inferior turbinate stem cells 189. A 

combination of dual-frequency/differential CARS with broadband hyperspectral CARS 

enabled quantitative chemical imaging of saturated and unsaturated lipids in human stem-

cell derived adipocytes 190. CARS microscopy was also utilized to investigate the dynamics 

of lipid droplet fusion in living adipocytes 191.  

1.5 The aim of this PhD 

 The main aim of this PhD work was to demonstrate the capabilities of enhanced Raman 

techniques in life sciences and biomedicine research. The techniques used in this work were 

surface-enhanced Raman spectroscopy (SERS) and coherent anti-Stokes Raman scattering (CARS). 

Five studies were completed during the course of this PhD.  

 First two chapters detail studies for assessing the potential of CARS imaging, and next two 

explore the application of SERS to cellular analysis. The final chapter focuses on exploring novel 

SERS nanoparticle probes and their potential in life sciences. All of the chapters are listed and 

described below to provide an insight and a coherent picture of the research that creates a whole 

of this work. 

Chapter 2. Tracking adipogenic differentiation of skeletal stem cells by label-free chemically 

selective imaging.  

 Coherent anti-Stokes Raman spectroscopy (CARS) is a type of vibrational imaging, which 

utilizes vibrational frequency of molecular bonds. The non-destructive and non-invasive nature of 

CARS makes it a good candidate to use with stem cells, as labelling or staining will cause them 

unfit for therapy. SSCs (skeletal stem cells) are the self-renewing stem cells of the bone marrow 

stroma responsible for the regenerative capacity inherent to bone. The heterogeneous population 

of cultured plastic adherent cells isolated from the bone marrow, which remain the most 

commonly used by researchers in the field of bone regeneration, is called bone marrow stromal 

cells (BMSCs). Unique capabilities of isolated SSCs suggest that they have critical role in 

maintaining bone’s innate capacity for remodelling in response to mechanical stimulation and 

regeneration after damage. One can then infer that the quality (that is strongly influenced by 

ageing) of these cells is a critical factor for their regenerative performance. Isolation, enrichment 

and characterisation of SSCs and their progeny is of tremendous significance in regenerative 

medicine. SSCs differentiation into bone, cartilage or adipogenic cell types is currently assessed 

using several invasive and typically destructive methodologies. Thus, CARS presents an exciting 
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alternative to interrogate the differentiation of SSCs in their natural state. This study examines the 

adipogenic differentiation of SSCs over time using CARS imaging and verifies the observations 

using molecular analysis of gene expression, as well as conventional Oil Red O lipid staining. CARS 

analysis proved to provide enhanced resolution and definition of lipid droplets, detectable as 

early as 24 hours after adipogenic induction. Quantification of the CARS image data sets also 

showed a change in lipid droplet size distribution during the course of adipogenesis. Furthermore, 

CARS provided a superior and facile approach to monitor changes in SSCs as a result of chemical 

modulation of adipogenic differentiation. The current studies pave the way for the use of CARS as 

a powerful chemical imaging tool in therapeutics, regenerative medicine and skeletal stem cell 

biology. 

Chapter 3. Label-free imaging of nematodes: Effect of food withdrawal and chemical treatments 

on lipid stores. 

 Potatoes are considered an essential crop in Europe, where the production per capita 

remains the highest in the world; however potato production has rapidly grown in southern and 

eastern Asia. Global citizen consumes on average 33 kg (73 lb) of potatoes every year. Therefore, 

any major losses to the crops can have detrimental economic and social consequences. The 

potato cyst nematodes (PCN) – Globodera pallida and G. rostochiensis cause potato crops damage 

valued at over 100 billion US dollars each year worldwide. High infectivity and long latent in-soil 

survival of these pests introduce issues with crop productivity and often forces crop rotation. 

Currently, a reliable diagnostic tool which would allow assessing the infectivity and survival rate of 

PCNs and the effectivity of nematicides is not available. Traditional methods such as staining with 

Oil red O, Nile red, Bodipy, Sudan black or use of electron microscopy carry several technical 

obstacles. Labelling efficiency may vary in different worms, and for most of the methods worms 

need to be fixed. Feeding dyes to living worms causes labelling of the lipids in the intestinal cells 

but not lipids in hypodermal cells. In addition, fluorescent spectra of labelling dyes often overlap 

with the fluorescent spectrum of autofluorescent particles in worms. In this study CARS imaging 

was applied to study the depletion of lipid stores. To optimise CARS methodology food 

withdrawal in C. elegans was studied as a model due to its relatively short life span compared to 

G. pallida. This established that CARS was suitable and also more sensitive in detecting early 

changes compared to fluorescence staining. The amount of lipid stores correlate to infectivity of 

G. pallida after hatching and therefore the effect of common treatments and time of application 

of such treatments can be crucial. Using CARS imaging of live worms lipid stores were found to 

decrease gradually in G. pallida after hatching. Common paralytic drug treatments of levamisole 

and ivermectin were found to have contrasting effects on lipid stores and therefore have 

implications for infectivity and crop protection. This work thus demonstrates the potential of 
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using CARS imaging in nematodes for research in diverse areas including crop protection science 

and neurobiology. 

Chapter 4. Surface-enhanced Raman spectroscopy (SERS) for label free detection and 

classification of bacteria. 

 In microbiology, food safety and medicine there is a rising need for rapid and reliable 

method for detecting and identifying microbial contaminants and pathogens. Currently available 

techniques often pose certain limitations that prolong identification process, causing financial 

losses or deterioration in patients’ condition. Surface-enhanced Raman spectroscopy (SERS) is a 

label-free technique that utilizes intrinsic molecular specification of materials to provide 

information about its composition. In this study SERS was used to demonstrate its potential in 

detecting and identifying bacterial strains. The most common signal enhancers used in SERS are 

metal nanoparticles. Since the environments of various samples differ and thus the aggregation 

state of nanoparticles, and hence, their enhancement ability can vary a lot. This can lead to 

misleading results. Metal nanoparticles were assessed to not be an ideal choice for detecting 

bacteria, where high identification accuracy is essential. Thus, a nanostructured SERS substrate 

was further used and proved to yield higher accuracy in microbial identification. SERS analysis was 

followed by PCA-LDA analysis and accuracy classification to provide a complete tool for detecting 

and identifying microbial presence with very high accuracy. Therefore, this approach is considered 

to be a promising step towards wide use of SERS in clinical sciences and food microbiology.  

Chapter 5. Molecular insight into differentiation process of SH-SY5Y cells using surface-

enhanced Raman spectroscopy (SERS). 

 SH-SY5Y is a human derived cell line. The original cell line, called SK-N-SH, from which it was 

subcloned, was isolated from a bone marrow taken from a four year old female with 

neuroblastoma. SH-SY5Y cells are used as in vitro models of neuronal function and differentiation. 

They are adrenergic in phenotype but also express dopaminergic markers. In their 

undifferentiated state, SH-SY5Y cells do not display some features found in primary neurons. It is 

thus common to stimulate differentiation in these cells using various chemical agents, such as 

retinoic acid or staurosporine. Upon differentiation, SH-SY5Y cells stop proliferating and display 

different morphology. It has been also reported that levels of different factors are altered 

compared to undifferentiated cells. Retinoic acid increases Bcl-2 (B-cell lymphoma 2 protein) and 

decreases p53 (tumour protein p53) levels, whereas staurosporine decreases Bcl-2 and increases 

p53 levels. In this study retinoic acid- and staurosporine-directed differentiation was monitored 

by surface-enhanced Raman spectroscopy (SERS).  It has been established that SERS enables 

monitoring of early neuronal differentiation at molecular and metabolic level in cells, and that the 
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observations are directly correlated with cytoplasmatic RNA and protein levels, which most likely 

indicates that this methodology enables monitoring of protein production on mRNA matrices. 

Chapter 6. Characterization and Intracellular application of novel SERS nanoparticle probes. 

 Typically for intracellular SERS measurements, spherical gold (or silver) nanoparticles are 

used. With spherical nanoparticles, aggregation is necessary to achieve high SERS enhancements. 

Hence, inside cells, since aggregation is uncontrolled large variation in enhancements occurs and 

therefore quantitative analysis is not possible. On the other hand structured nanoparticles could 

give SERS enhancements at the single nanoparticle level without the need for aggregation. In this 

study the enhancement abilities of two types of fabricated novel SERS nanoparticles were tested. 

The use of these structured nanoparticles as intracellular SERS probes was also studied. Our 

results show that these nanoparticles give SERS at the single nanoparticle level and show much 

promise for intracellular measurements. 

 The studies in this thesis explore the broad scope of applications of enhanced Raman 

techniques establishing SERS and CARS as important methods in life science research. 
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1.6 Methodology 

For all SERS experiments, a standard Renishaw In-Via Raman microscope was used. CARS 

imaging employed a self-built system. Both of the setups are described below in detail to give an 

overview of important components and parameters that were considered during data collection. 

1.6.1 Raman microscope 

A standard Raman microscope setup consists of an optical microscope, an excitation laser, 

laser rejection filters, a monochromator, and an optical sensitive detector such as a charge-

coupled device (CCD), as shown in Figure 1.6. In this arrangement, the laser enters the 

spectrometer enclosure, is collimated and expanded before being incident on a dichroic beam 

splitter. The incident laser beam is then directed onto a sample and focused by the objective. The 

Raman scattering is collected back by the same objective. This collected beam goes through the 

dichroic and the edge filter to completely eliminate any Rayleigh (or laser) scattered light. This 

radiation is then dispersed by a grating and detected by a CCD 192. 

 

Figure 1.6. A schematic of the Raman microscope setup used in this work. 

 Lasers are ideal excitation sources for SERS and Raman spectroscopy for a number of 

reasons. They are able to deliver high powers with ease, subsequently providing highly 

monochromatic excitation source and small beam diameter 193. The system used in this work was 

equipped with three lasers of different standard wavelengths: 532, 633 and 785 nm. The good 

sensitivity of the 532 nm laser excitation makes it most suitable for analysis of samples such as 

carbon nanotubes, metal oxides or minerals and inorganic materials. The 633 nm laser is often 

utilized for biomedical research, which need precise excitation power and excitation region 

without causing sample damage or inducing fluorescence. The most popular and widely used laser 
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wavelength in Raman spectrometers is the 785 nm due to its high performance with most 

chemicals and limited fluorescence interference 194. 

In Raman spectrometers, laser blocking filters are inserted between the sample and the 

spectrometer. These are necessary for removing the Rayleigh scattered light at the laser 

wavelength and hence allow the Raman scattered light to be precisely collected. There are two 

main types of filters that are used for this purpose: edge filters and notch filters. The instrument 

utilized in this work was equipped with an edge filter. The main benefit of the edge filter is the 

very narrow transition width, which allows measuring even the smallest Raman shifts 195. 

A diffraction grating is a complex of reflecting elements set apart by a distance comparable 

to the wavelength of incident radiation. The main reason for using diffraction gratings is the need 

to separate wavelengths contained within a radiation beam. Gratings are specified by the number 

of grooves per millimetre (g/mm) or lines per millimetre (l/mm). Gratings determine the 

resolution of a spectrometer significantly, as high number grooves or lines per millimetre 

improves spectral resolution. Groove density also affects the wavelength region in which an 

instrument can operate and dispersion properties of a system 196. The grating used in utilized 

Raman instrument was a standard 1200 l/mm. 

The system was equipped with several objectives: air 50x objective (NA=0.75) and two 

water immersion objectives – 63x (NA=1.2) 100x (NA=0.9). The choice of objectives enabled 

optimal spectral acquisition, together with parameters such as exposure time, number of 

acquisitions, choice of laser operating mode (point or line mapping) and minimizing sample 

exposure between scans, allowing to obtain spectra with good noise-to-signal ratio and no sample 

photodamage. 

1.6.2 CARS setup 

 A custom-built CARS setup presented schematically in Figure 1.7 has been used for all 

experiments involved in this work. It consists of titanium sapphire laser. Titanium-sapphire (Ti:Sa) 

lasers are tuneable lasers that emit red and near-infrared light in the range from 650 to 1100 

nanometers, however they work most efficiently around 800 nm mark. These lasers are mainly 

used in CARS imaging because of the ability to generate ultrashort pulses via mode locking. Such 

pulses are required to obtain intense CARS signals, however pulses in femtosecond range 

generate high non-resonant background. Thus, the optimal pulse length recommended for CARS 

imaging is within picosecond range 197. The laser beam was split into two. These beams were 

spectrally compressed (to achieve ~50 cm-1 spectral resolution), spatially and temporally 

overlapped. One beam was used as the pump beam, and the other beam was used in an optical 
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parametric oscillator (OPO). An optical parametric oscillator transforms an input laser beam 

(pump beam) into two output beams by employing second-order nonlinear optical interaction. It 

is therefore often used in CARS imaging as it provides a convenient way of obtaining the second 

laser beam needed for CARS emission to occur 198. OPO was used to generate the Stokes beam. 

The Stokes beam was directed through a delay stage, which allows achieving temporal and spatial 

overlap with the pump beam. Half-wave plates (HW1 and HW2) and polarising beam splitters (PB 

S1 and PB S2) were used as power regulators. Both beams were overlapped with dichroic mirror 

(DC1) and spectrally focused with 10 cm Schott SF10 glass. Beams were scanned with 

galvanometric mirrors (G) and input into an inverted microscope. Excitation and CARS signal were 

separated with a dichroic mirror (DC2). The resulting CARS signal was detected by photomultiplier 

tube (PMT). Photomultiplier tubes (PMT) are extremely sensitive light detectors and thus are 

commonly used in CARS setups. These detectors work by multiplying the current produced by 

incident radiation by as much as 100 million times, enabling individual photons to be detected 199. 

Epi-detection was used, as this approach minimises the non-resonant background signal that is 

present during imaging. For optimal imaging outcome, parameters such as acquisition time and 

incident power on the sample were controlled and adjusted if necessary. 

 

Figure 1.7. A schematic of a custom-built CARS setup. 
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Chapter 2: Tracking adipogenic differentiation of skeletal 

stem cells by label-free chemically selective imaging 

2.1 Abstract 

 Coherent anti-Stokes Raman scattering (CARS) is a chemically selective, label-free imaging 

technique which is now emerging as a powerful alternative to conventional microscopy in 

biomedicine. The strength of this approach is the provision of rapid insight into chemical 

distribution, especially of small biomolecules such as lipids. The non-destructive and non-invasive 

nature of CARS makes it a good candidate to use with stem cells, as labelling or staining will cause 

them unfit for therapy. Isolation, enrichment and characterisation of skeletal stem cells (SSCs) and 

their progeny is of tremendous significance in regenerative medicine. SSCs differentiation into 

bone, cartilage or adipogenic cell types is currently assessed using several invasive and typically 

destructive methodologies. Thus, CARS presents an exciting alternative to interrogate the 

differentiation of SSCs in their natural state. This study examines the adipogenic differentiation of 

SSCs over time using CARS imaging and verifies the observations using molecular analysis of gene 

expression, as well as conventional Oil Red O lipid staining. CARS analysis proved to provide 

enhanced resolution and definition of lipid droplets, detectable as early as 24 hours after 

adipogenic induction. Quantification of the CARS image data sets also showed a change in lipid 

droplet size distribution during the course of 14 days of adipogenesis. Furthermore, CARS 

provided a superior and facile approach to monitor changes in SSCs as a result of chemical 

modulation of adipogenic differentiation. The current studies pave the way for the use of CARS as 

a powerful chemical imaging tool in therapeutics, regenerative medicine and skeletal stem cell 

biology. 

2.2 Contributions 

 This work is a join collaboration with Catarina Costa Moura and Emma McMorrow. Parts 

done exclusively by either person are indicated by *. Rest of the work was carried out by me 

exclusively. 

This work has been published in Chemical Science: 

Smus, Justyna P., et al. "Tracking adipogenic differentiation of skeletal stem cells by label-free 

chemically selective imaging." Chemical Science 6.12 (2015): 7089-7096. 
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2.3 Introduction 

 Imaging remains the basis of much of modern biological research, providing resolution of 

structure for the study of biochemical processes in cells, tissues and whole organisms. However, 

the current cellular imaging techniques rely on staining or labelling (with dyes or fluorophores) to 

visualise target molecules. This is far from ideal as stains are often non-specific and typically only 

suitable for fixed specimens. Fluorescent labels need to be attached to the molecule of interest 

and therefore can interfere with natural processes. Moreover, analysis can be compromised by 

photobleaching. Consequently, the results obtained from such experiments cannot be 

extrapolated to unlabelled cells in a living organism. Vibrational spectroscopy provides an 

alternative approach, providing chemically selective contrast generated by intrinsic vibrations of 

molecules in their native state, and thus is label-free 1.  

 One such vibrational spectroscopic technique is Coherent anti-Stokes Raman scattering 

(CARS), which permits rapid, non-invasive and non-destructive label-free chemical imaging. In 

essence, in CARS, bond vibrations characteristic of a molecule are targeted by using two excitation 

laser beams (pump and Stokes beam) which are temporally and spatially overlapped 2, 3. In CARS, 

the pump beam (at frequency ωpump) and a Stokes beam (at ωStokes) combine to yield an anti-

Stokes signal at frequency ωCARS = 2ωpump - ωStokes. When the frequency difference between the 

pump and the Stokes beams matches the frequency of a vibrational mode of the molecule of 

interest, vibrational coherence is induced. The outcome of this process is a significantly enhanced 

anti-Stokes Raman signal that is the foundation for the vibrational contrast and sensitivity 

achieved in CARS. This allows video-rate imaging with <10 µs dwell times 4-6. CARS signals can be 

up to 9 orders of magnitude stronger than conventional Raman scattering 7, 8. A schematic 

showing the energy levels involved in the CARS process is presented in Fig. 2.1 A. Because CARS is 

a multiphoton process, it has natural z-sectioning ability and therefore enables 3D imaging 9. 

Typically, near-infrared wavelengths are used, allowing deep penetration into the sample and 

therefore thick tissues can be imaged with ease 4.  Consequently, CARS offers a chemically 

selective, label-free imaging technique for cells, tissues and organisms in biology and medicine 10. 
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Figure 2.1. (A) Coherent anti-Stokes Raman scattering phenomenon; (B) Schematic of the home-

build CARS setup used for imaging. OPO: optical parametric oscillator, PBS: polarizing beam 

splitter, PMT: photomultiplier SF10, ultrafast laser dispersion compensating prism, BE: beam 

expander, OB: objective, D: dichroic mirror, F: filter, M: mirror. 

In biomedicine, there is a high need for chemically selective label-free imaging, 

especially in the area of stem cells and regenerative medicine. These areas of research 

require un-labelled or un-stained samples for in vivo use in humans. Over the last ten 

years, stem cell-based therapies have been applied for tissue repair and skeletal 

regeneration 11. This brings out the need for the development of appropriate technologies 

to enable stem cell characterisation and consequently enhance therapeutic applications. 

CARS imaging has been used for stem cells research, demonstrating its high potential. 

Mouras et at. presented a method for non-invasive monitoring of the differentiation of 

A 

B 
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adipose-derived stem cells into adipocytes and osteoblasts. Simultaneous application 

CARS, two photon excitation fluorescence, and second harmonic generation (SHG) allowed 

to observe changes in the cell morphology (TPEF), as well as lipid droplet accumulation for 

adipo-induced cells and the formation of extra-cellular matrix for osteo-induced cells 12. 

Mortati and colleagues used CARS and SHG for monitoring collagen production in 3D cell 

cultures. By simultaneously imaging of cell morphology and the distribution of the collagen 

produced by living cells over 4 weeks, the important information about the cell-scaffold 

interaction and the establishment of the extracellular matrix was obtained 13. Hofemeier 

et al. used a combination of Raman spectroscopy, CARS and SHG was used to detect and 

image osteogenic differentiation of human neural crest-derived inferior turbinate stem 

cells. With this approach, the authors were able to detect markers of osteogenesis within 

14 days after osteogenic induction 14. By combining dual-frequency/differential CARS, 

which enables rapid imaging and simple data analysis, with broadband hyperspectral CARS 

microscopy and quantitative chemical image analysis, Di Napoli and colleagues presented 

a method for quantitative chemical imaging of saturated and unsaturated lipids in human 

stem-cell derived adipocytes 15. Jungst et at. employed CARS microscopy in order to 

investigate the dynamics of LD fusion in living adipocytes 16. 

While the application of CARS in stem cells research in general is well established, its role in 

human skeletal regeneration studies still remains limited. Techniques currently used to 

characterise and monitor the ability of human skeletal stem cells (SSCs) to form cartilage, bone 

and fat, are invasive and unsuitable for time-course studies. To date, there is only one published 

study, which shows CARS applied to SSCs. Schie and co-workers performed a primordial assay 

using adipocytes from human bone marrow stem cells and imaged the lipid droplets after 21 days 

of differentiation. The primary objective was to improve the simultaneous imaging in forward- 

and epi-CARS microscopic system 17. Thus, neither the differentiation process of SSCs nor CARS 

based analysis was carried out. 

In the current study, the application and advantageous use of label-free CARS imaging to 

study early adipogenic differentiation of human SSCs is shown. In the absence of exogenous labels 

or dyes, lipid droplet formation is monitored, to assess changes in adipogenesis dynamics, 

subsequently correlated with gene expression analysis. The current study also demonstrates the 

potential of CARS to assess the effect of growth factors and inhibitors on SSC differentiation. 

Moreover, it is demonstrated that high resolution afforded by this technique allows detecting 

ultra-small lipid droplets. This work establishes the utility of chemically selective CARS imaging for 

skeletal stem cell biology and its potential for wider applications in regenerative medicine. 
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2.4 Experimental methods 

 All reagents were supplied by Sigma–Aldrich (UK) unless otherwise stated. 

2.4.1 Ethics statement 

 The research work was conducted under ethical approval LREC 194/99/1 (National 

Research Ethics Service – Southampton and South West Hampshire Research Ethics Committee), 

with informed consent from donors or their next of kin. 

2.4.2 Bone marrow preparation and STRO-1+ isolation * 

Bone marrow samples were collected during hip replacement surgeries. After extraction of 

the cells from bone marrow, red blood cells were removed using Lymphoprep™ (Lonza, 

Switzerland). The process of isolating STRO-1+ fraction from human bone marrow stromal cells 

was carried out using magnetic activated cell sorting with STRO-1 antibody hybridoma (a robust 

marker for enrichment of SSCs) 18. SSCs were cultured in basal media (α-MEM with 10% (/v) foetal 

bovine serum and 1% (v/v) penicillin-streptomycin, Lonza), and maintained in a humidified 

chamber at 37 ºC, 5% CO2. Cells were harvested at 85% confluence using a 0.25% 

trypsin/EDTA solution (Lonza). 

2.4.3 In vitro differentiation into adipocytes * 

 Adult SSCs were seeded into cell culture plates at a density of 3000 cells/cm2 in basal 

media, and cultured for 6 days. Afterwards, fresh adipogenic media (basal media supplemented 

with 100 nM dexamethasone, 0.5 mM 3-Isobutyl-1-methylxanthine, 3μL/mL 100x ITS Liquid 

Media Supplement and 1µM rosiglitazone) was added to induce adipogenic differentiation. Cells 

cultured in basal media served as control. Adipogenic/basal media was changed routinely every 3-

4 days.  Cells were investigated by Raman spectroscopy, CARS, gene expression analysis and Oil 

Red O staining at days 0, 1, 3, 7 and 14, following basal/adipogenic media addition. For Raman 

spectroscopy and CARS imaging, the cells were fixed using 4% (w/v) paraformaldehyde, which 

does not substantially affect lipid content 19.  

For Raman spectroscopy, SSCs were cultured for 14 days, in both basal and adipogenic 

media, on sterilised round glass coverslips. Cells were washed with Dulbecco's phosphate 

buffered saline (PBS) and fixed for 30 minutes at RT in 4% (w/v) formaldehyde. Cells were then 

washed with PBS.  For CARS imaging, SSCs were cultured on sterilised round glass coverslips. 

Cells were cultured for 1, 3, 7 and 14 days. While in human skeletal stem research cells are 
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usually assessed after 2-3 weeks 20, this work aimed to demonstrate the advantages of 

CARS imaging for early detection of adipogenic differentiation. Thus, early time points of 1, 

3 and 7 days were selected in addition to day 14. After culturing, cells were washed with 

PBS and fixed in 4% (w/v) paraformaldehyde for 30 minutes at room temperature. Cells 

were then washed with PBS.  

2.4.4 Raman spectroscopy 

Raman spectra were obtained using a Renishaw® inVia Raman microscope with a 633 nm 

laser in streamline mode and a Leica 63x water immersion objective (NA 1.2). Data was collected 

in WiRE 3.4 software. A 3 accumulation scan using a 1200 lines/mm grating, 0.6 mW laser power 

at the sample, and exposure time of 10 s was performed for each spectrum. Cosmic ray artefacts 

were removed using WiRE 3.4. Before plotting, the spectra were processed using IRootLab, a 

MATLAB based toolbox for vibrational spectroscopy. Wavelet denoising and baseline correction 

by fitting a 9th order polynomial were then carried out 21, 22. 

2.4.5 CARS 

 Imaging has been done using a home-built CARS system (Fig. 2.1 B). A Chameleon 

Ultra titanium sapphire Ti:Sa laser (Coherent, UK) was used to generate a beam which was 

then split into two. One beam was used as the pump beam, and the other beam was used 

in an Optical Parametric Oscillator (OPO) (APE Berlin, Germany) to generate the Stokes 

beam. These beams were spectrally compressed (to achieve ~50 cm-1 spectral resolution), 

spatially and temporally overlapped and collinearly input into an inverted microscope 

(Nikon Ti-U). The resulting epi (back-scattered) CARS signal was detected. Epi-detection 

was used, as this approach minimises the non-resonant background signal that is present 

during imaging. For imaging of lipids in the cells, the C-H stretching mode at 2845 cm-1 was 

targeted, using a pump beam wavelength of 835 nm and the OPO beam of 1097 nm. Lipids 

were visible as bright areas on the grayscale image. Each sample was imaged using a 40x 

objective, with an additional 2x optical zoom using galvanometric scanning. Acquisition 

time was 16 ms/line for taking a 512 x 512 pixel image; thus the pixel dwell time was ~30 

µs. The total incident power on the sample was 30 mW with 20 mW in the pump and 10 

mW in the Stokes beam. Four images were taken from each sample (12 images for each 

time point). ImageJ was used to process the images. The ratio of the lipid area to cell area 

was quantified, as well as the size and number of single lipid droplets, during the time-

course experiment. The non-resonant background from the cell area was used as the reference 

for demarcation of lipid areas for quantification. 
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2.4.6 RNA extraction and cDNA synthesis * 

  For each time-point, cells were disrupted and homogenised in a lysis buffer (Buffer 

RLT Plus, Qiagen, Netherlands). Total RNA was isolated using Qiagen RNeasy Plus Mini Kit 

according to the manufacturer’s instructions. RNA was quantified using a Nanodrop UV-Vis 

spectrophotometer. For cDNA synthesis, RNA dilutions were made in order to have the 

same amount of RNA in each sample. cDNA synthesis was performed using the 

SuperScript® VILO™ cDNA Synthesis Kit and Master Mix, following the manufacturer’s 

instructions. 

Table 2.1. Primers used for qPCR (F: forward and R: reverse) 

 

 

 

 

 

 

 

 

 

Transcript Abbreviation Primer Sequence (5’-3’) 

Beta-actin ACTB F: GGCATCCTCACCCTGAAGTA 

R: AGGTGTGGTGCCAGATTTTC 

Peroxisome proliferator-

activated receptor gamma 

PPARG F: GGGCGATCTTGACAGGAAAG 

R: GGGGGGTGATGTGTTTGAACTTG 

Fatty acid binding protein 

4 

FABP4 F: TAGATGGGGGTGTCCTGGTA 

R: CGCATTCCACCACCAGTT 

Alkaline phosphatase ALPL F: GGAACTCCTGACCCTTGACC 

R: TCCTGTTCAGCTCGTACTGC 

Alpha-1 type I collagen COL1A1 F: GAGTGCTGTCCCGTCTGC 

R: TTTCTTGGTCGGTGGGTG 
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2.4.7 Quantitative real -time polymerase chain reaction (qPCR) * 

Relative quantification of gene expression was performed with qPCR using an ABI 

Prism 7500 detection system (Applied Biosystems). Samples were analysed in triplicates, 

containing 1 µL cDNA, 10 µL Power SYBR Green PCR Master Mix (Applied Biosystems), and 

500 nM of each primer (primers used for qPCR are shown in Table 1). Thermal cycler 

conditions were as following: an initial activation step at 50 ºC for 2 minutes and 95 ºC for 

10 minutes, followed by 40 cycles of 95 ºC for 15 seconds and 60 ºC for 60 seconds. A melt 

curve stage was also included with 95 ºC for 15 seconds, 60 ºC for 1 minute, 95 ºC for 30 

seconds, and finishing with 60 ºC for 15 seconds. Relative quantification of gene 

expression was determined using the 2-ΔΔCt method. All data were compared to day 0 

values, and normalised to ACTB expression levels.  

2.4.8 Oil Red O staining * 

SSCs cultured for different time-points were washed with PBS and fixed in Baker’s 

formal calcium solution, containing 1% (w/v) calcium chloride and 4% (v/v) formaldehyde, 

for 25 minutes at RT. Afterwards, cells were rinsed with 60% (v/v) isopropanol, and stained 

using double-filtered Oil Red O solution for 15 minutes. Staining solution was prepared as 

following: a saturated Oil Red O solution in isopropanol was mixed with dH2O, to a final 

ratio of 3:2. Cells were washed three times with dH2O, and then imaged using a Carl Zeiss 

Axiovert 200 inverted microscope, AxioCam HR (colour) digital camera, and the software 

package AxioVision 4.7.0.0.  

2.4.9 Effect of dexamethasone and bisphenol A diglycidyl ether in adipogenesis * 

  SSCs were seeded and cultured as described for adipogenic differentiation. 

Dexamethasone concentrations in adipogenic media were modified to either 50 nM or 200 

nM, to evaluate the effect of dexamethasone on adipogenesis. Adipogenic media was 

changed routinely every 3-4 days, and cells were investigated at day 14. Similarly, 

Bisphenol A diglycidyl ether (BADGE) was chosen as an inhibitor of the adipogenesis 23. To 

assess its effect in adipogenic differentiation of SSCs, adipogenic media was supplemented 

with 7.5 µM BADGE. Adipogenic media with BADGE was changed routinely every 3-4 days, 

and cells were investigated at days 1, 3, and 5. 
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2.4.10 Statistical analysis 

  The results are presented as mean ± standard deviation. Statistical analysis was 

performed using IBM® SPSS® Statistics version 21.0 (IBM Corporation, Armonk, NY, USA). 

The Mann-Whitney test was performed to compare two independent groups. All 

experiments were performed using at least three individual bone marrow samples, from 

three different patients, with 12 CARS images per time point. Differences were considered 

to be statistically significant at P<0.05. 
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2.5 Results 

2.5.1 Raman spectroscopy 

Prior to CARS imaging, Raman spectroscopy was carried out to establish the appropriate 

frequency for imaging lipids by CARS in SSCs. A representative Raman spectrum obtained from 

large lipid droplets in differentiated adipocytes is shown in Fig. 2.2. Raman spectra of the samples 

confirmed the strong presence C-H stretching vibration characteristic of lipids 24 and established 

the suitability of using the 2845 cm-1 vibrational frequency to image lipid droplets in SSCs by CARS.  

 

Figure 2.2. Raman spectra of differentiated and undifferentiated SSCs (laser 633 nm, 0.6 mW 

power, 10 s exposure time), and bright field image of lipid droplets that yielded the Raman 

signal. The C-H stretching mode at 2845 cm-1 was targeted to image lipids using CARS 

microscopy. 

2.5.2 Oil Red O imaging  

SSCs grown in adipogenic media were futher stained with Oil Red O and imaged. 

Images taken at different magnifications with Oil Red O staining are shown in Fig. 2.3 and 

demonstrate cell growth over time over different fields of view, as well as the intra-

individual variability of lipid content in samples acquired from different donors. For this 

reason, data and images used for comparison between treatments and time points was separated 

into single donor groups. 
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Donor 1 

Donor 2 
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Figure 2.3. Oil Red O staining images with different objectives (5x, 10x, 20x and 40x) of SSCs 

cultured in adipogenic media for 1, 3, 7 and 14 days (Donor 1, 2 and 3). 

2.5.3 Tracking adipogenesis in SSCs with Oil Red O and CARS 

To study the temporal evolution of SSC differentiation, SSCs were cultured in 

adipogenic and basal media, respectively and changes were determined by CARS over 14 

days. The C-H stretching vibration signal at 2845 cm-1 was monitored by CARS microscopy 

by tuning the pump and OPO beams to 835 nm and 1097 nm. Representative CARS images 

acquired at day 1, 3, 7 and 14 are shown in Fig. 2.4 and Fig. 2.5. Additionally, differentiated 

cells were imaged at the same time points using conventional Oil Red O staining, also 

shown in Fig. 2.4 and Fig. 2.5.  

Donor 3 
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Figure 2.4. Comparison of label-free CARS imaging and Oil Red O staining in skeletal stem cells 

(SSCs) cultured in basal media for 1, 3, 7 and 14 days. CARS acquisition time 16 ms/line, total 

incident power 30 mW. 

 

Figure 2.5. Comparison of label-free CARS imaging and Oil red O staining to assay adipogenic 

differentiation of skeletal stem cells (SSCs). SSCs were cultured in adipogenic media for 1, 3, 7 

and 14 days and compared to the control image of cells grown in basal media. CARS acquisition 

time 16 ms/line, total incident power 30 mW. 

2.5.4 qPCR and image analysis in adipogenic differentiation  

Furthermore, image analysis to quantify the increase in lipid droplets and change in 

lipid size was carried out. Lipid droplet quantitation observed using CARS is shown in Fig. 

2.6 A. In addition, the presence and change in the number of lipid droplets within the 

cultures has been analysed (Fig. 2.4 B). In order to confirm adipogenic differentiation and 

correlate to the CARS imaging, gene expression profile of characteristic adipogenic genes 
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(PPARG and FABP4) and non-specific (osteoblast) genes (COL1A1 and ALPL) at 

corresponding time-points has been examined. Expression profiles in basal and adipogenic 

media are shown in Fig. 2.6 C-F.  

 

Figure 2.6. Quantitative analysis of CARS images and comparison with gene expression profiles.  

(A) Ratio of lipid area to cell area and (B) Size of lipid droplets in skeletal stem cells cultured in 

basal and adipogenic media, for 1, 3, 7 and 14 days. Expression of (C) PPARG (D) FABP4, (E) ALP 

and (F) COL1A1 in skeletal stem cells cultured in basal and adipogenic media, for 1, 3, 7, and 14 

days. Relative expression was normalized to β-actin, and day 0 values were set to an expression 

of one. In all of the above the average of three independent patient samples is plotted and 

error bars represent standard deviation. *P<0.05, calculated using Mann-Whitney test. 

2.5.5 Effect of dexamethasone and bisphenol A diglycidyl ether in adipogenesis 

 Another step to test the utility of label-free CARS imaging in skeletal stem cells, was to 

investigate the effect of chemical compounds typically used to modulate the differentiation 

process. Here, the effect of dexamethasone and bisphenol A diglycidyl ether (BADGE) on 

adipogenic differentiation was assessed (Fig. 2.7 and 2.8, respectively). SSCs were cultured for 14 

days in adipogenic media with three different dexamethasone concentrations (ranging from 50 to 

200 nM). Representative CARS and Oil Red O staining images of differentiated SSCs are shown in 

Fig. 2.7. BADGE was further used to demonstrate the effect of an adipogenic inhibitor on 

adipogenesis process. SSCs were treated with 7.5 µM BADGE, and cells were monitored over 5 

days (Fig. 2.8).  

A 

B 

C 

D 

E 

F 
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Figure 2.7. Skeletal stem cells cultured for 14 days in adipogenic media with different 

concentrations of dexamethasone (50 nM, 100nM and 200 nM). (A) Comparison of label (Oil red 

O staining) and label-free (CARS) imaging techniques to assay adipogenesis. CARS acquisition 

time 16 ms/line, total incident power 30 mW. (B) Quantitative analysis of lipid storage. Data 

represent an average of the ratio of lipid area to cell area of three independent patient samples, 

and error bars represent standard deviation. *P<0.05, calculated using ANOVA comparatively to 

adipogenic media (100nM dexamethasone). 

A 

B 
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Figure 2.8. Skeletal stem cells cultured for 1, 3 and 5 days, in adipogenic media supplemented 

with 7.5 µM BADGE. (A) Comparison of label (Oil red O staining) and label-free (CARS) imaging 

techniques to assay adipogenesis. CARS acquisition time 16 ms/line, total incident power 30 

mW. (B) Quantitative analysis of lipid storage. Data represent an average of the ratio of lipid 

area to cell area of three independent patient samples, and error bars represent standard 

deviation. 

  

A 

B 
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2.6 Discussion 

Raman spectroscopy 

In this work, differentiation of SSCs into adipocytes and the effect of different chemical 

agents using the non-invasive, non-destructive and chemically selective label-free technique – 

CARS were investigated. Suitable CARS imaging frequency was chosen using Raman spectroscopy 

of SSCs (Fig. 2.2). SSCs were cultured for 14 days in adipogenic media since, unlike in CARS, signals 

in Raman spectroscopy are weak. The spectra were characteristic and reproducible for different 

lipid droplets acquired in different cells. This revealed a strong peak visible at 2845 cm-1 that 

corresponds to the CH2 symmetric stretching frequency, indicating the predominant presence of 

lipids. Additional peaks at 1440 cm-1 and 1650 cm-1 correspond to the C-H deformation and C=C 

stretching vibrations, respectively 25, and symmetric CH3 stretching modes at 2935 cm-1 confirm 

the assignment to the presence of lipid droplets in adipocytes 26. It is also known that 1650 cm-1 

and 2935 cm-1 peaks can be associated with amide I and CH3 stretching in proteins. Peak at 2914 

cm-1 corresponds to CH3 stretching modes in both lipids and proteins 27. As the content of 

unsaturated fatty acids in lipid droplets is known to be variable 28, these peaks likely originate 

mostly from adipose differentiation-related protein (ADRP) and caveolin 2β, which are proteins 

that are associated with lipid droplets and lipid droplet membranes 29, 30. These peaks were not 

observed in undifferentiated SSCs (cultured in basal media, with no lipid droplets present) under 

the same acquisition conditions. Thus the Raman spectra of the samples confirmed the strong 

presence C-H stretching vibration characteristic of lipids 24 and established the suitability of using 

the 2845 cm-1 vibrational frequency to image lipid droplets in SSCs by CARS. 

Tracking adipogenesis in SSCs with Oil Red O and CARS 

Adipocytes are readily identified by the accumulation of lipid droplets through the 

differentiation process 31. CARS microscopy and Oil Red O staining images of SSCs cultured 

in basal media, which show very few lipid droplets and do not show an increase over time, 

are shown in Figure 2. 2.4. Adipogenic differentiation leads to increased lipid accumulation 

(Fig. 2.5), in contrast to control cultures of undifferentiated cells maintained in basal 

media. The presence of only small lipid droplets (<0.2 µm2) was detected at day 1. 

However, by day 3, small (<0.2 µm2) and medium (0.2 – 10 µm2) lipid droplets had 

increased in number. Finally, at day 7 and day 14, it is possible to detect a decrease in the 

number of small lipid droplets, and a large increase in the number of medium (0.2 – 10 

µm2) and large (<10 µm2) lipid droplets (Fig. 2.6 A). The increase in size of small and 

medium lipid droplets respectively, points to early changes during adipogenic 

differentiation of SSCs detected by CARS before adipocytes are fully formed.  
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Both CARS and Oil Red O staining showed similar lipid droplet distributions over the 

time-points studied. While there is good correspondence between both methodologies, 

several advantages of CARS over Oil Red O staining were achieved. CARS provided a 

chemically selective and label-free approach, in contrast to the Oil Red O staining 

procedure a much more laborious process (and subject to variability  depending on 

preparation conditions) 32. In terms of performance, CARS displays a higher sensitivity 

towards lipid droplets detection with imaging of mall lipid droplets (blue) observable after 

only 24 hours and 72 hours but poorly visualised using Oil Red O staining. Moreover, at 

low levels of lipid droplet presentation, such as at day 1, the generation of artefacts due to 

Oil Red O crystal deposition and non-specific binding cannot be ruled out. These results 

demonstrate the feasibility of CARS as a label-free imaging tool to monitor SSCs 

differentiation in a temporal manner, showing that early adipogenic differentiation can be 

detected. 

qPCR and image analysis in adipogenic differentiation 

The expression of PPARγ gene, a nuclear receptor known to regulate the 

development of adipose tissue 33, increased significantly during differentiation into 

adipocytes. The increase in PPARG expression appears to correlate with the development 

and increase of lipid droplets in SSCs cultured in adipogenic media, as shown in Fig. 2.5. 

FABP4 (encodes fatty acid binding protein in adipocytes during adipogenic differentiation), 

is known to be regulated by PPARγ agonists, insulin and fatty acids 34. From day 1 to day 

14, large variations in PPARG relative expression was observed in SSCs cultured in 

adipogenic media, and expression levels were 39-fold higher at day 14. Additionally, FABP4 

expression was also monitored and found to increase exponentially in comparison to 

undifferentiated cells. Expression levels were 66-fold higher at day 3, 458-fold higher at 

day 7 and 3180-fold higher at day 14 (Fig. 2.6 D). ALPL and COL1A1 expression was 

assessed as a control (Fig. 2.6 E and Fig. 2.6 F) 35. Adipogenesis and osteogenesis share the 

same pathway in the early differentiation cascade 36, and ALPL is believed to play a role 

(yet undetermined), in the control of adipogenesis, as it is associated with intracellular 

lipid droplets 37, 38. Fig. 2.6 E shows a slight increase in ALPL relative expression during 

adipogenesis. This suggests that ALP also has a role in the adipogenic differentiation of 

SSCs. COL1A1 expression remained stable over time in differentiated and undifferentiated 

cells as expected. Such molecular analysis to monitor gene expression, although destructive 

and ensemble based, is a golden standard in monitoring phenotypic changes in cells. CARS 

imaging results correlated closely with the gene expression studies, confirming the utility of 

CARS in skeletal stem cell biology. 
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Effect of dexamethasone and bisphenol A diglycidyl ether in adipogenesis 

Dexamethasone is known to modulate adipogenesis 39. Significantly larger lipid droplet 

accumulation was observed at 100 nM and 200 nM dexamethasone concentrations compared to 

50 nM. Changes were observed with both CARS and Oil Red O staining; however, at the lower 

concentration of 50 nM, the size of the lipid droplets is considerably smaller and therefore more 

effectively (with higher definition) imaged by CARS microscopy (Fig. 2.7). BADGE was further used 

to demonstrate the effect of an adipogenic inhibitor on adipogenesis process 23 in a 5 day long 

experiment. Further time points could not be imaged as despite the efforts to adjust BADGE 

concentration, prolonged exposure was lethal to the cells. The induction of lipid-rich organelles at 

day 3 can be seen in CARS images. The inhibition of adipogenesis is observed by CARS, with a 

decrease in lipid expression on day 5 (Fig. 2.8). This is summarised in the bar graph in Fig. 2.6 B 

which compares the results of the inhibitor with these of untreated adipogenic cells. It shows that 

treatment with BADGE causes the lipid droplets increase and then decrease in number and size, 

while they continue to increase in its absence as shown earlier in Fig. 2.5 and Fig. 2.6 A. Lipids 

were not visible at all by Oil Red O staining analysis (Fig. 2.8). This clearly establishes the 

superiority of CARS in imaging subtle changes during differentiation as a result of its modulation 

by chemical agents.  
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2.7 Conclusions 

To date, SSCs differentiation was usually characterised and studied using invasive 

methods. Therefore, a reliable non-invasive, non-destructive and label-free (stain-less) 

imaging technique is required to evaluate SSCs function. Chemically selective technique of 

CARS imaging provides an ideal alternative to monitor SSC differentiation. Lipid 

accumulation within adipocytes can be visualised earlier and at higher definition and 

resolution, than with the conventional Oil Red O staining approach. Moreover, the 

modulation of human SSCs differentiation using different chemical agents can be 

effectively assessed by CARS. These studies confirm the robust potential of a CARS-based 

assay to monitor and understand the effect of physicochemical parameters on stem cell 

differentiation. This implies CARS is a potent imaging technique for skeletal stem cell 

biology with possible applications for wider stem cell biology, regenerative medicine and 

therapeutics. 
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2.8 Future directions 

High CARS imaging resolution is important for quantitative analysis studies, as overlapping 

with signal generated by other than studied molecular entities, in this case other than lipids, can 

produce false results. In this particular case, CARS lipid signal could be potentially slightly mixed 

with protein signal. The CARS imaging system used for this experiment had a spectral resolution 

of approx. 50 cm-1. In theory, this means that the targeted 2845 cm-1 lipid signal peak was the only 

peak that contributed to the CARS image, however there is a possibility of slight overlap with 2914 

cm-1 lipid/protein peak, as these peaks are positioned only slightly more than 50 cm-1 apart. 

Improvement of the system resolution would readily resolve this issue, as CARS imaging with 1 - 5 

cm-1 has been previously reported 40, 41.  

One possibility that was not explored in this experiment is multimodal imaging. The system 

used in this experiment is equipped with a tuneable laser source, which enables simultaneous 

imaging of lipids and proteins in the same sample. This is achieved by observing SHG (second-

harmonic generation) signal as well as TPEF (two-photon excited autofluorescence) signal for 

proteins and CARS signal for lipids. Such approach has been previously used for i.a. imaging of 

atherosclerotic lesions 42, as a screening tool in histopathology 43, 44 and to visualize single cells 

and extracellular matrix in fresh carotid arteries 45 

The inhibitory effect of BADGE on adipogenic differentiation has been observed in cells for 

5 days. Longer exposure to BADGE was found to be lethal to the cells, even after an effort to 

adjust the inhibitor concentration. Another study has used a 4 day long BADGE exposure, without 

commenting on the cells viability after this period 23. For the purposes of this experiment, it would 

be ideal to carry out the testing up to 14 day mark, to be able to compare the inhibitory effect on 

lipid content with the effect of induced adipogenic differentiation. Further optimization is needed 

to explore possible conditions in which cells would be more likely to tolerate prolonged BADGE 

exposure, for example non-continuous exposure or alternating concentrations. 
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Chapter 3: Label-free imaging of nematodes: effect of 

food withdrawal and ivermectin treatment on lipid stores. 

3.1 Abstract 

 In the work presented here, the non-invasive, non-destructive, label-free and chemically 

sensitive technique of coherent anti-Stokes Raman scattering (CARS) was applied to study lipid 

stores in nematodes. The protocol was optimised for the free-living nematode Caenorhabditis 

elegans to find that CARS is superior to conventional histological (Sudan Black) staining for lipids. 

CARS was then used to quantify the depletion in lipid stores in the non-feeding J2 stage of the 

potato cyst nematode Globodera pallida. The analysis revealed a previously unreported 

concentration of lipid stores in the tail region of J2s within 24 h of hatching which decreased 

continuously over the course of 28 days. The effect of the nematicidal macrocyclic lactone 

ivermectin on J2 viability and lipid stores was also tested. J2s were paralysed within 24 h as a 

consequence of ivermectin treatment. In addition, over the same time-course ivermectin 

increased the rate of depletion of J2 lipid stores suggesting a disconnection between the energy 

requirements for motility and metabolic rate. This decrease in lipid stores has been previously 

reported to negatively impact J2 infective potential. CARS possesses the ability to quantify the 

lipid content of plant parasitic nematodes and provide insight into the impact of chemicals on 

their metabolic status and viability, therefore being a useful screening tool in crop protection 

science. Furthermore, CARS-based methodology can be adjusted to detect a range of different 

endogenous and exogenous molecules and thus holds additional potential for metabolic profiling 

and bioaccumulation studies in plant parasitic nematodes. 

3.2 Contributions 

This work is a join collaboration with Nicolas Dalliere, Sarah Luedtke and Elizabeth Ludlow. 

Parts done exclusively by either person are indicated by *. Rest of the work was carried out by me 

exclusively. 
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3.3 Introduction 

 Globodera pallida is one of two species belonging to the potato cyst nematode (PCN) 

family, which is highly important from an agricultural and economic perspective. PCNs are 

reported to cause major crop losses (up to 50% of total crop yield) 1. Unhatched second stage 

juvenile worms (J2) can survive in cysts for up to 30 years even without the host plant 2. Once J2s 

have hatched the survival of this infective, non-feeding stages of potato cyst nematodes (PCNs) 

depends upon neutral lipid reserves 3, 4 and their depletion has been associated with reduced 

motility 5-7 and infectivity 7-10. Depletion of energy reserves in these parasites depends on various 

factors such as temperature, soil moisture and the influence of the host plant 11. Therefore 

reliable lipid quantification methods may assist with the development and evaluation of efficient 

chemical control measures. 

There are a number of traditional, histological methods for visualising lipid reserves in cells 

and organisms, such as staining with Oil red O, Nile Red, Bodipy or Sudan Black 12  and these have 

been used in nematodes 13-16, in particular in the model free-living nematode Caenorhabditis 

elegans, with varying degrees of success. One of the most widely employed techniques uses Nile 

red as an indicator 17, but the selectivity of this methodology has been questioned 18. In addition, 

fluorescent spectra of labelling dyes often overlap with that of auto-fluorescent particles in 

worms 19. All these issues can be avoided by using coherent anti-Stokes Raman scattering (CARS), 

which is a label-free imaging technique. 

CARS utilizes vibrations of various molecular bonds to generate contrast and therefore 

allows label-free as well as chemically selective, non-destructive and non-perturbative imaging of 

living cells and organisms 20. Due to the use of two laser beams (pump and Stokes beam) which 

stimulate specific vibrations the signal is greatly enhanced compared to conventional Raman 

scattering 21. It is a multiphoton technique, which automatically makes it capable of three-

dimensional sectioning, a very useful feature for imaging thick tissues and cellular structures 22. It 

can also penetrate deep into the sample since near-infrared wavelengths are usually employed, 

enabling imaging of thick tissues 23. Finally, it allows video-rate imaging 24. Therefore, it is 

increasingly finding application for chemically selective imaging of cells, tissues and organisms 

both for in vitro and in vivo biomedical studies 20, 25. Moreover, due to the fact that lipids are rich 

in CH2 moieties, it is possible to image lipid stores in worms using CARS with high selectivity as 

first demonstrated by Hellerer et al. in C. elegans 26. Thus CARS provides reliable quantification, 

similar to standard biochemical methods, without the typical errors associated with the use of 

dyes in traditional lipid-labelling methods, such as non-specific staining or variable dye 

concentration 19, 27. Further combination with confocal Raman analysis can  improve specificity as 



Chapter 3 

69 

shown by Le et al. who quantified unsaturated lipids in worms 28. Morck et al. investigated the 

effect of statins (cholesterol lowering agent) on lipid stores in C. elegans, providing evidence that 

the Nile red lipid staining method is confounded by chemicals that can interfere with dye uptake 

in worms 29. More recently, Chen and colleagues established an experimental method, based on 

CARS imaging, to quantitatively measure the level of yolk lipoprotein accumulation and lipid 

delivery into oocytes in living C. elegans 30. In another study, the authors reported that the 

accumulation of yolk lipoprotein is a time-dependent process and is negatively correlated to the 

reproductive aging in C. elegans 31. Palikaras et al. used nonlinear imaging to visualize and 

quantify age-dependent ectopic lipid accumulation in C. elegans, and found that ageing is 

accompanied by pronounced deposition of lipids in non-adipose tissues 32. 

The potential of CARS as a tool to investigate nematodes has been established for C. 

elegans 19, 26, 29, 33-35 but so far no other nematode species has been investigated with this 

methodology. This study addresses the knowledge gap with a perspective to establish CARS as an 

informative tool that has the potential for monitoring the metabolic status and viability of 

economically important plant parasitic nematodes. To achieve this objective C. elegans was first 

used as a model to test and optimise the experimental CARS approach and to compare the 

findings obtained with CARS imaging with that obtained from a conventional histological stain, 

Sudan Black. This showed that the sensitivity of CARS is much higher for detecting early changes 

in the nematodes. Thereafter CARS was used as a non-invasive imaging tool to monitor lipid 

depletion in G. pallida J2s. New evidence for a regional distribution of lipid stores in the nematode 

was found. Furthermore, it is demonstrated that CARS-based approach can be used to monitor 

the impact of nematicidal compounds on viability and consequenty infectivity of the nematodes, 

helping to pave way into estabilishing CARS as a high throughput screening tool in crop protection 

science. Additionally, this work points to the potential of extrapolating CARS for the detection of 

other endogenous molecules or for measuring bioaccumulation of exogenous chemicals in 

nematodes. 
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3.4 Experimental methods 

3.4.1 Nematode maintenance and culture * 

C. elegans (N2 Bristol strain) were maintained at room temperature on NGM (nematode 

growth medium) agar plates seeded with E. coli OP50 as a food source, according to standard 

protocols 36. G. pallida cysts were harvested from infected potato plants as previously described 

37.  To induce hatching, dried cysts were placed in a solution of 1 part potato root exudate to 3 

parts ddH2O. Significant numbers of J2 1 typically began hatching 1 week after rehydration in the 

presence of potato root exudate, but only J2s that hatched within 24 h were used for 

experiments. Prior to the experiments the J2s were washed in ddH2O to remove potato root 

diffusate. 

3.4.2 C. elegans food deprivation for CARS analysis * 

To obtain age-synchronised worms, one day old C. elegans L4 2 larvae were picked 16-18 h 

prior to the experiment and placed onto seeded NGM plates so that they could develop. The next 

day the one day old adults were either fed or subjected to food deprivation according to following 

conditions: worms were well-fed or food deprived for 0.5, 1, 1.5, 2, 4 and 24 h. For each time 

point, a plate containing ~45 worms was washed with 2 x 600 µL of phosphate buffered saline 

(M9) and worms were transferred into an Eppendorf tube. 3 wash-cycles with 500 µL of M9 were 

performed and the worms were dropped either onto an NGM plate seeded with E. coli (well fed) 

or without E.coli (starved). At each time point, plates were washed by 2 x 600 µL of PBS and 

worms from each condition were transferred into an Eppendorf tube. Three wash cycles with 500 

µL of M9 were performed, supernatant discarded, and 150 µL of 4% formalin was added. 45 min 

at room temperature was allowed for fixation. Prior to imaging, 3 wash-cycles with 500 µL of 

ddH2O were applied and the samples were kept at 4 °C. 

                                                           

1,2 J2 and L4 indicate developmental stages of the nematodes. G. pallida J2 is a second-stage juvenile form 
which is the infective stage in the life cycle 38. Globodera pallida (white potato cyst nematode). 
http://www.cabi.org/isc/datasheet/27033 (accessed 09.06)., whereas C. elegans L4 is fourth larval stage, 
approx. 18 hrs before developing into adult worm that is capable of egg laying 39. INTRODUCTION TO C. 
elegans ANATOMY. http://www.wormatlas.org/ver1/handbook/anatomyintro/anatomyintro.htm (accessed 
09.06). 
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3.4.3 C. elegans food deprivation for Sudan Black staining * 

C. elegans L4 worms were picked 32 h prior to staining to obtain a synchronised population 

of one day old adults. Worms for the well-fed control group were kept on food the entire 32 h. 

Worms for the food-deprived groups were transferred onto non-seeded plates after 30 h (2 h 

food-deprived), 27 h (5 hours food-deprived), 22 h (10 hours food-deprived) and 8 h (24 h food-

deprived). Worms were maintained at 20˚C. Worms were harvested from the plates using 500 µL 

of PBS and transferred into a non-stick Eppendorf tube followed by two more wash-cycles before 

fixation with 1% paraformaldehyde (PFA v/v) for 15 min at room temperature. PFA-fixed worms 

were subjected to three freeze-thaw cycles involving plunging the Eppendorf into liquid nitrogen 

and heat-block before worms were incubated for a further 5 min at room temperature. After a 10 

min incubation on ice, pelleted worms underwent three further wash-cycles with 500 µL PBS. The 

worms were dehydrated by sequential exposure to increasing concentrations of ethanol (EtOH; 

25%, 50% and 70%). Between each step, worms were incubated with rolling movements for 3 

min. Excessive EtOH was then removed, and the worms were incubated overnight with 50% 

saturated Sudan Black (Fluka) in 70% EtOH. Sudan black was prepared beforehand in 70% EtOH 

then filtered using 0.22 µm filter. Worms were pelleted by a brief spin and re-hydrated by three 

washing steps with decreasing concentration of EtOH (70%, 50% and 25%). Two final wash-cycles 

were then conducted with PBS. Excessive supernatant was removed. Stained worms were finally 

transferred onto a 2% agarose pad for observation.  

3.4.4 Quantifying the effect of ivermectin on Globodera pallida motility; dispersal assay * 

2% w/v agar in water (High Gel Strength, Melford Laboratories, Ipswich) was melted and 

cooled to 60˚C before supplementing with ivermectin or vehicle control to the indicated final 

concentration. A stock solution of 10 mM ivermectin was made in 100% ethanol from which 

dilutions were made to the required dilution, with a final ethanol concentration of 0.05%. 10 ml of 

a sterile control or drug-supplemented agar was dispensed into 55 mm petri dishes and allowed 

to set at 20˚C for 48 h before sealing the plates with parafilm and storing them for up to 1 month 

before use at 20˚C. Prior to being used for assays the plates were placed at room temperature 

and 100 µL of potato root diffusate (PRD) was spread evenly over their surface and allowed to dry 

for 10 min. G. pallida J2 larvae were hatched from cysts in a 1 in 4 dilution of PRD and collected up 

to 24 h post hatching. The J2s were washed 3 times in distilled water before being used in the 

dispersal assay. The plates were overlaid with a grid on which a central circle of 9 mm diameter 

provided a demarcation for the centre of each plate.  A known number of J2s (50-80) was 

suspended in 5 µL of distilled water and then placed at the centre of the test or control plates. 

The number of J2s still residing within the central zone, or 'origin', was scored at 120 min and 
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expressed as a % of the total number of worms on the plate.  Worms lying across the boundary 

between the inner and outer zones were included in the score for the inner zone demarcated by 

the circle.  

3.4.5 Exposing G. pallida to ivermectin prior to CARS analysis * 

One day after hatching G. pallida J2s were incubated for 24 h in tubes containing either 1 

µM ivermectin or vehicle control. Nematodes were then fixed in 4% formalin at room 

temperature for 45 min and then stored at 4˚C prior to analysis. 

3.4.6 CARS imaging methodology 

Worms were mounted between 2 cover slips. A small square of folded parafilm was cut to 

produce a well and used as a spacer and avoid damage to the worms. A small droplet containing 

the fixed worms was placed in the well and covered with the second coverslip to prevent drying of 

the sample during the imaging. A Chameleon Ultra (Coherent Inc.) titanium sapphire (Ti:Sa) 100 

femtosecond pulsed laser with a repetition rate of 80 MHz was used as the pump beam. This 

fundamental pump beam at 835 nm was split into 2 beams with one further pumping an optical 

parametric oscillator (OPO) (Semi-Automatic, APE GmbH, Berlin) to generate the Stokes beam at 

>1050 nm. Both the pump and the Stokes beam were stretched by passing through 10 cm of SF10 

glass flats to improve the spectral resolution of imaging. For imaging lipids the -CH2 stretching 

frequency at 2845 cm-1 for neutral lipids (Fig. 3.1) was targeted using the pump beam at 835 nm 

and the OPO tuned to 1097 nm. Both the beams were temporally and spatially overlapped by 

using a delay stage (LTS203, Thorlabs) and a dichroic mirror as a beam combiner. Galvanometer 

mirrors (GVSM002/M) were used for laser scanning the two collinear beams coupled into an 

inverted microscope (Nikon Ti-U) for imaging the specimen. CARS emission was optimized by 

alignment of the spatial and temporal overlay. Pixel dwell times were <30 µs. The blue shifted 

CARS signals from the specimens were read out in the Epi (back scattering) configuration. This 

minimized the CARS background. A Nikon 20x objective (0.75 NA) was used for imaging. The total 

power applied was <20 mW during imaging. 
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Figure 3.8. A CARS spectrum from lipid stores recorded with used CARS system. This shows that 

the peak is at ~2850 cm-1. This corresponds well to the vibrational frequency expected for 

neutral lipids in the –CH2 stretching region and confirms that the obtained images show 

primarily lipid signal. 

3.4.7 Image analysis 

A number (~10) of images was taken for each individual sample and each time point. An 

area of 125 x 125 µm was scanned using ScanImage (Janelia Farm) to generate highly resolved 

images at the optical diffraction limit with 1024 x 1024 pixels. For each time point, 3 worms were 

imaged. On each image, an area of interest was drawn and the number of pixels corresponding to 

the area was determined in ImageJ (U. S. National Institutes of Health, Bethesda, Maryland, USA, 

http://imagej.nih.gov/ij/). PMT shot noise occurring in the images was smoothed out using 

average filtering. Images were further processed by thresholding to the background from the 

specimen for consistency to quantify the lipid stores. ImageJ was used to calculate the area 

occupied by the lipid stores for each 2D image. The ratio between the number of pixels 

corresponding to the area occupied by lipid stores and the number of pixels of the distinct regions 

of interest was determined and used to compare different time points. Nematodes were picked at 

the same life-cycle stage and hence were very similar in size and anatomy. The region of interest 

was selected such that it corresponded to the same number of segments and therefore was 

consistent between different worms.  

http://imagej.nih.gov/ij/
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3.4.8 Statistical analysis 

Results from the image analysis were expressed as mean ± SEM. Significance was 

determined using one-way ANOVA with Bonferroni post-hoc test and a significance level of 

p<0.05. In general, post-hoc tests are able to find significant difference between each of the 

variables. The Bonferroni correction is a multiple-comparison correction, mostly used when 

several dependent or independent statistical tests are performed simultaneously. This test has 

been chosen as it is the most widely used correction available for multiple comparisons. It is also 

flexible and very simple to compute 40. 
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3.5 Results 

3.5.1 CARS imaging of lipid stores in C. elegans 

To establish the ability to apply CARS for imaging nematodes and to visualize the 

distribution of lipid droplets, images covering the head, abdomen and the tail in well-fed adult 

juveniles (L4+1) 3 C. elegans worms were acquired (representative images are shown in Figure 3. 

3.2).  

 

Figure 3.2. Representative CARS images of different regions, (A) head (B) abdomen and (C) tail, 

in L4+1 C. elegans. The corresponding segments are shown in the schematic below the images. 

CARS images have been obtained by tuning to the -CH2 stretching frequency at 2845 cm-1 for 

lipids. Lipid rich areas (lipid stores) appear bright in the images. 

3.5.2 Effect of starvation on lipid stores in C. elegans 

To compare the capability of a standard histological approach, staining with Sudan Black 

with label-free CARS imaging to detect changes in lipid content, C. elegans one day old 

hermaphrodites (L4+1) were subjected to starvation (Fig. 3.3 and Fig 3.4) and imaged with Sudan 

Black stain and CARS.  

                                                           

3 L4+1 indicates young adult developmental stage of C. elegans worms – a mid-stage between larval and 
adult form 39. INTRODUCTION TO C. elegans ANATOMY. 
http://www.wormatlas.org/ver1/handbook/anatomyintro/anatomyintro.htm (accessed 09.06). 
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Figure 3.3. Sudan black staining of wild type well-fed (A,a) and worms starved for 24 hours 

(B,b). Red arrows indicate stained fat droplets. (C) Fat content graph in C. elegans at different 

stages of food deprivation. The intensity was measured by counting the pixels that represent 

Sudan Black stain in an area and normalizing to the total number of pixels in the area. 

Population of food-deprived worms was compared to a control group. During the first 5 h of 

food deprivation no reduction in fat content was observed. After 10 h of starvation a reduced 

amount of fat droplets is observed, followed by even further decrease after 24 h of food 

withdrawal (P < 0.001). 
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Figure 3.4. Representative CARS images of the regions of interest from the C. elegans after 

different times without food (A – head, B – middle part of the body, C – tail). The lipid stores 

(bright areas) are depleted over time. Graphs present results of quantitative analysis of lipid 

stores in C. elegans. A significant decrease can be observed over time. Values have been 

normalized to control and averaged from 3 replicates each with n=3. **** p< 0.0001, ***p< 

0.001, ** p<0.01 and * p<0.05). 
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3.5.3 Imaging lipid stores by CARS in G. pallida J2 

After establishing the CARS methodology as described above, the visualization of the 

distribution of lipid droplets in the whole Globodera pallida adult worm was carried out.  CARS 

images spanning the whole body were taken (Fig. 3.5) 

 

Figure 3.5. Representative CARS images of the head and tail region are shown in (A) and (B), 

respectively. (C) Schematically shows the area of interest used for CARS imaging and 

quantitative analysis of images of G. pallida. 

3.5.4 Monitoring changes in lipid stores post-hatching in G. pallida J2 

Furthermore, representative CARS images of lipid stores in G. pallida taken at different days 

after hatching are shown in Figure 3. 3.6 A. 
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Figure 3.6. A. Representative CARS images of the posterior region of G. pallida after hatching. 

The number of days after hatching is indicated on the images. The lipid stores (bright areas) 

especially in the tail region are depleted over time. B. Quantitative analysis of lipid stores from 

CARS images show a decrease after hatching in J2 G. pallida. Values have been normalized to 

values corresponding to 1 day old worms and averaged from 3 data sets.  ****p< 0.0001, 

***p<0.001, **p<0.01 and *p<0.05. 

3.5.5 Effect of ivermectin on G. pallida viability and lipid stores 

This part of the study focused on answering the question whether CARS imaging could 

provide a novel assay for deducing the effectiveness of nematicidal treatments. Thus G. pallida 

worms were subjected to ivermectin treatment and its impact on their viability and lipid stores 

content was assessed (Fig. 3.7 and Fig. 3.8). 
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Figure 3.7. The impact of ivermectin on the motility of G. pallida. (A) Ivermectin inhibited 

dispersal of J2 from the centre, 'origin', of an agar plate in a concentration-dependent manner 

after 2 h exposure. Data are mean ± S.E.M of more than 6 measurements. Ivermectin was 

delivered in 0.5% ethanol. (B) 2 h exposure to 10 µM ivermectin caused flaccid paralysis 

characterised by the loss of postural shape of the G. pallida worms. Each image is of 

representative of 10 samples. 
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Figure 3.8. (A) Representative CARS images of the posterior region of G. pallida with and 

without ivermectin treatment. (B) Effect on lipid stores in J2 G. pallida incubated with 1 µM 

ivermectin for 24 h after 1 day of hatching. Values have been normalized to control and 

averaged from 3 replicates each with n=3. ****p< 0.0001, ***p<0.001, **p<0.01 and *p<0.05). 
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3.6 Discussion 

CARS imaging of lipid stores in C. elegans 

Previously, CARS analysis has confirmed that the major lipid stores in adult hermaphrodite 

C. elegans are in the hypodermis and intestine 19. Here we found that the highest lipid droplet 

concentrations are in the tail region which correlates with the terminal end of the intestine. There 

is also a substantial amount of lipid present in the middle abdominal part of the body. In the 

upper part of the body, while the lipid signals are distributed, droplets are only visible around the 

pharynx (Fig. 3.2). The differences are most probably due to the fact that Yen et al. applied z 

stacking on obtained images and selected lipid-rich region based on dye images prior to CARS 

imaging. In the work shown here the whole nematode has been imaged with CARS. 

Effect of starvation on lipid stores in C. elegans 

Staining with Sudan Black showed no change in levels of lipid stores in the first 5 h of food 

deprivation, and a significant depletion was only observed at 10 h, followed by marked loss after 

24 h (Figure 3.4 C). This observation also agrees with a previous study using Nile Red as a lipid 

indicator in which starved C. elegans showed no change in lipid content after 3 h with a decrease 

between 3 h and 18 h 41. These results suggest that during the early time-points of food 

deprivation lipid stores are conserved in C. elegans.  In contrast, a drastic decrease in lipid content 

within 30 min of food deprivation and the depletion of an excess of 50% within 1.5 h of starvation 

was detected with CARS imaging (Fig. 3.4 A,B,C). After 24 h there are almost no lipid stores 

remaining. This proves that CARS is a more sensitive approach than histological staining for the 

detection of changes in lipid content. 

Imaging lipid stores by CARS in G. pallida J2 

 Similarly to C. elegans, G. pallida lipid stores were mainly found in the lower part of the 

body. The worm was imaged in two parts: upper (head-abdomen) (Fig. 3.5 B) and lower 

(abdomen-tail) (Fig. 3.5 C). Thus, lipid quantification was carried out on the posterior region of G. 

pallida (shown schematically in Fig. 3.5 A). 

Monitoring changes in lipid stores post-hatching in G. pallida J2 

After hatching from cysts, the infectivity of G. pallida is related to the amount of lipid stores 

within the animal 7-10. Thus, close monitoring and understanding of the depletion rate can be 

beneficial for the development of nematicidal treatments and crop protection. Fig 3.6 A shows 

that the lipid stores are gradually depleted over a time course of 28 days, in contrast to the much 
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faster rate of depletion observed in starved C. elegans (Fig. 3.4 A,B,C). Quantitative analysis of the 

data revealed that nearly 50% depletion occurs over the first 7 days and that there is almost a 

linear depletion of ~10% per week after that (Figure 3. 3.6 B). 

Effect of ivermectin on G. pallida viability and lipid stores 

Ivermectin is a macrocyclic lactone of the same chemical class as abamectin, which is a 

widely used biopesticide 42. The dispersal assay, which provides a read-out of the effect of the 

compound on G. pallida J2 motility, showed that ivermectin causes a concentration-dependent 

inhibition of dispersal, with a rapid onset of action occurring within 2 h (Figure 3. A). Worms 

exposed to ivermectin display a flaccid paralysis characterised by loss of postural shape (Fig. 3.7 

B). This observation is consistent with the mode of action of ivermectin that involves increased 

glutamatergic inhibitory signalling 43. Subsequently, G. pallida J2s were exposed to 1 µM 

ivermectin for 24 h and then imaged by CARS (Fig. 3.8 A). This revealed a significant acceleration 

of lipid loss in the ivermectin treated J2s compared to control worms (Figure 3. 3.8 B). Ivermectin 

is a member of the avermectin class of antiparasitic drugs which bind selectively to glutamate-

gated chloride ion channels found in invertebrate nerve and muscle cells. Avermectins may also 

interact with other ligand-gated chloride channels, for example,  those gated by the 

neurotransmitter gamma-aminobutyric acid (GABA) 44. These interactions increase the 

permeability of the cell membrane to chloride ions and result in hyperpolarization of the cell, 

causing paralysis and death in nematodes, either directly or by starvation. At least one study, 

however, suggests a depolarizing rather than hyperpolarizing role of ivermectin 45. In either case, 

the end result is the deactivation of the channel by manipulation of chloride levels. This suggests 

that nematicidal mode of action of ivermectin is likely to be a multilevel effect, as it not only stops 

the parasite invasion by reducing their mobility, but also alters their lipid metabolism, which can 

reduce their infectivity. 

 

 



Chapter 3 

84 

3.7 Conclusions 

Previous studies have shown that CARS is a useful tool for imaging metabolic changes in C. 

elegans worms 26, 33. The results in this study confirm previous results and extend this analysis to 

show that CARS provides a more sensitive measure than conventional histological stains for 

monitoring lipids in a label-free, non-destructive and rapid manner. At the same time CARS 

imaging also overcomes the limitation of poor specificity of conventional techniques. The work 

further demonstrates that CARS imaging is equally applicable to study other nematodes such as G. 

pallida. As a result of our studies it can be concluded that CARS imaging was able to track the 

distribution of lipid stores and their evolution over time in G. pallida. CARS imaging was also 

successfully used to study the effect of nematicidal treatments and thus can be an effective high 

throughput screening tool in developing new nematicidal drugs, and therefore be applied in crop 

protection science. As CARS relies solely on the intrinsic properties of the analyte, it holds a great 

potential of extrapolating such analysis on other metabolites, such as DNA and protein 46 by 

tuning into their specific frequencies. As a quantitative technique 47-49, CARS also provides an 

opportunity for metabolic profiling of nematodes and to study processes such as 

bioaccumulation. 
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3.8 Future directions 

CARS imaging proved to be a useful technique for imaging lipid stores in parasitic plant 

nematode Globodera pallida, helping to establish a methodology for assessing the effectivity of 

nematicidal treatments that influence lipid metabolism. However, this methodology requires 

treating and imaging many nematodes in order to produce reliable quantitative data, which can 

be time-consuming in drug discovery, where a large number of compounds needs to be tested. 

Moreover, the animals need to be fixed or paralyzed for imaging, which can be seen as a 

disadvantage, as this can interfere with lipid metabolism as it has been shown in this study. 

Microfluidics has been previously used for rapid immobilization, high-resolution imaging, and 

sorting of C. elegans worms 50-53. A microfluidic screening chip, covered in array of individual 

chambers, used in these experiments enables animals to be brought rapidly into the chamber and 

capture and isolation of a single animal from a group. It also allows incubation and exposure of 

individual C. elegans to biochemicals in a high-throughput manner. Furthermore, a flexible 

membrane placed in the main chamber compresses animals to restrict their motion. This 

immobilization method does not affect animal life span and provides stability comparable with 

chemical anaesthetics. Such system combined with CARS imaging could be also applied to G. 

pallida worms, allowing high-throughput screening for nematicidal drugs. 
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Chapter 4: Surface-enhanced Raman spectroscopy (SERS) 

for label-free detection and classification of bacteria. 

4.1 Abstract 

 In microbiology, food safety and medicine; there is a rising need for rapid and reliable 

methods for detecting and identifying microbial contaminants and pathogens. Currently available 

techniques often pose certain limitations that prolong identification process, causing a financial 

burden or deterioration in patients’ condition. Surface-enhanced Raman spectroscopy (SERS) is a 

label-free technique that utilizes intrinsic molecular vibrations of materials to provide information 

about its composition. Due to its many advantages, SERS provides a valid alternative to 

conventional analytical techniques in biology. It is label-free, highly sensitive (fast) and does not 

require laborious sample preparation. In this work, the potential of SERS in detecting and 

identifying bacterial strains is demonstrated. SERS can be carried out both with metal (primarily 

gold or silver) nanoparticles or nanostructured surfaces.  SERS spectra were acquired from 4 

different strains, Pseudomonas aeruginosa, Pseudomonas fluorescens, Staphyloccoccus aureus 

and Streptococcus pneumoniae, using both gold nanoparticles and nanostructured surfaces. While 

nanoparticles are the most common SERS materials used in life sciences, in this work it was found 

that they gave a lower accuracy of classification compared to nanostructured surfaces. Thus with 

SERS acquisitions on nanostructured surfaces, a complete distinction between all of the different 

strains used in this study was achieved using PCA-LDA analysis. An identification accuracy of 98% 

was obtained for P. aeruginosa. This work therefore establishes a SERS approach for detecting 

and identifying microbial presence with very high accuracy and could be promising for 

applications in clinical, environmental and food microbiology. 
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4.2 Introduction 

In disciplines such as clinical, environmental and food microbiology, the ability to detect 

traces of microbial contamination is very important, as a failure to do so can have many 

detrimental consequences 1. Traditional culture methods remain the gold standard for detection 

but can take up to 6 weeks 2 and usually not less than 2-3 days to grow and detect the pathogen. 

This is an unacceptable period of time in case of a patient waiting to receive the right treatment 

or a food factory that needs safety testing before the distribution of a product. It is also often the 

case that the contaminant cannot be cultured in the laboratory and culture methods cannot be 

applied. Contemporary molecular detection methods are usually faster and typically need hours 

rather than days. These include methods such as PCR (Polymerase Chain Reaction), API (Analytical 

Profile Index), biosensors and immunoassays, nucleic acid sequence based amplification (NASBA) 

or 16S rDNA microarrays, PNA-FISH (Peptide Nucleic Acid Fluorescent in Situ Hybridization) probes 

or pyrosequencing, and are increasingly used for faster identification of bacteria 3, 4. All of these 

methods however have serious limitations, such as: the need for skilled operators, time-

consuming sample preparation and analysis and low reliability. Additionally, in case of nucleic 

acid-based methods, the characteristic sequence site of the tested specimen must be known. 

With these methods, some uncommon pathogens are likely to be overlooked, as these tests are 

species specific (the operators need to know what they are looking for). Thus, testing for 

numerous pathogens can be very laborious and expensive. 

Surface-enhanced Raman spectroscopy (SERS) is a vibrational spectroscopy-based 

technique. In SERS, the otherwise weak Raman scattering signals are enhanced by the presence of 

nanostructured coinage metal such as gold or silver 5 (Fig. 4.1). Compared to previously 

mentioned bacterial detection methods, SERS is considerably faster (spectra can be acquired in 

ms to s), more sensitive and does not require time-consuming sample preparation. As the 

methodology is identical for all specimens, it is more universal than other discussed assays. There 

is also a possibility of using SERS directly for field testing. Due to abovementioned features, SERS 

is particularly suitable for microbial detection and analysis where quick initial or preliminary 

identification may be required. Many studies have shown that it enables detection and 

discrimination of bacteria that belong to different genera 6, 7, 8, but also to differentiate between 

closely related strains within the same genus 9. SERS combined with PCA is now being used for so-

called ‘barcoding’ of bacterial cells 10. This is the first step for creating an open library of bacterial 

SERS spectra that would allow quick identification of bacterial contamination in any sample. 
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Figure 4.1. Schematic showing the principle of detection of bacteria with SERS. Bacterial cells 

are typically larger than nanoscale structures used in SERS. Therefore, signals from cellular 

components proximal to the nanostructure are likely to be observed in SERS.  

The most common signal enhancers used in SERS are metal nanoparticles. They are easily 

synthesised and can be modified according to specific requirements. Metal nanoparticles exhibit 

plasmon resonances, the source of signal enhancements, when irradiated with light. 

Characteristics of plasmon resonances depend on the size, shape and surroundings of the particle 

and can be altered by aggregation, which is very common in nanoparticles 11. This process is hard 

to control when nanoparticles are used as an enhancing material in SERS, as the environments of 

various samples differ and cannot be manipulated as that can lead to misleading results. This 

means that variations in enhancement and hence, SERS signals, can occur. This is of course 

undesirable and should be avoided. One of the ways to overcome this problem is the use of 

designed nanostructured SERS substrates which produce uniform and reproducible SERS 

enhancements. These preparations are characterized by regular structure, as they are usually an 

ordered array of smaller objects 12, 13. Therefore, it is anticipated that signal enhancement will be 

uniform throughout the whole surface of a substrate. This is a desirable feature for microbial 

detection, as it minimizes the risk of detecting misleading spectral differences and consequently, 

misclassification of a specimen.  

Metal film over nanosphere (MFON) substrates, prepared by nanosphere lithography are 

very popular SERS substrates in use nowadays 14. It has been demonstrated that MFON substrates 

remain stable for weeks 15 and do not lose their SERS activity after exposure to high 

temperature 16. MFON substrates are widely used in many SERS biosensing applications in 

complex media such as biowarfare agent 17 and glucose detection 18. Another type of SERS 

substrates, sphere segment voids or SSV substrates provide interesting, tuneable optical 

properties due to the choice of the diameter of matrix spheres the thickness of deposited coinage 

metal film. As such substrates are compatible with electron plasmons and in consequence, 
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produce intense electric fields when exposed to light irradiation,  great SERS enhancements have 

been achieved on these structures 19, 20, 21, 22. Nanoshells of noble metal have gained a great 

interest in SERS research recently due to the ability to control local surface plasmon resonance 

properties by adjusting their structural parameters. An array consisting of nanoshells, used as a 

SERS substrate benefits from high structural uniformity, which provides stable SERS performance 

and high SERS enhancements, as a result of strong electromagnetic coupling between objects in 

the array 23. 

While detection and identification of bacteria using metal nanoparticles has been widely 

applied 2, with nearly 200 publications listed in Web of Knowledge search, detection accuracy and 

repeatability assessment by comparable methods is not the main focus of these studies. 

Nevertheless, SERS has been successfully utilized in clinical microbiology to detect and distinguish 

bacteria that cause urinary tract infections in conjunction with hierarchical cluster analysis 

allowed to discriminate between microorganisms to the strain level 24. Aggregated gold particles 

on silicon chips have been used for discrimination between several Gram-positive and Gram-

negative bacteria (including pathogens), with reproducibility in the range of less than 15% of 

absolute intensity difference at a control peak 10, 25. SERS detection of bacteria in drinking water 

has been demonstrated by coating specimens with silver nanoparticles in situ. This strategy also 

allowed to differentiate between 4 different bacterial strains by applying hierarchical cluster 

analysis 26. Multifunctional magnetic–plasmonic Fe3O4–Au core–shell nanoparticles were used to 

simultaneously concentrate and detect three different Gram-negative strains. Principal 

component analysis following the experiment showed that with obtained spectral data, strains 

can be clearly differentiated 27. More recently, methods allowing 100% selectivity in bacterial 

discrimination were published by researchers using self-synthesized Ag nanoparticles 28, as well as 

polyethylenimine-modified Au-coated magnetic microspheres and Au@Ag nanoparticles 29. 

SERS detection of bacteria has been also carried out using SERS substrates. Silver nanorod 

array substrate has been used for the detection of pathogenic bacteria. With this approach, 

spectral differences can be detected between different species and their mixture, further 

supported by principal component analysis 30. Substrate made of silver biopolymer nanoparticles 

deposited on a stainless steel plate was used to differentiate three different serotypes of 

Salmonella. PCA was used to complement the results and provided an average correct 

classification of 92 % 31. Nanoparticle cluster arrays were used to detect Gram-negative and Gram-

positive strains and combined with principal component analysis/discriminant function analysis 

enabled discrimination between tested species 32, 33. Silver–gold bimetallic SERS substrate was 

used to identify different pathogenic strains in vitro and in blood samples with 15% standard 

deviation intensity of the reference peak 34. Recently, core–shell nanorod columnar array 
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combined with gold nanoplate–nanosphere assemblies enabled highly sensitive discrimination of 

three bacterial species 35. 

In microbiology, accurate and fast microbial detection methods are sought after as current 

techniques often do not provide these features. This work aimed at developing such method 

utilizing nanoparticle and substrate based surface-enhanced Raman spectroscopy (SERS), 

combined with statistical analysis. To date, this is a first work that thoroughly compared 

nanofabricated SERS substrate with commercially available metal nanoparticles for rapid 

microbial detection of four different bacterial strains. The comparison can reveal that under 

optimal conditions, whether nanofabricated SERS substrate prove to be more suitable for such 

purpose and provide a promising step towards developing a commercial SERS assay tailored for 

microbial detection. 
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4.3 Experimental methods 

4.3.1 Bacterial cell culture 

Four bacterial strains were used. Bacteria were first grown on agar plates. Subsequently, 

liquid cultures were inoculated with single colonies for further proliferation (see Table 4. for 

growth conditions). 

Table 4.1. Bacterial strains and their growth conditions. 

Strain Growth media Growth conditions 

P. fluorescens Tryptone Soya Agar (TSA), Tryptone Soya Broth 
(TSB) 

30°C overnight 

P. aeruginosa Tryptone Soya Agar (TSA), Tryptone Soya Broth 
(TSB) 

30°C overnight 

S. aureus Brain Heart Infusion Agar, Brain Heart Infusion 
Broth 

37°C overnight 

S. pneumoniae 5% Horse Blood Agar, Blood Broth 37°C overnight; 5% CO2 

Density of bacterial cultures was measured using Hitachi U-2001 spectrophotometer at 600 

nm. The growth was stopped when it reached the value of approx. OD600≈0.8. As a linear 

relationship between cell number and OD600 exists only up to OD of approx. 0.6 36, dilutions were 

made to bring the OD values below 0.6. Cultures were centrifuged, washed with water by three 

cycles of resuspension and centrifugation to remove remaining components of growth media. 

Washed cells were either mixed with nanoparticles or placed on top of a nanostructured 

substrate. 

4.3.2 SERS-active nanoparticles and nanosubstrate preparation 

 60 nm (size variation 57 – 63 nm) gold nanoparticles and 80 nm (size variation 77 – 85 nm) 

silver nanoparticles (BBInternational) were used for SERS measurements. Nanoparticle suspension 

was first centrifuged for 10 min at 10 000 rpm and pellet resuspended in DI water. Spectra of 

washed and unwashed gold nanoparticles were taken and compared with solid sodium citrate 

(Sigma) spectrum to assess the efficiency of citrate removal. Aggregation study was also done for 

60 nm gold nanoparticles to assess their enhancement properties and confirm their choice for 

SERS experiments.  

Nanosubstrate was prepared by the following method; supporting silicon substrates were 

pre-treated in two steps: piranha solution, in which 3:1 H2SO4:30% H2O2 at 80 °C for 1 h was used 

to clean the substrate; base treatment, in which 5:1:1 H2O:NH4OH:30% H2O2 with sonication for 1 
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h was used to render the surface hydrophilic. Approximately 2 µL of the 400 nm diameter 

polystyrene nanosphere suspension at a concentration of 0.1% w/v was drop-coated onto a 

silicon substrate and allowed to dry in ambient conditions. A Ag metal film was deposited with a 

base pressure of 10-6 Torr to coat the nanospheres with an overlayer. A bright field image of 

substrate surface has also been taken to visually assess the obtained substrates. The prepared 

substrates have broad plasmon resonances and are suitable for SERS with a 633 nm laser 37. SERS 

nano-substrates were stored in the dark at RT prior to use.  

4.3.3 Bacterial sample preparation 

Bacterial cells were mixed with pre-washed nanoparticles in following approximate ratios: 

22 000, 11 000 and 1000 nanoparticles/bacterial cell. Mixtures were left on a shaking incubator 

for 1 h at RT to allow aggregation. The aggregates were washed to remove remaining citrate by 

one cycle of resuspension and centrifugation (10 min, 10 000 rpm). The pellet was resuspended in 

10 µL DI water, drop-coated on a coverslip and dried on a hotplate at 60°C. For nanosubstrate 

experiments, approximately 20 µL of washed, suspended in water (OD600=0.3) and further diluted 

(1:10 with DI water) bacterial cultures were dried overnight at RT on the nanostructured 

substrate. This resulted in large areas covered with single layer of bacterial cells.  

4.3.4 TEM imaging 

 To assess the attachment and clustering of nanoparticles on bacterial cells, a series of TEM 

images of bacteria-nanoparticle aggregates were acquired. Bacteria-nanoparticle aggregates have 

been prepared as previously described and placed on copper-palladium grids for imaging. 

4.3.5 SERS analysis 

 Samples were analysed using a Renishaw inVia Raman microscope equipped with 785 and 

633 nm lasers using a Rayleigh edge filter, under a 50x objective. Acquisition times tested were 

between 1 and 10 s, number of accumulations differed between 1 and 10. Laser power settings 

were kept between 0.03 to 0.3 mW, with a grating of 1200 lines/mm. Laser exposure on the 

sample was minimized. 

4.3.6 Statistical analysis 

 Collected spectra were analysed using IRootLab toolbox for MATLAB 38. For PCA and LDA 

analysis described; each dataset of 30 single spectra was pre-processed using the IRTools in-built 

functions. SERS spectra were pre-processed using polynomial baseline correction, wavelet de-
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noised, vector normalization and finally mean centred. The dataset was then subjected to PCA 

followed by LDA (PCA-LDA) analysis 39. 

For classification, both in-house written scripts and IRootlab toolbox for MATLAB were 

applied 40. Spectra were pre-processed by using second derivative as a baseline correction and 

vector normalisation. In case of nanosubstrate, spectral region of 1020–1090 cm-1 was excluded 

from analysis due to it originating from the nanostructured substrate itself.  

For SVM, the Gaussian kernel SVM was applied with parameters of C = 5 and gamma = 10-

1.5. The kernel trick allows the linear classifiers to be expanded to non-linear classifiers for 

increased classifier optimisation. A 10-fold cross-validation technique was applied in which the 

original spectral dataset was split into 10 equal sub-datasets. Of the 10 sub-datasets, a single 

dataset was taken as the validation reference for testing the model, and the remaining sub-

datasets were used as a training dataset. An output of percentage accuracy (average of the 

sensitivity and specificity) is presented for classification.  

 For PC-LDC the dataset was preliminarily tuned for the most optimal number of PC factors, 

spectra were mean centred and applied to principal component analysis to determine the number 

of optimal features whilst reducing factors of noise. LDC was then subsequently applied to the 

optimised 20 PCs. A 10-fold cross-validation technique was applied in which the original spectral 

dataset was split into 10 equal sub-datasets. Spectral classification was presented as described 

above for SVM. 
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4.4 Results  

4.4.1  Nanoparticle and substrate preparation 

 To assess the effectivity of citrate residues removal from nanoparticles, SERS spectra of 

washed and unwashed 60 nm gold nanoparticles were recorded and compared to bulk sodium 

citrate Raman spectrum (see Fig. 4.2).  

 

Figure 4.2. Raman spectrum from solid sodium citrate (purity ≥99.5%) (A), SERS spectra of 

citrate-capped untreated gold nanoparticles (B) and treated (washed) gold nanoparticles (C). 

Ellipses highlight some peaks present in (A) and (B) but absent (C) confirming that the citrate 

content on the nanoparticles has significantly reduced. Spectra were smoothed and baseline-

corrected in WiRE 3.4. Exposure time: 1s, laser power: 0.3 mW, wavelength: 633 nm. 

Nanostructured substrates used in this study were also tested for their signal enhancement 

capability by adsorbing benzenethiol molecule on them. The nanostructured surfaces were 

soaked overnight in an ethanolic solution of 10 mM benzenethiol (Sigma), thoroughly rinsed with 

ethanol to remove any excess and unattached molecules and dried in air before recording SERS 

spectra. A control spectrum was also recorded prior to the benzenethiol treatment (Fig. 4.3).  
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Figure 4.3. SERS spectrum from a blank nanostructure substrate (A) and after overnight 

incubation in benzenethiol solution (B). The peaks that correspond to benzenethiol are clearly 

visible and highlighted with ellipses. Spectra were smoothed and baseline-corrected in WiRE 

3.4. Exposure time: 1s, laser power: 0.3 mW, wavelength: 633 nm. 

4.4.2 Optimization of analytical parameters for nanoparticle based SERS detection of 

bacteria 

 Prior to SERS detection of bacterial cells, suitability of nanoparticles and analytical 

parameters (laser power, exposure time, type of nanoparticles, nanoparticle-to-bacteria ratio, 

laser wavelength) were optimized to obtain the best performance.  

 Suitable laser wavelength was selected based on plasmon resonance occurrence. Fig. 4.4 

demonstrates absorbance spectra of untreated and salt aggregated 60 nm Au nanoparticles, 

peaks indicate wavelengths at which plasmon resonance occurs for each nanoparticle type. 
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Figure 4.4. Absorbance spectra of untreated (red curve) 60 nm Au nanoparticles and aggregated 

with 1 M NaCl (green curve) 60 nm Au nanoparticles. Maxima indicate wavelengths at which 

surface plasmon resonance occurs for nanoparticles. 

In this study, laser wavelengths of 633 and 785 nm were tested. Addidtionally, three ratios 

of nanoparticles to bacterial cell (1000 NPs/cell, 11 000 NPs/cell and 22 000 NPs/ cell) were 

tested. After testing several combinations of laser power, time of exposure as well as number of 

accumulations, the combination that proved to be the best for the study was the use of 0.06 

mW/0.26 mW (633 nm/785 nm) in laser power with 10 accumulations, 1 second of exposure each 

(data not shown). Signal enhancement was assessed by comparing amide I peak intensities. 

Furthermore, 80 nm silver nanoparticles were also used for comparison with 60 nm gold 

nanoparticles (Table 4.2). 
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Table 4.2. Mean of amide I peak intensities (counts) in average SERS spectra (average of 20) are 

presented. Spectra were acquired with a 633 nm laser at 0.06 mW power with 10x1 s 

acquisition time and 785 nm laser at 0.26 mW power with 10x1 s acquisition time. 

Amide I peak intensity 60 nm Au NPs 

633 nm laser 

60 nm Au NPs  

785 nm laser 

80 nm Ag NPs  

633 nm laser 

1000 NPs/cell 1952±30 2451±37 1793±36 

11000 NPs/cell 2858±52 4106±61 6702±53 

22000 NPs/cell 6477±43 5537±67 7313±45 

4.4.3 Detection of bacteria with gold nanoparticles 

 For this part of the study, four bacterial strains (Pseudomonas fluorescens, Pseudomonas 

aeruginosa, Staphylococcus aureus and Streptococcus pneumoniae) were mixed with 60 nm gold 

nanoparticles with the ratio of 22 000 nanoparticles/bacterial cell. Spectra were taken by placing 

the laser spot on single bacterial cells and scanning using 633 nm laser wavelength, 0.06 mW laser 

power with 10 accumulations, 1 second of exposure each. For each bacterial strain, a total of 30 

bacterial cells were scanned.  PCA-LDA analysis was performed on the acquired spectra to assess 

the distribution of spectra within different classes (Fig. 4.5).  
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Figure 4.5. SERS analysis of bacteria using nanoparticles (A) Average spectra (average of 30, 

baseline corrected and smoothed) of bacteria mixed with 60 nm gold nanoparticles in the ratio 

of 22 000 NPs/bacterial cell. The SERS spectra were acquired with a 633 nm laser at 0.06 mW 

power with 10x1 s acquisition time. (B) Scatterplot of LD1 vs LD2 scores from PCA-LDA analysis 

showing the distribution within and between groups. The more the features are conserved 

within the group, the less scattering of scores will be observed within the group. (C) TEM images 

of P. fluorescens bacterial cells mixed with 60 nm gold nanoparticles in the ratio of 22 000 

nanoparticles/cell. 

4.4.4  Detection of bacteria on a SERS nano-substrate 

 The same bacterial strains were analysed again using a nanostructured substrate for 

recording SERS spectra. Spectra were taken from single bacterial cells using the same settings as 
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for corresponding experiment with gold nanoparticles, followed by PCA-LDA analysis to assess 

the distinction between different classes (Fig. 4.6). For each bacterial strain, a total of 30 bacterial 

cells were scanned.  

 

Figure 4.6. (A) Average SERS spectra (average of 30, baseline corrected and smoothed) of 

bacteria placed on a silver nanostructured substrate. Spectra were acquired with a 633 nm laser 

at 0.06 mW power with 10x1 s acquisition times. (B) Scatterplot of PCA-LDA results showing the 

distribution of spectra. This plot shows distribution of features in different groups. The more 

features are conserved throughout the group, the less scattering will be observed within the 

group. (C) A diagram showing the process of fabrication of the nan-osubstrate (top) and bright 

field image of uniform, nanostructured surface of the substrate (bottom). 

4.4.5 Peak assignments 

 Major peaks that can be seen in the SERS spectra of the bacterial strains analysed above 

could be identified. They are assigned based on previous SERS studies of bacteria and are listed in  
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Table 4.. 

Table 4.3. Identified major peaks and their assignments. 

Raman shift 

(cm−1) 

Tentative assignment Macromolecular 

assignment 

References 

637 – 695 C–S stretching and C–C twisting 

of proteins (tyrosine) 

Proteins 41 42 43 

1000 – 1010 C–C aromatic ring stretching 

(phenylalanine) 

Proteins 41 42 44 45 

1235 – 1260 Amide III Proteins 43 44 46 

1440 – 1455 C–H2 deformation Lipids 42 46 

1571; 1572 Amide II Proteins 47 48 

1610 – 1637 Amide I Proteins 41 44 46 49 

4.4.6 Classification of bacterial strains 

In order to determine the accuracy of bacterial classification using our proposed method, 

previously obtained data from bacteria-nanoparticle aggregates and bacteria placed on a nano-

substrates was processed using two classification algorithms described below. For nano-substrate 

data, spectral region of 1020–1090 cm-1, which was identified to originate from the 

nanostructured substrate itself, was excluded from the analysis. 

Both support vector machines (SVM) and PC-LDC (Principal component – Linear 

discriminant classifier) were used in the following manner; all classifiers were trained and tested 

using the same datasets. Training is the process of taking content that is known to belong to 

specified class and creating a classifier based on this known content 50. Both classifiers were 

employed to produce percentage of classification accuracy (average of the sensitivity and 

specificity) using a common 10-fold cross-validation technique. In 10-fold cross-validation, the 

original class is randomly divided into 10 subsamples equal in size. Of the 10 subsamples, a single 

subsample is taken as the validation reference for testing the model, and the remaining 

subsamples are used as training reference. The cross-validation process is then repeated, with 

each of the subsamples used only once as the validation reference. The results can then be 

averaged to produce a single estimation 51. 

 Table 4. and  
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Table 4. show classification accuracy within bacterial strains. For high accuracy, the adopted 

criteria were that values within the strains should be high (around 90%), and at the same time 

values that compare different strains should be very low (around 10%). This means that there is a 

high chance of classifying a spectrum of an unknown origin to the right group and a small chance 

of placing it into a group in which it does not belong.  

Table 4.4. Classification accuracy [%] for tested bacterial strains with gold nanoparticles. The 

higher the bold number, the better and more reliable is the classification. 

 P. aeruginosa P. fluorescens S. aureus S. pneumoniae 

P. aeruginosa 86.08 4.25 3.5 6.17 

P. fluorescens 11.25 87.75 1 0 

S. aureus 5.71 6.13 55.89 32.26 

S. pneumoniae 16.83 0 10.58 72.58 

 

Table 4.5. Classification accuracy [%] for tested bacterial strains on a SERS nano-substrate. The 

higher the bold number, the better and more reliable is the classification.  

 P. aeruginosa P. fluorescens S. aureus S. pneumoniae 

P. aeruginosa 98 0 2 0 

P. fluorescens 2.85 87.89 1 8.26 

S. aureus 4 0 91.5 4.5 

S. pneumoniae 4.17 8.88 11.26 75.69 
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4.5 Discussion 

Nanoparticle and substrate preparation 

In the bulk citrate spectrum (Fig. 4.2) some major peaks that can be observed are at 

approximately 850 cm-1 (symmetric C-C stretching), 1180 cm-1 (asymmetric C-C stretching), 1415 

cm-1 (symmetric COO- stretching) and 1624 cm-1 (asymmetric COO- stretching). The spectrum of 

washed nanoparticles is free from peaks that correspond to citrate residues which implies that 

the removal treatment was successful. All these peaks are also present in the spectrum of citrate-

capped nanoparticles; however they are shifted. Shift in SERS peak positions compared to their 

position in Raman spectra is commonly observed and is attributed to adsorption or interaction of 

the molecule with the metal surface 52. Not all of the citrate peaks are present in the SERS 

spectrum recorded with nanoparticles because depending on how the molecule adsorbs on to the 

nanoparticle, different vibrational modes will or will not be enhanced. The spectrum obtained 

with citrate capping on the nanoparticles before its removal, nevertheless, confirms the ability to 

obtain high quality SERS with 60 nm AuNPs used in this study. 

In the spectrum from untreated nano-substrate (Fig. 4.3) there are two peaks visible at 

around 1000 and 1020 cm-1, which correspond to  polystyrene from the nanospheres used for the 

fabrication of the substrate 53. The additional peaks present in the spectrum after adsorption 

correspond to benzenethiol molecules that have attached to the surface of the substrate. Typical 

benzenethiol peaks occur at 1000 cm-1 due to C-C-C bending (this peak overlaps with the 

polystyrene peak), at approximately 1020 cm-1 due to C-H stretching (this peak also overlaps with 

the polystyrene peak), at approximately 1080 cm-1 due to C-C-C bending and C-S stretching and at 

approximately 1580 cm-1 due to C-C stretching 54. Cintra et al report the fabrication of a similar 

substrate, that also relies on colloidal sphere assembly but electrochemical deposition was used 

in the fabrication process; the SERS signal from benzenethiol obtained on the nanostructured 

substrate used in this study is similar to the one reported in their paper corresponding to an 

enhancement factor of 2.6 × 107 22. This proves that good level of enhancement is provided by the 

fabricated substrate. 

Optimization of analytical parameters for nanoparticle based SERS detection of bacteria 

For single, untreated nanoparticles the absorbance peak indicating plasmon resonance is at 

approximately 520 nm. For aggregated nanoparticles the single nanoparticle peak reduces and a 

broad absorbance is observable at wavelengths >600 nm (Fig. 4.4). Strong absorbance is indicative 

of existence of plasmon resonances at those wavelengths.  The best SERS enhancements are 

expected to occur when the overlap with the laser excitation and scattered wavelengths is at 
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maximum with surface plasmon resonances. Thus, in this case, any laser wavelength above 600 

nm should provide a good level of enhancement. Multiple accumulations with short exposure 

times help prevent sample damage due to laser excitation.  

It can be observed that the highest nanoparticle-to-bacteria ratio provides the best signal 

enhancement in terms of intensity both in case of gold and silver nanoparticles, regardless of the 

laser wavelength. This ratio was therefore used for further analysis. Enhancements generated 

with 633 nm laser are comparable with these achieved with 785 nm laser, however less laser 

power was needed in case of 633 nm laser. Therefore, 633 nm laser was selected for further 

analysis. 80 nm silver nanoparticles provided the highest enhancement in amide I peak, however 

it has been reported that silver nanoparticles can damage bacterial cells 55. For this reason, 60 nm 

gold nanoparticles were chosen for subsequent experiments. 

Detection of bacteria with gold nanoparticles 

From Fig. 4.5 A it can be seen that average spectra of different bacterial strains show 

specific features, however there are also common peaks in all of them. Thus, identification just by 

simple assessment of the spectra is difficult as the differences are rather subtle. Fig. 4.5 B shows 

that PCA-LDA scores form fairly distinguishable clusters. The distinction (segregation of clusters) 

between the two Pseudomonas strains is especially marked. However, some data points are 

scattered and spread over the area of the scores plot, which means that there are significant 

differences between spectra that belong to the same class. This is the case for Pseudomonas 

aeruginosa and Streptococcus aureus. Some data points from different classes also overlap with 

clusters for other classes. This implies that the distinctive features in the SERS spectra acquired 

using nanoparticles are not enough for an accurate identification of the bacterial classes. This 

could potentially be due to the non-uniform nature of enhancements produced by variably 

aggregates of nanoparticles attaching to bacterial cells. In order to assess nanoparticle aggregate 

formation on bacterial cells, TEM imaging of Pseudomonas fluorescens mixed with 60 nm gold 

nanoparticles was performed. From Fig.Error! Reference source not found. 4.5 C it is clear that 

nanoparticles stick to bacterial cells, however their number and cluster formation on the cells are 

completely random. This indicates that SERS signal variation recorded for nanoparticle-based 

experiments is probably partly due to the variation in the number of and the random size of 

aggregates of nanoparticles attached and interrogated during SERS analysis of bacterial cells. 

Bigger variations in spectra coming from bacterial cells that belong to the same strain have been 

recorded when signal enhancement was produced by nanoparticles – compared to corresponding 

spectra acquired from bacteria placed on a SERS substrate (average standard deviation of 501.1 vs 

305.9 for S. aureus, 805.3 vs 472.5 for S. pneumoniae, 842.3 vs 271.4 for P. aeruginosa and 974.5 
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vs 535.2 for P. fluorescens). This is likely due to the fact, that the aggregation of nanoparticles is a 

dynamic process that can be influenced even by slight changes in the environment. Aggregation 

takes place when van der Waals attractive forces between nanoparticles are greater than 

electrostatic repulsive forces produced on the surface. These forces are influenced by charge 

population in the environment, which is dependent on temperature, pH, hydrodynamic forces, 

salinity etc. 56 57. Some of these conditions are difficult to be strictly controlled during 

experiments. Moreover, the nanoparticles themselves can vary in shape and size and that itself 

can lead to different enhancement levels. Differences arising from such conditions most likely 

contributed to the higher variation in experiments that utilize nanoparticles.  

Detection of bacteria on a SERS nano-substrate 

 Spectra shown in Fig. 4.6 A again show different peaks, at similar positions to these seen in 

Fig. 4.5 A. To avoid any potential interference due the substrate peaks (at 1000 and 1020 cm-1) 

that spectral region was ignored for PCA-LDA analysis. Graphic representation of PCA-LDA scores 

is presented in Fig. 4.6 B. It can be seen that the scores cluster together much more tightly within 

groups compared to from the results with nanoparticles. There is also less overlap of data points 

that belong to different groups and the groups are well segregated. This means that there is less 

variation in the spectra belonging to the same group when performing an experiment on the SERS 

nano-substrate and that their clear distinctive features between different bacterial strains 

allowing their accurate classification. Fig. 4.6 C shows the fabrication process of nanosubstrate 

and a bright field image of its surface. It is apparent that the nano-substrate surface is very 

uniform in structure and thus can be expected to provide repeatable and more reproducible 

enhancement levels for SERS experiments compared to nanoparticles for bacterial identification. 

Thus, when using the SERS nano-substrate one can expect to get more reliable and repeatable 

data, which enables pathogen detection. 

Classification of bacterial strains 

From the values shown in Table 4.3 and 4.4 one can conclude that indeed SERS with 

nanostructured substrates is more suitable for detection of pathogens. Three out of four values 

along the diagonal (in bold) in  

Table 4. are above or very close to the 90% mark and all but one values that are not in bold 

are below 10%, which coincides with previously adopted criteria. On the contrary, only 2 out of 4 

values along the diagonal (in bold) from Table 4. are near the 90% mark, and 4 values that are not 

along the diagonal (not in bold) are over 10%, which is a much worse score. From this, one can 

conclude that the performance of a nanostructured SERS substrate in microbial detection through 
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SERS is much better than with the use of 60 nm gold nanoparticles. Nanostructured SERS 

substrates thus provide much higher classification accuracy; therefore the risk of misclassification 

is greatly reduced.  

 Two of tested bacterial strains are Gram-positive strains (Streptococcus pneumoniae and 

Staphylococcus aureus). The name indicates that they get stained in Gram-staining procedure in 

opposite to Gram-negative strains (two other strains used in this work, Pseudomonas fluorescens 

and Pseudomonas aeruginosa). The factor that distinguishes the two groups is the composition of 

bacterial cell wall. Gram-positive cell wall consists of a thick (20 to 80 nm) layer of peptidoglycan 

(murein) outside the plasma membrane. In contrast, Gram-negative cell wall is much more 

complex with peptidoglycan layer of only 2 to 7 nm thick 58. As SERS when performed with 

reproducible enhancing substrates can be a quantitative technique 59, the signal of the dominant 

substance in complex sample will be enhanced the most 7. This could lead to a situation where 

these two strains tested by SERS could yield very similar spectra and thus be less distinguishable 

from each other. That would lead to their classification accuracy scores being lower. Table 4. 

shows that classification accuracies for both Gram-positive strains (S. aureus and S. pneumoniae) 

are substantially lower than values for Gram-negative bacteria with the use of nanoparticles, 

which agrees with the above explanation. With nano-substrate, classification accuracy for 

Streptococcus aureus is as high as for Gram-negative strains (Table 4.5). This is probably due to 

better enhancement properties of the substrate, as characteristic features of this strain are more 

pronounced in the spectra along with the murein signature. However, the value for Streptococcus 

pneumoniae is comparable to the one obtained from nanoparticle experiment (only slightly 

higher). Obtained Streptococcus pneumoniae cultures were very viscous due to the presence 

of capsular slime on bacterial cells. Capsules are essential for bacterial virulence, as the ability to 

infect the host is impaired in non-encapsulated bacterial cells. S. pneumoniae cells are covered 

with a capsule that consists of polysaccharides (sugars, amino sugars and uronic acids) 60. During 

the sample preparation, as bacteria were subjected to several centrifugation and resuspension 

cycles, some capsule structures were likely to be damaged by shearing forces. Obtained spectra 

would then be quite varied, which would result in low classification accuracy for this strain in both 

cases. This issue would affect both experiments – SERS with gold nanoparticles and the nano-

substrate. It is postulated that this process was the main cause of lower classification accuracy for 

S. pneumoniae as the values in both cases (nanoparticles and SERS substrate) are very similar, 

while there was a major improvement when using the SERS substrate in case of S. aureus. 
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4.6  Conclusions 

 This study aimed to design and optimize a method for rapid and label-free detection of 

microbial contamination based on Surface-enhanced Raman spectroscopy. Two different 

approaches for SERS detection – using gold nanoparticles and using nanostructured surface as 

enhancing materials – were compared.  It has been proven that SERS is a good and reliable 

method for detection of bacterial pathogens. In comparison with other commercially available 

fast detection methods, SERS is less time-consuming and equally or more reliable 2, as it is not a 

multi-step procedure which reduces the risk of introducing errors.  The optimization of the 

parameters such as analysis time, laser type, SERS nanomaterial and bacterial concentration 

revealed that nanostructured substrate-based SERS is best suited for the purpose of bacterial 

identification. It gives better insight into molecular fingerprint of the sample than the use of 

nanoparticles, as more possible peaks can be revealed without the need for increasing analysis 

time. Moreover, it yields more consistent results (PCA results reveal less variation). Good accuracy 

obtained with nanostructured substrate creates a hope for such a SERS based method to be used 

in field diagnostics of different pathogens in food, cosmetics, medical samples and many more.  
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4.7 Future directions 

This work demonstrated that nano-substrate based SERS, combined with statistical analysis, 

is suitable for detection and discrimination of bacterial species. However, classification accuracy 

of the strains is lower than in other similar published studies. For it to be a reliable diagnostic 

method, this needs to be improved. Longer exposure times and/or more accumulations can 

improve SERS signal and hence obtain more detailed fingerprints for each strain, allowing better 

segregation. Authors that obtained very high specificity of detection report exposure times and 

accumulation number in the range of 10-20 sec and up to 10 accumulations in total 28, 29, while in 

this work total exposure time was 10 sec. Moreover, higher laser power could also improve the 

output spectrum. The laser power applied at the sample in this study was only 0.06 mW, while the 

other authors report powers from 14 to 25 mW, so it can be safely increased without the risk of 

sample damage. Additionally, the analysis presented here was carried out targeting single 

bacterial cells, dried on a supporting surface. Abovementioned authors used bacterial 

suspensions, which allowed them to collect stronger SERS signals.  
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Chapter 5: Development of a SERS-based assay for the 

monitoring of induced early neuronal differentiation in SH-

SY5Y cells. 

5.1 Abstract 

Surface-enhanced Raman scattering (SERS) is a label-free, chemically selective analytical 

technique with a huge potential for applications in life science and biomedicine research. It 

enables reporting of metabolic processes inside living cells by introduction of metallic nanoprobes 

that enhance intrinsic Raman signals from molecules. In this work, development of a SERS-based 

assay that enables molecular monitoring of early stages of neuronal differentiation of SH-SY5Y 

cells has been undertaken. SH-SY5Y is a neuroblastoma derived cell line which, in their 

differentiated state, is widely used as a model for primary neurones and for studying the 

effectivity of anti-cancer drugs. Neuronal differentiation is usually assessed visually and 

immunochemically after 3-4 days of treatment with differentiation agents. The early stages of this 

process are hard to monitor holistically due to the need for using large numbers of specific 

markers, which can be time-consuming and costly. Here, an alternative approach of using label-

free SERS-based assay to observe such changes in molecular composition of differentiating cells in 

early stages is demonstrated, as clear differences are observed in differentiating cells as soon as 

after 24 h of the treatment with this methodology. These differences correlate with cytoplasmatic 

RNA and protein levels present at the same time in the cells. Moreover, due to its advantages that 

are universal for many aspects of life science research, this approach demonstrates the potential 

of being extrapolated to study other similar metabolic events in disciplines such as biotechnology, 

medical and pharmacological research. 

5.2 Contributions 

This work has been carried out in collaboration with Dr Anna Hüfner and Regan Doherty. 

Parts done exclusively by either person are indicated by *. Rest of the work was carried out by me 

exclusively. 
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5.3 Introduction 

 The focus of current research in cell biology creates a need for improving existing labels for 

studying metabolic processes and molecular structure and composition. Modern fluorescent 

labels and quantum dots, which are used routinely for such studies only provide limited 

information as they suffer from poor photostability and can alter the native state of a cell. Other 

methods such are nuclear magnetic resonance, mass spectrometry and different ‘omics’ 1, 2 are 

usually expensive, laborious and often also invasive. Thus, alternative methods for studying cell 

metabolism as well as their molecular and structural composition in detail are very much sought 

after. One such alternative is Raman spectroscopy, which is vibration finger-printing technique 

that provides molecular information without the need for external labelling. However, in Raman 

spectroscopy the signals are weak. In cells, local concentrations of studied compounds are often 

very low and obtaining meaningful spectra with an appropriate signal-to-noise ratio requires 

prolonged acquisition times (several minutes), that can also damage the sample. For this reason, 

traditional Raman studies of dynamic processes in cells such as trafficking, cellular transport, 

metabolic processes, maturation or cell death are not feasible 3. Surface-enhanced Raman 

spectroscopy (SERS), has all the major attributes of Raman spectroscopy but the signals are 

strengthened by metal nanostructures 4. To study intrinsic properties of cells, such nanostructures 

must be introduced into a cell without breaking its integrity. The pathway of endocytosis is a 

suitable means of transport for such investigations. During endocytosis, a nanoparticle is 

internalized into the cell by plasma membrane encapsulation. These vesicles then fuse with early 

endosomes and the cargo is sorted for either further transport into the cell structures or to be 

discarded through plasma membrane again 5.  

 SERS has been extensively applied to study many aspects of cell structure, chemistry and 

metabolism 6-15. The ability of using SERS to obtain spectra from live cells without any label 

molecules was first demonstrated with in HT29 cell line 16. Specific examples include studying of 

cell functionality 17-19 and cellular transport 20-22, enzymatic functions 23-26 and apoptosis 27, 28. 

Furthermore, drug molecules have been monitored both after adsorption onto the cellular 

membrane 29, 30 and inside cells 31, 32. SERS nanoprobes were also used to study organelles, such as 

mitochondria 33 and the composition of plasma membrane in endothelial cells 34, 35. Most 

commonly, for such investigations, two types of SERS nanoprobes are used:  SERS reporter probes 

and label-free SERS probes. Metallic nanoparticles functionalized with Raman-active molecules 

are termed SERS reporter probes. SERS signals are then read from the tagging molecule after the 

probe reaches its destination. Label-free SERS probes are usually ‘bare’ or minimally 

functionalised metallic nanoparticles which provide enhancement of Raman signal coming from 

the analytes in the environment around the nanoprobe. Both SERS  probe types can be further 
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increased in their functionality  by attaching a localization signal that can target them to a specific 

organelle or compartment, enhancing their specific probing abilities 36.  

 SV-40 large T nuclear localization signal (NLS) is commonly used for functionalization of 

metallic nanoparticles in SERS studies. NLS peptide directs gold nanostructures to the cell nucleus 

and promotes the escape from the endosomal pathway and thus provide information of the 

chemical changes in the cytoplasm inside cells 37. Xie et al. demonstrated that gold nanoparticles 

tagged with NLS peptide successfully enter the cell nucleus in HeLa cells and deliver not only 

chemical information of the nucleus, but also the signature of other chemicals crossing their path 

8. Kang et al demonstrated high-resolution single cell imaging that utilize NLS-tagged 

nanoparticles, demonstrating rapidly changing cell morphologies during cell death induced by 

KCN solution 38. Huefner et al used nuclear-targeted gold nanoparticles (AuNPs) as intracellular 

probes to demonstrate the ability to distinguish between closely related neuroblastoma cell types 

39, 40. Kang and colleagues used plasmonic-tunable Raman/fluorescence imaging spectroscopy to 

track the release and delivery of an anticancer drug from NLS coated gold nanoparticle carriers in 

real time at a single living cell level 31. 

 In this work to demonstrate an assay using the label-free SERS probe methodology, SH-SY5Y 

cells have been used. SH-SY5Y is a human catecholaminergic neuroblastoma cell line 41. These 

cells are widely used as an in vitro model for neuronal cells 42-44, in particular for observations of 

neuronal cell death 45-48. There are many advantages of using this cell line over primary neurons. 

As a model for human studies, SH-SY5Y cells are easily available unlike primary human neuronal 

cells. Moreover, this cell line population is majorly homogenous, which increases experimental 

reproducibility. Finally, due to their cancer origin, they are able to divide and thus easily 

propagate. The last feature can be nevertheless unwanted in case of using this cell line as a 

primary neuronal cell model as undifferentiated SH-SY5Y cells lack certain features that are 

present in primary neurons. For this reason, cells are often being artificially differentiated by 

numerous chemical agents, such as retinoic acid 49, staurosporine 50, 12-O-tetradecanoylphorbol-

13-acetate 51, nerve growth factor 52, herbimycin A 53 and insulin 54. As a result of such treatment, 

the cells stop proliferating and start displaying elongated processes 55. These cell cycle and 

morphological alterations are followed by an increase in noradrenaline level 56, neuropeptide Y 57, 

neuron-specific enolase activity 58, growth-associated protein-43 50 and vesicle proteins 

expression such as synaptin/synaptophysin, secretogranin II, and SV2 59. Moreover, differentiation 

of SH-SY5Y cell line can also influence gene expression levels of genes such as Bcl-2 60, c-fos 61, and 

c-myc 62. Bcl-2 gene is of a particular interest, as its expression is associated with antiapoptotic 

effect in the cells 63, as well as with the ability to shift cancer drug resistance 64. Another gene, p53 

was also found to have an effect on apoptosis and drug resistance in cells. p53 was previously 
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reported to regulate the expression of Bcl-2 65. A study by Tieu and colleagues reported that 

retinoic acid increased Bcl-2 and decreased p53 levels, whereas staurosporine decreased Bcl-2 

and increased p53 levels 66. Such various changes imply that differentiation induces a shift in 

properties of SH-SY5Y cells, which mimics the features often found in mature neurons, however 

while the morphology of cells is usually similar regardless of the chemical agent used, biochemical 

and metabolic characteristics can differ dramatically. Thus, a reliable and non-invasive 

investigation method is needed to identify and study such chemical changes in detail. Moreover, 

before any morphological features start to be visible, cells undergo numerous metabolic 

transitions that are otherwise hard to monitor. 

 This work aimed to develop a method that allows observing the metabolic effects of early 

neuronal differentiation in SH-SY5Y cells by using label-free SERS technology.  Besides being a 

model for a biological process involving many metabolic changes understanding neuronal 

differentiation of SH-SY5Y cells is important for  developing treatments for neuroblastoma 67. 

Being able to track metabolic changes at early stages can be crucial for assessing the effectiveness 

of therapy. Thus in this work after optimisation of SERS nanoprobes and the methodology, the 

intracellular effect of two different treatments (retinoic acid and staurosporine), which induce 

neuronal differentiation, were studied.  SH-SY5Y cells were monitored over several days and SERS 

spectral fingerprints from them revealed differences induced by the treatments. These were 

correlated to metabolic changes in cells by monitoring total cytoplasmatic RNA and protein 

expression. The results suggest that this methodology enables real-time monitoring of protein 

production on mRNA matrices. Furthermore, this SERS approach proves to be a suitable label-free 

tool for studying of various metabolic changes in cells.  
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5.4 Experimental methods 

5.4.1 Cell culture and differentiation 

 Cell cultures were maintained in Dulbecco’s Modified Eagle’s Medium (DMEM, GIBCO) with 

the addition of 10% heat inactivated fetal bovine serum (GIBCO) and 1% Antitibiotic-Antimycotic 

(GIBCO) at 37°C in a humidified atmosphere containing 5% CO2. Cells were split routinely after 

reaching ~90% confluency every 3 - 4 days using trypsin (Sigma). For differentiation experiments, 

approx. 50.000 cells between passages 5 and 20 were plated on glass coverslips coated with poly-

L-lysine (Sigma) to promote cell attachment. Cells were exposed to approx. 1010 SERS nanoprobes 

and underwent the internalization of prepared metallic nanoparticles. This was followed by a 

treatment with either 10 nM staurosporine (Sigma) or 10 μM retinoic acid (Sigma), added directly 

to the medium. Cells were then incubated for desired lengths of time. The dose was boosted after 

4 days. Prior to SERS measurements, cells were washed and fixed with 4% paraformaldehyde 

(Sigma) for 15 mins and stored in PBS.   

5.4.2 Viability testing 

 Cell viability after SERS nanoprobes internalization and treatment with differentiating 

agents was assessed by the MTT assay. MTT (3-[4,5-dimethylthiazol-2-yl]-2,5- diphenyltetrazolium 

bromide; thiazolyl blue) is a water soluble tetrazolium salt, that produces a yellowish solution 

when prepared in media or salt solutions without phenol red. Dissolved MTT is converted to an 

insoluble purple formazan by cleavage of the tetrazolium ring by dehydrogenase enzymes 68. 

Active mitochondrial dehydrogenases of living cells are able to carry out this conversion, while 

dead cells cannot cause the change. Aqueous MTT stock solution (5 mg/ml, Sigma) was added to 

each culture to equal one-tenth the original culture volume and incubated for 4 hr. The medium 

was then removed, cells were washed with PBS and the converted dye was solubilized with 1:1 

DMSO:isopropanol mixture. Absorbance of converted dye was measured at 570 nm with a 

background subtraction at 670 nm. 

5.4.3 Total cytoplasmatic RNA and protein isolation 

 Total cytoplasmatic RNA and protein were isolated from cells by using The Ambion PARIS kit 

(ThermoFisher Scientific), according to manufacturer’s recommendations.  The kit enables 

separation of nuclear and cytoplasmic fractions prior to RNA and/or protein isolation. Isolated 

cytoplasmatic RNA and protein concentrations were assessed using Nanodrop 1000 

spectrophotometer (Thermo Scientific). 
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5.4.4 TEM imaging * 

 TEM imaging of cells with prepared SERS nanoprobes was carried out in order to confirm 

internalisation of nanoparticles and assess their ability to escape into the cytoplasm. For TEM 

imaging, cells were cultured to full confluency on transwells and fixed using 3% glutaraldehyde 

and 4% formaldehyde in 0.1 M PIPES buffer (pH 7.2) and 1% osmium tetroxide in 0.1 M PIPES 

buffer (pH 7.2), stained with 2% aqueous solution of uranyl acetate and embedded in epoxy resin. 

Resin-embedded samples were cut to obtain ultrathin sections and imaged using Hitachi H7000 

transmission electron microscope. 

5.4.5 SERS probes preparation 

 60 nm (size variation 57.0 – 63.0 nm) gold nanoparticles (AuNPs, BBInternational) were 

mixed and incubated overnight with 0.02 mM aqueous solution of NLS-Flu peptide (nuclear 

localization signal coupled with fluorescein residue, peptide sequence CGTGPKKKRKVGGK(Flu), 

PeptideSynthetics, Fareham, UK) in ratios of 100:1, 1000:1 and 10.000:1 NLS molecules per gold 

nanoparticle. This peptide was derived from SV40 large T-antigen nuclear localisation signal and 

was modified with fluorescein at the C-terminus along with a cysteine residue for binding to the 

AuNPs. The mixture was centrifuged at 3000 g for 10 mins to remove excess fluid before adding 

SERS probes to cells in culture. NLS coating efficiency and AuNPs aggregation were evaluated by 

fluorescence microscopy and UV measurements.  

5.4.6 SERS measurements 

 Samples were analysed using a Renishaw inVia Raman microscope equipped with 6 mW 

633 nm laser using a Rayleigh edge filter and a grating of 1200 lines/mm, under a 63x water 

immersion objective (NA=1.2, Leica). A line mapping mode with bottom illumination was used to 

obtain spectra from single cells. In this mode, the laser illuminates a line on the sample. This 

enables to simultaneously collect spectra from multiple positions on the sample and allows using 

higher laser powers without damaging the sample. Exposure time per line was 10 seconds. Wire 

3.4 software was used for data acquisition and collection. 

5.4.7 Data processing and analysis 

 All statistical analysis was carried out by using GraphPad Prism software. Spectral data from 

the experiments was extracted in Wire 3.4 and further processed and analysed using MATLAB 

R2010b. First, raw data was background subtracted using a custom-made (*) procedure. 

Background was calculated by fitting short line segments to the extreme edges of the data in 
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order to extract the start and end gradient. Then, a smooth interpolation from one to the other 

end generates the background. Background corrected data sets were discarded if their maximal 

intensity was below 400 counts to exclude all spectra which didn’t show any peaks at all. 

Collected spectra were analysed using IRootLab toolbox for MATLAB 69, 70. IRootLab is open source 

analytical software designed for analysis of large spectral data sets. Vector normalization (which 

normalizes vector points in the same direction as original but the resulting vector length is one) 

was performed so that all variations were taken into account equally rather than their specific 

intensity. The resulting dataset was then mean centred, which means that each variable was given 

a common zero. This makes the zero coordinate appear in the centre of the scores plot so that the 

correlations (positive or negative) are clearly identified. This was followed by principal component 

analysis (PCA). PCA is an operation that uses orthogonal transformation to convert a set of 

observations of possibly correlated variables into a set of values of linearly uncorrelated variables 

called principal components (PCs). The number of principal components is less than or equal to 

the number of original values. This transformation is defined in such a way that the first principal 

component has the largest possible variance and each succeeding component in turn has the 

subsequent highest variance possible. Principal components are independent if the data set is 

normally distributed 71. Normalised PC1 loadings plots were further used to characterise and 

compare cell groups. Such spectral plots were fed into Wire 3.4 and additional peak 

deconvolution procedure was applied by fitting a number of curves to resolve overlapping peaks 

and retrieve their individual intensities. 
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5.5 Results 

5.5.1 Optimization of SERS nanoprobes preparation 

5.5.1.1 Preliminary testing 

 In this work gold nanoparticles used as SERS nanoprobes were functionalised with nuclear 

localisation signal (NLS) to promote cellular uptake and release into cytoplasm.  In order to create 

the most optimal conditions for monitoring differentiation processes, preparation of SERS 

nanoprobes was first optimized. 60 nm gold nanoparticles were incubated with three different 

amounts of NLS-Flu ((nuclear localization signal with a fluorescein attached at the C-terminus) 

peptide solution to assess the best NLS-to-nanoparticle functionalisation ratio. This was to 

establish that they remain non-aggregated in the media and on internalisation by cells are able 

report the chemical changes around them without getting overwhelmed by the SERS signal of the 

NLS itself. Ratios of 100:1, 1000:1 and 10000:1 NLS molecules per AuNPs were tested. First, 

aggregation study of pristine 60 nm AuNPs was carried out to assess the UV-visible absorption 

spectral profile of aggregated particles in order to be able to detect any unwanted aggregation of 

NLS-NPs (Fig. 5.1 A,B). The successful attachment of the NLS to the nanoparticles was thereafter 

established by the means of fluorescence microscopy (Fig. 5.1 C).  
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Figure 5.1. (A)UV-vis absorption spectra of pristine AuNPs (red) and AuNPs aggregated with 1 M 

NaCl solution. (B) UV-vis spectra of NLS-coated AuNPs with 100:1 NLS/NP ratio (blue), 1000:1 

NLS/NP ratio (red) and 10000:1 NLS/NP ratio (green). Spectrum from sample with the highest 

ratio displays features characteristic to aggregated AuNPs, as in Fig. D1 A. (C) Fluorescent 

imaging of NLS-NPs with 1000:1 NLS/NP ratio. ‘No LED’ image shows dark field image of 

nanoparticle aggregates. ‘LED’ image is a fluorescent image of the same sample area. Green 

spots corresponding to nanoparticle aggregates are visible, indicating that NLS-Flu coating of 

AuNPs was successful. 

5.5.1.2 Evaluation of signal enhancing potential of SERS nanoprobes 

 To further characterize SERS nanoprobes and assess their signal enhancement properties 

both prepared types of probes, differing only in the ratio of NLS molecules to nanoparticle, as well 

as untreated AuNPs for comparison, were introduced into staurosporine-differentiated SH-SY5Y 

cells and SERS spectra were recorded after 24 hrs of incubation. Fig. 5.2 shows comparison 

between spectra obtained from cells with three different types of SERS probes. Additionally, a 

SERS spectrum of NLS-coated AuNPs was recorded outside cells, for comparison (Fig. 5.3). 
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Figure 5.2. PC1 loading plots from staurosporine-differentiated SH-SY5Y cells (10 cells per plot) 

with different SERS probes – untreated (red), with 100:1 NLS to NPs ratio (blue) and with 1000:1 

NLS to NPs ratio (green). Oval shades indicate peaks that are more intense in the sample with 

SERS nanoprobes coated with higher number of NLS molecules. 633 nm laser, power 6 mW, 

exposure time per line 10 s, grating 1200 lines/mm, 63x water immersion objective (NA=1.2). 

 

Figure 5.3. SERS spectrum of NLS-coated AuNPs. Characteristic NLS peaks are present, while 

1694 cm-1 peak associated with intracellular protein is missing. 633 nm laser, power 0.6 mW, 

exposure time 10 s, grating 1200 lines/mm, 63x water immersion objective (NA=1.2) 
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5.5.2 Cell differentiation and SERS nanoprobes internalization 

5.5.2.1 Cell differentiation 

 Cell differentiation was observed by visual assessment of morphological features that are 

characteristic to differentiated cells. Standard doses of retinoic acid (10 μM) 72 and staurosporine 

(10 nM) 66 were added to cells in culture and incubated for 72 hrs (Fig. 5.4). 

 

Figure 5.4. Bright field images of undifferentiated SH-SY5Y cells in comparison with retinoic 

acid- and staurosporine differentiated (72 h exposure). Differentiated cells display altered 

morphology manifesting itself in elongation of processes. 

5.5.2.2 SERS nanoprobes localization 

 Furthermore, internalization of chosen SERS nanoprobes was assessed over the whole time 

course of the differentiation process by the means of TEM imaging. This was done to confirm that 

SERS nanoprobes indeed were transported into the cytoplasm due to their NLS component as well 

as to observe any possible alterations in nanoprobes localization patterns that could appear over 

time (Fig. 5.5).  

 

Figure 5.5. Representative TEM images of staurosporine-differentiated cells with 1000:1 NLS to 

NPs SERS nanoprobes imaged over the course of 168 h at 24, 72 and 168 h. SERS nanoprobes 

are present in cells both in cytoplasm and endosomes. There is no significant difference in 
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localization pattern of nanoparticles overtime. er – endoplasmatic reticulum, e – endosomes, m 

– mitochondria, n – nucleus. 

5.5.3 Effects of induced differentiation on SH-SY5Y cells 

5.5.3.1 Cell viability assessment 

 As previous studies report possible cytotoxic effect of gold nanoparticles on cells 73-75, and 

differentiation agents are also known to sporadically induce apoptosis 76, 77, an assay to assess cell 

viability throughout the course of core study was conducted. Cell samples used to study 

differentiation were grown for up to 168 h (7 days) in culture, thus it was essential to evaluate 

how differentiation agents and SERS nanoprobes affect cell health. Therefore, an MTT assay was 

conducted on cells treated with the diffentiation agents used in this work, retinoic acid and 

staurosporine, with or without SERS nanoprobes, and compared with undifferentiated SH-SY5Y 

cells (Fig. 5.6).  

 

Figure 5.6. Quantitative MTT assay results. Bars represent activity measured through 

absorbance recorded at different time points of 24, 48, 72, 96, 120, 144 and 168 h, respectively. 

RA – retinoic acid treated, STA – staurosporine treated, UDC – undifferentiated cells. NPs – with 

nanoparticles, no NPs – without nanoparticles. In general, cells maintain metabolic activity. The 

decrease in cell metabolic activity after the addition of SERS nanoprobes is significant as verified 

by carrying out a two-way ANOVA followed by Tukey's multiple comparison tests but 

nevertheless, sufficient activity is present. Error bars indicate standard deviation. 
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5.5.3.2 SERS measurements of neuronal differentiation and its correlation with 

cytoplasmatic RNA and DNA levels. 

 Neuronal differentiation in cells can trigger many metabolic pathways. Therefore the 

chemical composition within cells is also likely to start changing as soon as they are treated with 

differentiating agents. Thus, in order to monitor these early processes, which are otherwise hard 

to observe, SERS was applied as a primary method to probe differentiating cells. The study was 

run for 168 h with 24 h intervals, so the cells were effectively tested every 24 h for chemical 

differences. Differentiating agents were introduced at 0 h with a booster dose at 96 h. Figure 5. 

5.7 shows the comparison of all average spectra from tested time points.  

 

Figure 5.7. PC1 loading plots from three cell study groups (RA – retinoic acid differentiated, STA 

– staurosporine differentiated, UDC – undifferentiated cells). Red arrows indicate graphs that 

display spectra obtained 24 h after the addition of differentiating agents. There is an observable 

change in spectral profile at 24 h after the addition in both cases, but the characteristic features 

tend to become less visible over time. 

 Additionally, cytoplasmatic RNA and protein was isolated and quantified from cells at all 

stages, to compare SERS results with real cell composition (Fig. 5.8). Characteristic RNA and 
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protein SERS peak intensities were plotted in a similar manner to facilitate the comparison (Fig. 

5.9). 

 

Figure 5.8. Quantitative representation of RNA/protein levels in tested cell groups overtime. 

Red arrows indicate bars obtained 24 h after the addition of differentiating agents. A slight 

increase can be observed at 120 h time point for retinoic acid and staurosporine cells both in 

RNA and protein levels. Error bars indicate standard deviation. 

 

Figure 5.9. Spectral intensities of characteristic RNA (1505 cm-1) and protein (1640 cm-1) peaks. 

Trends shown in the plots reflect those of RNA and protein levels in cells revealed by isolation 

from cells. 
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5.6 Discussion 

Optimization of SERS nanoprobes preparation - preliminary testing 

While non-NLS-coated gold nanoparticles display a peak at ~520 nm, with addition of a salt 

solution this peak is greatly reduced and a broad maxima, indicative of aggregation, beyond ~810 

nm appears (Fig. 5.1 A). In NLS-coated nanoparticles, two lower ratios (100:1 and 1000:1) had a 

spectral profile similar to the one observed in non-NLS-coated nanoparticles (Fig. 5.1 B). However, 

the highest ratio (10000:1) sample displayed features such as found in the spectrum of salt 

aggregated particles (Fig. 5.1 B). This indicates that at this NLS-to-nanoparticle ratio 

monodispersity is lost and aggregation occurs. It has been previously reported that in certain 

cases incorrect ratios of coating molecules can cause nanoparticles to aggregate 78. Also, the 

concentration of coating solution can affect the dynamics of coating process and cause 

aggregation, as by adding very concentrated solution a very strong competition between diffusion 

and adsorption is created 79. One way to overcome this issue is to dilute the coating solution 

without reducing the number of coating molecules that are introduced into the nanoparticle 

suspension. This approach was applied to the sample with highest NLS to NPs ratio, however the 

aggregation still occurred (data not shown). Therefore, this ratio was excluded from further 

experiments. The NLS peptides used for coating of the nanoparticles had a fluorescein tag 

attached to them. Therefore, the co-localisation of fluorescence from the tag with the 

nanoparticles themselves would indicate that the coating was successful. In Fig. 1 C top image 

shows dark field image of an area covered with nanoparticles coated with NLS (1000:1 ratio). The 

bottom image shows the fluorescent signal recorded from the same area and it can be seen that 

green spots that are corresponding to fluorescein signal are co-localized with nanoparticles. The 

same image configuration was obtained for SERS nanoprobes with 100:1 NLS to NPs ratio, 

showing similar results (data not shown). These results confirm that the NLS peptides were 

successfully attached to AuNPs for employing them as SERS nanoprobes. 

Optimization of SERS nanoprobes preparation - evaluation of signal enhancing potential of SERS 

nanoprobes 

It is clear that cells with nanoprobes coated with higher number of NLS molecules display 

higher intensity of phenylalanine signal at 1000 cm-1 80 and distorted α helices signal at 1694 cm-1 

81, 82 (Fig. 5.2). These higher intensities indicate better abilities of these nanoprobes to sense 

intracellular signals, as such peaks are not found in NLS spectrum (Fig. 5.3). Moreover, in 

comparison to spectrum from cells containing bare AuNPs, the 1694 cm-1 peak is present only in 

spectra recorded from cells with NLS-NPs. This possibly means that NLS functionalization indeed 

helps SERS nanoprobes to be transported outside of endosomes into cellular space and probe a 
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higher number of cell components, thus yielding more complex spectra. This observation has also 

been reported earlier 39, 40. For these reasons, SERS nanoprobes coated with NLS in 1000:1 NLS to 

NPs ratio were finally selected for studying differentiation of cells. 

Cell differentiation and SERS nanoprobes internalization 

 After the differentiation process, cells were assessed and compared to untreated cells 

afterwards and it was clear that differentiation occurred, as elongated processes were clearly 

present in differentiated cells (Fig. 5.4). TEM images were obtained from cells exposed to SERS 

nanoprobes for 24, 72 and 168 h. Fig. 5.5 shows TEM representative images of such cells at these 

time-points. It is clear that SERS nanoprobes are present both in endosomes as well as in 

cytoplasm, often localising near endoplasmatic reticulum. No nanoparticles are visible within cell 

nucleus. Due their size, 60 nm SERS nanoprobes are generally unable to penetrate the nuclear 

membrane 83. There is no observable change in their distribution patterns over time, which 

indicates that any SERS data obtained at different time points from similar samples in cells should 

be comparable in terms of signal intensity and recorded spectral features. These observations 

confirm the suitability of the chosen SERS nanoprobes preparation method and their application 

to study cell differentiation over prolonged time periods. 

Cell viability assessment 

MTT assay is based on metabolic activity of cells, and thus in a healthy growing cell culture, 

transformation of thiazolyl blue to formazan purple measured as absorbance  should increase 

overtime. From Figure 5. it can be seen that the highest absorbance and the fastest increase 

occurs in undifferentiated cells (UDCs) since they are proliferating cells. Retinoic acid (RA) and 

staurosporine (STA) are known to slow down and inhibit cell proliferation in SH-SY5Y cells 77. Thus 

it can be seen in Fig. 5.6 that metabolic activity either increases less rapidly or is maintained in the 

case of RA and STA treatment, respectively. More importantly there is no significant loss of 

activity over the treatment time. Nevertheless, in all cases there is some difference between 

samples containing SERS nanoprobes and those without them. This is an indication of some 

possible  effect of nanoparticles on cells 84, however the metabolic activity levels suggest that 

substantial amount of healthy cells are present in all samples at all time points, enabling SERS 

measurements and comparison of induced differentiation effects. 
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SERS measurements of neuronal differentiation and its correlation with cytoplasmatic RNA and 

DNA levels. 

 From Fig. 5.7 it can be seen that spectral differences between tested cell groups are clearly 

visible at 24 h after the addition of staurosporine/retinoic acid. At 48 h of the experiment, 

changes are still clear, but 24 hrs later spectra do not show many obvious differences. 24 hrs after 

the addition of a booster dose of staurosporine and retinoic acid, clear differences are yet again 

visible, but they disappear over time as previously and start resembling the spectra of 

undifferentiated cells. Typically, differentiation in SH-SY5Y cells is tested and confirmed after 3-4 

days of treatment by visual assessment and immunochemistry methods 85, 86. SERS results point 

out that most of the metabolic processes that occur in differentiating cells take place in the first 

24-48 hrs after the exposure to differentiating agents, and these are in fact overlooked when 

using traditional methods to verify successful differentiation.  

The characteristic peaks for each cell group have been identified at different time points. 

The characteristic features have been thereafter correlated to the cytoplasmatic RNA and protein 

content measured by biochemical analysis. Although many peak assignments overlap with each 

other and with carbohydrate and lipid signals, for the purpose of this study the latter two 

component groups will not be looked at. RNA signals typically appear as peaks in the ranges of 

815 – 895 cm-1, 1065 – 1099 cm-1, 1145 – 1188 cm-1, 1215 – 1285 cm-1 and 1320 – 1580 cm-1, while 

signals assigned to protein presence range from 1000 – 1065 cm-1, through 1100 – 1285 cm-1, 

1310 – 1480 cm-1 up to 1550 – 1680 cm-1 87-90 (peak assignments in Table 5.1). Main characteristic 

peaks that appeared in cells differentiated with retinoic acid after 24 h of treatment are mainly 

assigned to proteins (1000 cm-1, 1150 cm-1, 1580 cm-1) and RNA (~1215 cm-1, 1505 cm-1). In 

staurosporine differentiated cells phenylalanine peak is far less intense, however protein/RNA 

peaks at 823 cm-1, 1125 cm-1, 1210 cm-1, 1275 cm-1 and 1550 cm-1 appear. So it is evident that 

retinoic acid differentiated cells display stronger signal originating from RNA, as the spectrum 

contains two peaks that are exclusively assigned to RNA, while the spectrum generated by 

staurosporine differentiated cells has two peaks that indicate both RNA and protein vibrations. 

This correlates well with cytoplasmatic protein and RNA levels in both cell groups (Fig. 5.8) as 

retinoic acid differentiated cells display higher levels of RNA and lower levels of proteins 

compared to staurosporine differentiated cells. In comparison, spectrum of undifferentiated cells 

displays strong peaks of both RNA/protein (1188 cm-1, 1335 cm-1), RNA (1505 cm-1) and protein 

(1000 cm-1, 1595 cm-1, 1640 cm-1). Figure 5. confirms high contribution of both RNA and protein in 

signal obtained from undifferentiated cells.  

 



Chapter 5 

134 

Table 5.1. Peak assignments 87-90 of RNA and protein signatures found in intracellular SERS 

spectra. 

Peak Assignment Molecular origin 

1000 cm-1 phenylalanine ring breathing 

Protein 

1125 cm-1 C-N vibrations; protein 

1150 cm-1 
C-C and C-N vibrations and -

CH3 rocking; 

1210 cm-1 
tyrosine, phenylalanine, 

tryptophan; protein 

1550 cm-1 amide II, tryptophan; protein 

1580 cm-1 
phenylalanine and tyrosine, 

amide I 

1595 cm-1 phenylalanine, tyrosine; 

1640 cm-1 amide I 

1160 – 1180 cm-1 
ribose phosphate/thymine, 

guanine, cytosine 

RNA 
1215 cm-1 

cytosine and arginine ring 

vibrations; 

1505 cm-1 arginine, cytosine, guanine 

1535 cm-1 guanine, cytosine 

823 cm-1 
tyrosine/phosphodiester 

backbone 

Protein/RNA 

1188 cm-1 

 

cytosine, guanine/tyrosine, 

phenylalanine 

1275 cm-1 amide I, arginine 

1335 cm-1 -CH3 and -CH2 wagging 
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Over time, the intensity of characteristic peaks in cell groups tends to decrease (Fig. 5.7), so 

at 72 hrs of experiment all three spectra are similarly shaped. This is further supported by plotting 

characteristic RNA and protein peaks in similar manner to isolation results (Fig. 5.9) as related 

graphs present analogous trends. At this point, cells are usually considered to be fully 

differentiated 85, 86. This could indicate that the characteristic metabolic processes connected to 

differentiation are finalized. Fig. 5.7 shows that RNA and protein levels are low and rather stable 

also at 96 h time point (just before the addition of a booster dose of staurosporine and retinoic 

acid). However, after 24 hrs of repeated differentiation treatment, RNA and protein levels 

increase, and the characteristic spectral differences appear, just to disappear over time yet again 

(Fig. 5.6). The RNA contribution is once more marked in retinoic acid differentiated cells (strong 

peaks at 1535 cm-1 and 1160 – 1180 cm-1), while protein signal is stronger in the spectrum 

obtained from staurosporine differentiated cells (strong peaks at 1550 cm-1 and 1580 cm-1) and 

this trend is also reflected in RNA and protein levels isolated from these cells at this time point 

(Fig. 5.8). Similarly, characteristic RNA and protein peak intensities measured and plotted in Fig. 

5.9 further confirm these observations. 

All of the above observations suggest that the employed methodology of using SERS 

nanoprobes equipped with NLS enables monitoring of neuronal differentiation at metabolic and 

molecular level. This hypothesis is strongly supported by the direct correlation of cytoplasmatic 

RNA and protein levels in cells with the characteristic features assigned to these biomolecules 

observed in the spectra, as 3 out of 4 correlation coefficients linked to differentiated cells are 

equal or greater than 0.9 (Table 5.). This fact can be possibly related to the observation that a 

substantial fraction of SERS probes get localized near endoplasmatic reticulum as observed in TEM 

images (Fig. 5.2). The surface of the rough endoplasmic reticulum is covered with ribosomes that 

manufacture proteins on mRNA matrices (translation) 91. Differentiation agents evoke protein 

production processes, thus inducing endoplasmatic reticulum activity. The proximity of 

nanoprobes to such dynamic structures possibly explains the observations and the strong 

correlation between RNA and protein levels and recorded SERS signals. In undifferentiated cells, 

correlation coefficients are however low. It can be explained by the diverse nature of these cells, 

which, unlike differentiated cells, divide constantly and thus levels of tested biomolecules differ 

from cell to cell, as cells at different life stages are found in the same sample volume. 
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Table 5.2. Correlation analysis (confidence interval 95%) results showing strong correlation 

between spectral intensities of characteristic RNA (1505 cm-1) and protein (1640 cm-1) peaks 

with cellular RNA and protein levels. 

Correlation coefficient RNA Protein 

RA 0.90 0.96 

STA 0.82 0.91 

UDC 0.49 0.55 
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5.7 Conclusions 

This study aimed at developing a method that allows observing the metabolic effects of 

early neuronal differentiation in SH-SY5Y cells by using label-free SERS technology. It has been 

established that SERS enables monitoring of early neuronal differentiation at molecular and 

metabolic level in cells, and that the observations are directly correlated with cytoplasmatic RNA 

and protein levels, which most likely indicates that this methodology enables monitoring of 

protein production on mRNA matrices. This creates a possibility of extending the use of this 

technique for monitoring other cellular processes that involve the production, folding and sorting 

of specific proteins. This is an opportunity for employing such SERS-based assays into many areas 

of life science research that focus on protein metabolism and production such as biotechnology, 

medicine and pharmacology. 
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5.8 Future directions 

In this study, the effect of differentiation on protein production via RNA and protein level 

changes in cells is observed using SERS. It is possible as AuNPs enter cells and are scattered 

throughout the cytoplasm, with a number of them that co-localize with rough endoplasmic 

reticulum, where translation happens on ribosomes. However, as the nanoparticles are tagged 

with NLS, they are targeted to the cell nucleus, which they however do not reach effectively. For 

an efficient SERS monitoring, AuNP nanoprobes would have to be ideally tagged with a rough 

ER/ribosome localization signal. Unlike AuNP localizing to nuclei or mitochondria, methods for ER 

targeting are less well developed. As AuNPs located in the ER could play a significant role in 

cancer therapy, most ER targeting studies have been conducted in cancer cells 92. Non-

functionalized 13 and 18 nm AuNPs were found to co-localize with ER in HeLa and B16F10 

melanoma cells 93, 94. Sun et al. demonstrated that peptide CALNN derivative - 

CALNNGGRRRRRRRR (CALNNR8) functionalize gold nanoparticles to target the endoplasmic 

reticulum in HeLa cells 95. Tsai and colleagues used 13 nm PEGylated AuNP to target lysosomes 

and the smooth ER in Kupffer liver cells 96. All of these studies, however, found AuNPs to cause ER 

stress and hence cell toxicity. It is known cytotoxicity of AuNPs increases with size decrease 84, 

therefore possible application of ER-targeting nanotags to the AuNPs used in this study would 

most probably not cause such issue. Thus, it appears interesting to develop this work trying to 

target Au nanoprobes to the ER and hence provide better insight into the process of translation. 

 

 

 

 



Chapter 5 

139 

5.9 References 

1. Oikawa A, Saito K. Metabolite analyses of single cells. The Plant journal : for cell and 
molecular biology. 2012;70(1):30-8. 

2. Vasdekis AE, Stephanopoulos G. Review of methods to probe single cell metabolism and 
bioenergetics. Metabolic Engineering. 2015;27:115-35. 

3. Kneipp J, Kneipp H, Kneipp K, McLaughlin M, Brown D. Surface-Enhanced Raman Scattering 
for Investigations of Eukaryotic Cells.  Biomedical Vibrational Spectroscopy: John Wiley & Sons, 
Inc.; 2007. p. 243-61. 

4. Haynes CL, McFarland AD, Duyne RPV. Surface-Enhanced Raman Spectroscopy. Analytical 
Chemistry. 2005;77(17):338 A-46 A. 

5. GM C. The Cell: A Molecular Approach. 2nd edition. Sunderland (MA): Sinauer Associates; 
2000. 

6. Schlucker S. SERS microscopy: nanoparticle probes and biomedical applications. 
Chemphyschem : a European journal of chemical physics and physical chemistry. 2009;10(9-
10):1344-54. 

7. Kneipp J, Drescher D. SERS in Cells: from Concepts to Practical Applications.  Frontiers of 
Surface-Enhanced Raman Scattering: John Wiley & Sons, Ltd; 2014. p. 285-308. 

8. Xie W, Wang L, Zhang Y, Su L, Shen A, Tan J, et al. Nuclear Targeted Nanoprobe for Single 
Living Cell Detection by Surface-Enhanced Raman Scattering. Bioconjugate Chemistry. 
2009;20(4):768-73. 

9. Wabuyele MB, Yan F, Griffin GD, Vo-Dinh T. Hyperspectral surface-enhanced Raman 
imaging of labeled silver nanoparticles in single cells. Review of Scientific Instruments. 
2005;76(6):063710. 

10. Eliasson C, Engelbrektsson J, Lorén A, Abrahamsson J, Abrahamsson K, Josefson M. 
Multivariate methodology for surface enhanced Raman chemical imaging of lymphocytes. 
Chemometrics and Intelligent Laboratory Systems. 2006;81(1):13-20. 

11. Talley CE, Jusinski L, Hollars CW, Lane SM, Huser T. Intracellular pH Sensors Based on 
Surface-Enhanced Raman Scattering. Analytical Chemistry. 2004;76(23):7064-8. 

12. Kneipp J. Nanosensors based on SERS for applications in living cells.  Surface-Enhanced 
Raman Scattering: Springer; 2006. p. 335-49. 

13. Kneipp J, Kneipp H, Kneipp K. Two-photon vibrational spectroscopy for biosciences based 
on surface-enhanced hyper-Raman scattering. Proceedings of the National Academy of Sciences. 
2006;103(46):17149-53. 

14. Kneipp J, Kneipp H, McLaughlin M, Brown D, Kneipp K. In Vivo Molecular Probing of Cellular 
Compartments with Gold Nanoparticles and Nanoaggregates. Nano Letters. 2006;6(10):2225-31. 

15. Kneipp J, Kneipp H, Rice WL, Kneipp K. Optical Probes for Biological Applications Based on 
Surface-Enhanced Raman Scattering from Indocyanine Green on Gold Nanoparticles. Analytical 
Chemistry. 2005;77(8):2381-5. 

16. Kneipp K, Haka AS, Kneipp H, Badizadegan K, Yoshizawa N, Boone C, et al. Surface-Enhanced 
Raman Spectroscopy in Single Living Cells Using Gold Nanoparticles. Applied Spectroscopy. 
2002;56(2):150-4. 



Chapter 5 

140 

17. Huh YS, Chung AJ, Erickson D. Surface enhanced Raman spectroscopy and its application to 
molecular and cellular analysis. Microfluidics and Nanofluidics. 2009;6(3):285-97. 

18. Auchinvole CAR, Richardson P, McGuinnes C, Mallikarjun V, Donaldson K, McNab H, et al. 
Monitoring Intracellular Redox Potential Changes Using SERS Nanosensors. ACS Nano. 
2012;6(1):888-96. 

19. Katrin K, Harald K, Irving I, Ramachandra RD, Michael SF. Surface-enhanced Raman 
scattering and biophysics. Journal of Physics: Condensed Matter. 2002;14(18):R597. 

20. Ando J, Fujita K, Smith NI, Kawata S. Dynamic SERS Imaging of Cellular Transport Pathways 
with Endocytosed Gold Nanoparticles. Nano Letters. 2011;11(12):5344-8. 

21. Ando J, Yano T-a, Fujita K, Kawata S. Metal nanoparticles for nano-imaging and nano-
analysis. Physical Chemistry Chemical Physics. 2013;15(33):13713-22. 

22. Fujita K, Ando J, Smith NI, Kawata S, editors. Dynamic SERS imaging with gold nanoparticles 
transported in a living cell2013. 

23. Dougan JA, Faulds K. Surface enhanced Raman scattering for multiplexed detection. The 
Analyst. 2012;137(3):545-54. 

24. Hollywood KA, Shadi IT, Goodacre R. Monitoring the Succinate Dehydrogenase Activity 
Isolated from Mitochondria by Surface Enhanced Raman Scattering. The Journal of Physical 
Chemistry C. 2010;114(16):7308-13. 

25. Larmour IA, Graham D. Surface enhanced optical spectroscopies for bioanalysis. The 
Analyst. 2011;136(19):3831-53. 

26. Yonzon CR, Lyandres O, Shah NC, Dieringer JA, Van Duyne RP. Glucose sensing with surface-
enhanced Raman spectroscopy.  Surface-Enhanced Raman Scattering: Springer; 2006. p. 367-79. 

27. Kang B, Austin LA, El-Sayed MA. Observing real-time molecular event dynamics of apoptosis 
in living cancer cells using nuclear-targeted plasmonically enhanced Raman nanoprobes. ACS 
Nano. 2014;8(5):4883-92. 

28. Kang J, Gu H, editors. Probing of cancer cell apoptosis by SERS and LSCM. International 
Symposium on Photoelectronic Detection and Imaging 2009; 2009: International Society for 
Optics and Photonics. 

29. Breuzard G, Angiboust JF, Jeannesson P, Manfait M, Millot JM. Surface-enhanced Raman 
scattering reveals adsorption of mitoxantrone on plasma membrane of living cells. Biochemical 
and biophysical research communications. 2004;320(2):615-21. 

30. Breuzard G, Piot O, Angiboust JF, Manfait M, Candeil L, Del Rio M, et al. Changes in 
adsorption and permeability of mitoxantrone on plasma membrane of BCRP/MXR resistant cells. 
Biochemical and biophysical research communications. 2005;329(1):64-70. 

31. Kang B, Afifi MM, Austin LA, El-Sayed MA. Exploiting the nanoparticle plasmon effect: 
observing drug delivery dynamics in single cells via Raman/fluorescence imaging spectroscopy. 
ACS nano. 2013;7(8):7420-7. 

32. Ock K, Jeon WI, Ganbold EO, Kim M, Park J, Seo JH, et al. Real-Time Monitoring of 
Glutathione-Triggered Thiopurine Anticancer Drug Release in Live Cells Investigated by Surface-
Enhanced Raman Scattering. Analytical Chemistry. 2012;84(5):2172-8. 

33. Karataş ÖF, Sezgin E, Aydın Ö, Çulha M. Interaction of gold nanoparticles with 
mitochondria. Colloids and Surfaces B: Biointerfaces. 2009;71(2):315-8. 



Chapter 5 

141 

34. Fogarty SW, Patel II, Martin FL, Fullwood NJ. Surface-Enhanced Raman Spectroscopy of the 
Endothelial Cell Membrane. PLoS ONE. 2014;9(9):e106283. 

35. Hodges MD, Kelly JG, Bentley AJ, Fogarty S, Patel II, Martin FL, et al. Combining 
immunolabeling and surface-enhanced Raman spectroscopy on cell membranes. ACS nano. 
2011;5(12):9535-41. 

36. Vitol EA, Orynbayeva Z, Friedman G, Gogotsi Y. Nanoprobes for intracellular and single cell 
surface-enhanced Raman spectroscopy (SERS). Journal of Raman Spectroscopy. 2012;43(7):817-
27. 

37. Tkachenko AG, Xie H, Coleman D, Glomm W, Ryan J, Anderson MF, et al. Multifunctional 
gold nanoparticle-peptide complexes for nuclear targeting. Journal of the American Chemical 
Society. 2003;125(16):4700-1. 

38. Kang JW, So PTC, Dasari RR, Lim D-K. High resolution live cell raman imaging using 
subcellular organelle-targeting SERS-sensitive gold nanoparticles with highly narrow intra-
nanogap. Nano letters. 2015;15(3):1766-72. 

39. Huefner A, Septiadi D, Wilts BD, Patel II, Kuan W-L, Fragniere A, et al. Gold nanoparticles 
explore cells: Cellular uptake and their use as intracellular probes. Methods. 2014;68(2):354-63. 

40. Huefner A, Kuan W-L, Barker RA, Mahajan S. Intracellular SERS Nanoprobes For Distinction 
Of Different Neuronal Cell Types. Nano Letters. 2013;13(6):2463-70. 

41. Biedler JL, Roffler-Tarlov S, Schachner M, Freedman LS. Multiple neurotransmitter synthesis 
by human neuroblastoma cell lines and clones. Cancer Res. 1978;38(11 Pt 1):3751-7. 

42. Perez-Polo JR, Werrbach-Perez K, Tiffany-Castiglioni E. A human clonal cell line model of 
differentiating neurons. Developmental Biology. 1979;71(2):341-55. 

43. Pahlman S, Mamaeva S, Meyerson G, Mattsson ME, Bjelfman C, Ortoft E, et al. Human 
neuroblastoma cells in culture: a model for neuronal cell differentiation and function. Acta 
physiologica Scandinavica Supplementum. 1990;592:25-37. 

44. Willets JM, Lambert DG, Griffiths HR. Suitability of B65 and SH-SY5Y neuroblastoma cells as 
models for 'in vitro' neurotoxicity testing. Biochemical Society transactions. 1993;21(4):452s. 

45. Spina MB, Squinto SP, Miller J, Lindsay RM, Hyman C. Brain-derived neurotrophic factor 
protects dopamine neurons against 6-hydroxydopamine and N-methyl-4-phenylpyridinium ion 
toxicity: involvement of the glutathione system. Journal of Neurochemistry. 1992;59(1):99-106. 

46. Willets JM, Lambert DG, Lunec J, Griffiths HR. Studies on the neurotoxicity of 6,7-dihydroxy-
1-methyl-1,2,3,4-tetrahydroisoquinoline (salsolinol) in SH-SY5Y cells. European journal of 
pharmacology. 1995;293(4):319-26. 

47. Takahashi T, Maruyama W, Deng Y, Dostert P, Nakahara D, Niwa T, et al. Cytotoxicity of 
endogenous isoquinolines to human dopaminergic neuroblastoma SH-SY5Y cells. Journal of neural 
transmission (Vienna, Austria : 1996). 1997;104(1):59-66. 

48. Lai C-T, Yu PH. Dopamine- and l-β-3,4-dihydroxyphenylalanine hydrochloriDe (l-Dopa)-
induced cytotoxicity towards catecholaminergic neuroblastoma SH-SY5Y Cells: Effects of oxidative 
stress and antioxidative factors. Biochemical Pharmacology. 1997;53(3):363-72. 

49. Sidell N. Retinoic acid-induced growth inhibition and morphologic differentiation of human 
neuroblastoma cells in vitro. J Natl Cancer Inst. 1982;68(4):589-96. 



Chapter 5 

142 

50. Jalava A, Heikkila J, Lintunen M, Akerman K, Pahlman S. Staurosporine induces a neuronal 
phenotype in SH-SY5Y human neuroblastoma cells that resembles that induced by the phorbol 
ester 12-O-tetradecanoyl phorbol-13 acetate (TPA). FEBS letters. 1992;300(2):114-8. 

51. Pahlman S, Odelstad L, Larsson E, Grotte G, Nilsson K. Phenotypic changes of human 
neuroblastoma cells in culture induced by 12-O-tetradecanoyl-phorbol-13-acetate. International 
Journal of Cancer. 1981;28(5):583-9. 

52. Sonnenfeld KH, Ishii DN. Nerve growth factor effects and receptors in cultured human 

neuroblastoma cell lines. Journal of Neuroscience Research. 1982;8(2-3):375-91. 

53. Preis PN, Saya H, Nadasdi L, Hochhaus G, Levin V, Sadee W. Neuronal cell differentiation of 
human neuroblastoma cells by retinoic acid plus herbimycin A. Cancer Res. 1988;48(22):6530-4. 

54. Recio-Pinto E, Ishii DN. Effects of insulin, insulin-like growth factor-II and nerve growth 
factor on neurite outgrowth in cultured human neuroblastoma cells. Brain Research. 
1984;302(2):323-34. 

55. Meyerson G, Parrow V, Gestblom C, Johansson I, Pahlman S. Protein synthesis and mRNA in 
isolated growth cones from differentiating SH-SY5Y neuroblastoma cells. Journal of Neuroscience 
Research. 1994;37(3):303-12. 

56. Scott IG, Akerman KEO, Heikkila JE, Kaila K, Andersson LC. Development of a neural 
phenotype in differentiating ganglion cell-derived human neuroblastoma cells. Journal of Cellular 
Physiology. 1986;128(2):285-92. 

57. Pahlman S, Meyerson G, Lindgren E, Schalling M, Johansson I. Insulin-like growth factor I 
shifts from promoting cell division to potentiating maturation during neuronal differentiation. 
Proc Natl Acad Sci U S A. 1991;88(22):9994-8. 

58. Adem A, Mattsson ME, Nordberg A, Pahlman S. Muscarinic receptors in human SH-SY5Y 
neuroblastoma cell line: regulation by phorbol ester and retinoic acid-induced differentiation. 
Brain Res. 1987;430(2):235-42. 

59. Weiler R, Meyerson G, Fischer-Colbrie R, Laslop A, Pahlman S, Floor E, et al. Divergent 
changes of chromogranin A/secretogranin II levels in differentiating human neuroblastoma cells. 
FEBS letters. 1990;265(1-2):27-9. 

60. Hanada M, Krajewski S, Tanaka S, Cazals-Hatem D, Spengler BA, Ross RA, et al. Regulation of 
Bcl-2 oncoprotein levels with differentiation of human neuroblastoma cells. Cancer Res. 
1993;53(20):4978-86. 

61. Jalava A, Akerman K, Heikkila J. Protein kinase inhibitor, staurosporine, induces a mature 
neuronal phenotype in SH-SY5Y human neuroblastoma cells through an alpha-, beta-, and zeta-
protein kinase C-independent pathway. Journal of Cellular Physiology. 1993;155(2):301-12. 

62. Hammerling U, Bjelfman C, Pahlman S. Different regulation of N- and c-myc expression 
during phorbol ester-induced maturation of human SH-SY5Y neuroblastoma cells. Oncogene. 
1987;2(1):73-7. 

63. Allsopp TE, Wyatt S, Paterson HF, Davies AM. The proto-oncogene bcl-2 can selectively 
rescue neurotrophic factor-dependent neurons from apoptosis. Cell. 1993;73(2):295-307. 

64. Reed JC. Bcl-2 and the regulation of programmed cell death. J Cell Biol. 1994;124(1-2):1-6. 



Chapter 5 

143 

65. Miyashita T, Krajewski S, Krajewska M, Wang HG, Lin HK, Liebermann DA, et al. Tumor 
suppressor p53 is a regulator of bcl-2 and bax gene expression in vitro and in vivo. Oncogene. 
1994;9(6):1799-805. 

66. Tieu K, Zuo DM, Yu PH. Differential effects of staurosporine and retinoic acid on the 
vulnerability of the SH-SY5Y neuroblastoma cells: Involvement of Bcl-2 and p53 proteins. Journal 
of Neuroscience Research. 1999;58(3):426-35. 

67. Reynolds CP, Matthay KK, Villablanca JG, Maurer BJ. Retinoid therapy of high-risk 
neuroblastoma. Cancer letters. 2003;197(1-2):185-92. 

68. Slater TF, Sawyer B, Straeuli U. Studies on succinate-tetrazolium reductase systems: III. 
Points of coupling of four different tetrazolium salts III. Biochimica et biophysica acta. 
1963;77:383-93. 

69. Trevisan J, Angelov PP, Scott AD, Carmichael PL, Martin FL. IRootLab: a free and open-
source MATLAB toolbox for vibrational biospectroscopy data analysis. Bioinformatics (Oxford, 
England). 2013;29(8):1095-7. 

70. Martin FL, Kelly JG, Llabjani V, Martin-Hirsch PL, Patel, II, Trevisan J, et al. Distinguishing cell 
types or populations based on the computational analysis of their infrared spectra. Nature 
protocols. 2010;5(11):1748-60. 

71. Abdi H, Williams LJ. Principal component analysis. Wiley Interdisciplinary Reviews: 
Computational Statistics. 2010;2(4):433-59. 

72. Encinas M, Iglesias M, Liu Y, Wang H, Muhaisen A, Ceña V, et al. Sequential Treatment of 
SH-SY5Y Cells with Retinoic Acid and Brain-Derived Neurotrophic Factor Gives Rise to Fully 
Differentiated, Neurotrophic Factor-Dependent, Human Neuron-Like Cells. Journal of 
Neurochemistry. 2000;75(3):991-1003. 

73. Thomas M, Klibanov AM. Conjugation to gold nanoparticles enhances polyethylenimine's 
transfer of plasmid DNA into mammalian cells. Proceedings of the National Academy of Sciences. 
2003;100(16):9138-43. 

74. Tkachenko AG, Xie H, Coleman D, Glomm W, Ryan J, Anderson MF, et al. Multifunctional 
Gold Nanoparticle−Peptide Complexes for Nuclear Targeting. Journal of the American Chemical 
Society. 2003;125(16):4700-1. 

75. Tkachenko AG, Xie H, Liu Y, Coleman D, Ryan J, Glomm WR, et al. Cellular Trajectories of 
Peptide-Modified Gold Particle Complexes:  Comparison of Nuclear Localization Signals and 
Peptide Transduction Domains. Bioconjugate Chemistry. 2004;15(3):482-90. 

76. Herget T, Specht H, Esdar C, Oehrlein SA, Maelicke A. Retinoic Acid Induces Apoptosis-
Associated Neural Differentiation of a Murine Teratocarcinoma Cell Line. Journal of 
Neurochemistry. 1998;70(1):47-58. 

77. Prince JA, Oreland L. Staurosporine Differentiated Human SH-SY5Y Neuroblastoma Cultures 
Exhibit Transient Apoptosis and Trophic Factor Independence. Brain Research Bulletin. 
1997;43(6):515-23. 

78. Liu Y, Shipton MK, Ryan J, Kaufman ED, Franzen S, Feldheim DL. Synthesis, stability, and 
cellular internalization of gold nanoparticles containing mixed peptide-poly (ethylene glycol) 
monolayers. Analytical chemistry. 2007;79(6):2221-9. 



Chapter 5 

144 

79. Darby BL, Le Ru EC. Competition between Molecular Adsorption and Diffusion: Dramatic 
Consequences for SERS in Colloidal Solutions. Journal of the American Chemical Society. 
2014;136(31):10965-73. 

80. Podstawka E, Ozaki Y, Proniewicz LM. Part III: Surface-enhanced Raman scattering of amino 
acids and their homodipeptide monolayers deposited onto colloidal gold surface. Appl Spectrosc. 
2005;59(12):1516-26. 

81. Chakrabarti A, Surolia A. Biochemical Roles of Eukaryotic Cell Surface Macromolecules: 
Springer International Publishing; 2014. 

82. Sane SU, Cramer SM, Przybycien TM. Protein structure perturbations on chromatographic 
surfaces. Journal of Chromatography A. 1999;849(1):149-59. 

83. Boyoglu C, He Q, Willing G, Boyoglu-Barnum S, Dennis VA, Pillai S, et al. Microscopic Studies 
of Various Sizes of Gold Nanoparticles and Their Cellular Localizations. ISRN Nanotechnology. 
2013;2013:13. 

84. Alkilany AM, Murphy CJ. Toxicity and cellular uptake of gold nanoparticles: what we have 
learned so far? Journal of nanoparticle research. 2010;12(7):2313-33. 

85. Scalfi-Happ C, Jauss A, Hollricher O, Fulda S, Hauser C, Steiner R, et al., editors. Confocal 
Raman microscopy for investigation of the level of differentiation in living neuroblastoma tumor 
cells 2007. 

86. Presgraves SP, Ahmed T, Borwege S, Joyce JN. Terminally differentiated SH-SY5Y cells 
provide a model system for studying neuroprotective effects of dopamine agonists. Neurotoxicity 
Research. 2003, 5(8):579-98. 

87. Rehman I, Movasaghi Z, Rehman S. Vibrational Spectroscopy for Tissue Analysis: Taylor & 
Francis; 2012. 

88. Caponi S, Mattana S, Ricci M, Sagini K, Urbanelli L, Sassi P, et al. Raman micro-spectroscopy 
study of living SH-SY5Y cells adhering on different substrates. Biophysical Chemistry. 2016;208:48-
53. 

89. Willets KA. Surface-enhanced Raman scattering (SERS) for probing internal cellular structure 
and dynamics. Analytical and Bioanalytical Chemistry. 2009;394(1):85-94. 

90. Notingher I. Raman spectroscopy cell-based biosensors. Sensors. 2007;7(8):1343-58. 

91. Lodish H BA, Zipursky SL, et al. . Molecular Cell Biology. . 4th edition. ed. New York2000. 

92. Kodiha M, Wang YM, Hutter E, Maysinger D, Stochaj U. Off to the Organelles - Killing Cancer 
Cells with Targeted Gold Nanoparticles. Theranostics. 2015;5(4):357-70. 

93. Khan JA, Pillai B, Das TK, Singh Y, Maiti S. Molecular effects of uptake of gold nanoparticles 
in HeLa cells. Chemibiochem. 2007;1439-4227. 

94. Chang MY, Shiau AL, Chen YH, Chang CJ, Chen HHW, Wu CL. Increased apoptotic potential 
and dose-enhancing effect of gold nanoparticles in combination with single-dose clinical electron 
beams on tumor-bearing mice. Cancer Science. 2008;1349-7006. 

95. Sun L, Liu D, Wang Z. Functional Gold Nanoparticle−Peptide Complexes as Cell-Targeting 
Agents. Langmuir. 2008;24(18):10293-7. 



Chapter 5 

145 

96. Tsai Y-Y, Huang Y-H, Chao Y-L, Hu K-Y, Chin L-T, Chou S-H, et al. Identification of the 
Nanogold Particle-Induced Endoplasmic Reticulum Stress by Omic Techniques and Systems 
Biology Analysis. ACS Nano. 2011;5(12):9354-69. 

 

 

 





Chapter 6 

147 

Chapter 6: Improving intracellular SERS by using novel 

nanoparticles. 

6.1 Abstract 

SERS spectroscopy offers numerous advantages and is in increasingly being used for 

intracellular investigations. Metallic spherical nanoparticles are the most popular substrates that 

can provide enhancements for intracellular SERS, as they are easy to fabricate and introduce into 

the cell environment. However, the level of enhancement relies on the intracellular aggregation 

of nanoparticles, necessary for the creation of hot spots that contribute to the majority of the 

SERS signal. The variability due to this uncontrolled aggregation is a limitation for obtaining 

quantitative SERS data. The way to overcome this issue by using rationally designed 

nanostructures which can produce hot spots at a single particle level. In this work, two different 

types of such nanostructures (nanostars and core-satellite superstructures) were tested for their 

SERS activity in solution and inside the cells. The results indicate that obtained nanostructures are 

able to provide SERS enhancement at a single particle level both in solution and inside the cells. 

Additionally, nanostars proved to yield more varied SERS signals due to better accessibility of the 

hot spots, while superstructures yielded more stable signals as the physical features of their hot 

spots facilitate longer attachment of the analyte molecules. Obtained results confirm their ability 

to provide SERS enhancement inside cells and thus their suitability for improving intracellular 

SERS-based assays, therefore adding new opportunities to create useful diagnostic tools for 

medicine, pharmacology and other life science applications. 

6.2 Contributions 

This work was carried out in collaboration with dr Sebastian Schlücker, dr Wei Xie and Tran 

Vi from University of Duisburg-Essen. Parts done exclusively by one of the abovementioned 

people are indicated by *. Rest of the work was carried out by me exclusively. 
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6.3 Introduction 

Since its discovery over 40 years ago, surface-enhanced Raman scattering (SERS) has proved 

to be a useful tool for a variety of analytical research applications. In SERS spectroscopy, the 

Raman scattering from a molecule is greatly enhanced by the proximity to a metal substrate. The 

strongest advantage of SERS is its strong molecular specificity, as it can help to identify different 

molecules based on their distinct vibrational spectra 1. This identification opportunity has been 

used for various biosensing assays 2-4, detection of chemical warfare agents 5, 6, identification of 

environmental pollutants 7, 8 and a wide range of other applications. Using SERS to acquire signals 

from inside cells is still a relatively new area. Typically, the imaging of internal processes in the cell 

has been based on introducing fluorescent probes attached as labels or tags to the molecule of 

interest. While useful for visualisation, fluorescence gives limited molecule specific information, 

since many fluorescent dyes absorb and emit in the same wavelength range. Also only limited 

number of fluorescent probes can be probed at the same time, as they usually have broad peaks 

and thus can have significant overlap. In contrast, SERS allows multiplexed detection of different, 

although from the close vicinity of the SERS-active surface 9, molecules at the same time since 

Raman peaks are only a few nm compared to 50-100 nm for fluorescence.  

For cellular applications, typically nanoparticles, small enough to penetrate into the 

intracellular matrix 10, are used as SERS probes. Metallic nanoparticles (such as gold nanoparticles 

- AuNPs) can couple to incident electromagnetic radiation at visible/near infrared wavelengths 

giving rise to localized surface plasmon resonances (LSPRs). These give rise to enhanced local 

fields resulting in huge enhancements in  SERS 11. The LSPR phenomenon depends not only on the 

incident frequency and structural parameters (size, shape and chemical properties) of 

nanoparticles but also on the distance between nanoparticles. A single metal nanoparticle can 

usually provide SERS signal enhancements of the order of 102–106 1. However, when two 

nanoparticles are close to or in contact with each other, their dipoles can couple, which results in 

much stronger enhancements in the range of 1010–1014 12, 13. These overlapped dipoles produce so 

called ‘hot spots’. For this reason, nanoparticle aggregates are often used as SERS substrates. For 

efficient intracellular SERS analysis, nanoparticles have to self-assemble and form aggregates 

within the cell, as the aggregates are in general too large to enter the cell through cell 

membrane/cell wall. Intracellular aggregation is common due to the uptake mechanism that 

groups nanoparticles in endosomes. This however can hinder the accessibility of hot spots in 

nanoparticles and some regions of intracellular matrix cannot contribute to the cellular SERS 

signal 9. Intracellular aggregates are almost always produced in an uncontrolled manner, so the 

repeatability of SERS acquisitions is poor and any quantitative analysis is not possible 14, 15. 

Moreover, not all formed aggregates are SERS active and thus the surface plasmon resonance 
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wavelength at which active aggregates are excited is not tuneable 16. Even for solution based 

sensing obtaining quantitative SERS signals is a much desired goal in the community. For the 

above reasons, the recent focus in SERS sensing has been directed towards generating 

monodisperse nanoparticles that can produce hot spots without the need for aggregation. These 

include nanoparticles equipped with sharp intraparticle edges or spikes as well as satellite-core 

nano-assemblies of spherical nanoparticles 17. 

The hot spots generated in nanoparticles with sharp spikes (nanostars) depends on the 

particle geometry 18. When these structures are exposed to an appropriate excitation source, 

large electromagnetic fields are created at the ends of the spikes 19. This feature was first 

predicted theoretically, with results suggesting that the plasmon modes of a nanostar are the 

outcome of hybridization of the individual plasmons of the core and the spikes. The core of a 

nanostar acts as an antenna that enhances the excitation cross-section and the electromagnetic 

field enhancements of the plasmons that are created at the spikes 20. Later, this theory and the 

SERS enhancing potential of gold nanostars was also confirmed experimentally 21-23. Furthermore, 

gold nanostars sized approximately 40 nm were one of the first substrates that proved to deliver 

Raman signal enhancements at the single-particle level 22. The size of the core influences the 

overall enhancement, which increases along with the core size 24. As mentioned earlier, very high 

field enhancements are also generated in the junctions between nanoparticles. While 

uncontrolled aggregation is the most popular way to generate such junctions it leads to poor 

repeatability and variability of SERS signals and hence is not ideal. Therefore, significant efforts 

have been made to chemically synthesize metal nanoparticle clusters such as dimers, trimers and 

larger assemblies 25. However, separation of such structures from unbound particles is needed as 

the synthesis yield is usually low 26. This is a major challenge, as a cluster must not dissociate or 

aggregate during the process. Achieving such separation is a multi-step, laborious process that 

requires controlling of many parameters 27. For this reason, nanoassemblies, such as 

nanoraspberries, nanoparticle assemblies and core-satellite superstructures are now of an 

interest, as they allow creating hot-spots on a single particle. Xie et al. have demonstrated a 

method to fabricate Au/Pt bimetallic nanoraspberries with two metal surfaces, which integrate 

both SERS and catalytic activity in a single nanoparticle. Thus, this kind of nanoraspberries can be 

used for in situ quantitative SERS monitoring of Pt-catalyzed reactions 28. Self-assembling, 

raspberry-like aggregates were prepared as three-dimensional particle–aniline oligomer–particle 

repeated sequences by Shiigi and colleagues. This one-step process does not require extra 

control, organic solvents or ligand exchange and could be a step towards creation of nanoscale 

electronics and molecular devices 29. Kim and co-workers proposed the preparation of silica-

encapsulated assemblies from large silica particles, which serve as a template for the deposition 
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of numerous small Ag particles. This process was then followed by the adsorption of Raman labels 

and silica encapsulation. The assemblies have been used for targeted cellular research 30. Xu et al. 

reported the fabrication of regiospecific plasmonic assemblies, prepared from gold nanorods and 

gold nanospheres linked with DNA. They also demonstrated that such plasmonic nanoassemblies 

are efficient for in situ Raman imaging in living cells 31. A special type of spherical metallic 

nanoassemblies, core-satellite superstructures, were recently produced by electrostatic self-

assembly technique. Monodisperse 80 nm gold nanospheres were encapsulated with an ultrathin 

silica shell and then functionalized with amino groups, producing positively charged glass-

encapsulated gold cores. Subsequently, negatively charged, citrate-stabilized 20 nm gold 

nanoparticles were assembled onto the surface of the Au cores by electrostatic attraction. 

Calculations indicate that the plasmonic coupling between the core and satellite particles results 

in high Raman signal enhancements in the region of 2 × 1010 32, 33. Given that monodisperse, 

rationally designed metal nanoparticles do not require coupling to other particles, that is, do not 

require aggregation to generate SERS signals they are ideally suited for repeatable and 

quantitative intracellular SERS measurements.  

In this work, nanostars and core-satellite superstructure nanoparticles were studied. Their 

ability to provide SERS enhancements both outside and inside cells was verified along with their 

single-particle sensitivity. They were applied for temporal SERS measurements inside cells which 

also revealed some differences in the behaviour of the two types of particles. Intracellular SERS 

spectra differed in the two cases and in particular, fluctuated more with nanostars than with the 

superstructures. This behaviour is explained by differences in protein corona displacement owing 

to the differing particle geometries and was verified by solution-based exchange measurements. 

Overall this study shows that rationally designed structures such as nanostars and core-satellite 

superstructures can be successfully employed for intracellular SERS but particle geometry could 

play a role in temporal measurements inside cells. 
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6.4 Experimental methods 

6.4.1 Nanoparticle fabrication and evaluation * 

Synthesis of Au nanostars  

Au nanostars with single tips were synthesized by reduction of tetrachloroauric (III) acid 

(HAuCl4) in a solution of PVP (Applichem), DMF (Fisher Scientific) and 20 nm gold seeds 

(synthesised from gold (III) chloride solution (30 wt.%), Sigma Aldrich) according to Kumar et al. 34. 

PVP (K30, 4.5 g) was diluted in DMF (30 mL). 20 nm Au seeds (1.13 mL, 0.55 nM) were added fast 

and the mixture was gently stirred for 15 min, followed by rapid addition of tetrachloroauric (III) 

acid (0.164 mL, 50 mM). The solution mixture was mixed continuously overnight at RT. TEM 

measurements were performed to asses the fabrication (Fig. 6.1) at Zeiss EM 910 microscope with 

120 kV.  

Synthesis of Au superstructures  

Au superstructures were synthesized according to Xie et al. 35 with modifications. A gold 80 

nm core nanoparticles (BB International) were coated with a thin glass shell followed by capturing 

the core surface with 15 nm Au satellites (BB International) to form an assembly. To synthesize 

ultrathin silica shell-isolated AuNPs, 4 μL MPTMS (Sigma Aldrich) ethanol solution (10%) was 

added to 80 nm Au NPs (1 mL). The colloid was then incubated on a temperature control shaker 

(Eppendorf, Thermomixer comfort) at 50 °C, 750 rpm for 1 hour. After centrifugation (30 min, 

1600 rpm) the sample was washed 2 times with water and resuspended in water (1 mL). 7 μl of an 

aqueous 0.054% sodium silicate (Sigma Aldrich) solution was added to the colloid and the mixture 

was incubated further at 60 °C, 750 rpm for 1 h, followed by washing 2 times with water. Next, 

ultrathin silica shell-isolated NPs were resuspended in isopropanol (Fluka, 1 mL). Aqueous 

ammonium hydroxide solution (Fluka, 60 μL, 25%) was added to the sample together with 4 μL 

MPTMS ethanol solution (10%) and incubated at RT for 30 min. The sample was washed 2 times 

with isopropanol and resuspended in isopropanol (1 mL). Sample was split into 500 μL aliquots 

and transferred into separate tubes. 15 nm gold satellites (500 μL) were added to both tubes and 

mixed well for 20 min using an ultrasonic bath (20% power). After incubation overnight the 

unbound small gold satellites were removed and obtained Au superstructures and were 

resuspended in water (300 μl). TEM measurements were performed to asses the fabrication (Fig. 

6.1) at Zeiss EM 910 microscope with 120 kV.  
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Figure 6.1. TEM images of gold nanostars (A) and gold superstructures (B). Images confirm the 

presence of characteristic structural features – sharp spikes in nanostars and successful 

assembly of Au cores an Au satellites in superstructures. 

6.4.2 Single nanoparticle SERS activity measurements * 

Functionalization with Raman reporter  

The nanostructures were functionalized with a modified Raman reporter molecule 4-NTB-

MEG-OH from DTNB (5,5’-Dithiobis(2-nitrobenzoic acid)), which gives a characteristic main Raman 

band at 1340 cm-1 due to the presence of a nitro group. 

SERS measurements at single particle level  

For the single particle measurements a gold-framed silicon wafer was used for the Raman 

mapping (633 nm, WITEC Alpha 300R, Zeiss 100x DF objective EC Epiplan, NA 0.85. Integration 

time: 0.5 s EM gain: 230 Laser power: 1.3 mW (HeNe-Laser) scan: 500 nm steps). Dark field (DF) 

microscopy (WITEC Alpha 300R, Mercury lamp, Zeiss 100x DF objective EC Epiplan, NA 0.85) was 

used to find the position of the nanoparticles on the wafer, however it was not possible to 

differentiate a single particle from a dimer, trimer or cluster. To match the Raman false scan 

colour image or DF image with the corresponding nanoparticle, SEM with low magnifications was 

used (REM Jeol JSM 7500F < 5kV) using the gold-framed silicon wafer for the orientation and 

determination of the exact position. By comparison or overlaying DF image with the SEM image, 

SERS spectra obtained by Raman mapping were matched to the corresponding nanoparticles.  

6.4.3 SERS activity of nanoparticles in liquid 

In order to evaluate SERS activity of fabricated nanostars and superstructures, both types of 

nanoparticles were functionalized with 4-mercaptobenzoic acid (4-MBA, Sigma). Nanoparticle 
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suspension was first diluted 10x in DI water, followed by addition of 10 μl of 1 mM MBA in EtOH. 

Such preparations were incubated for 3 h on a stirrer and centrifuged at 2500 g for 3 min 

subsequently. Excess supernatant was removed and the pellet redispersed in 100 μl DI water. The 

nanoparticles were then diluted 10x and dried on a silicon substrate. SERS spectra were collected 

from spots believed to be single nanoparticles. Raman signal was collected under 100x objective 

(NA=0.8, Leica) with 0.6 mW 633 nm laser using a Rayleigh edge filter and a grating of 1200 

lines/mm. Exposure time was 10 s. Wire 3.4 software was used for data acquisition and collection. 

6.4.4 Cell culture 

SH-SY5Y cell cultures were maintained in Dulbecco’s Modified Eagle’s Medium (DMEM, 

GIBCO) with the addition of 10% heat inactivated fetal bovine serum (GIBCO) and 1% Antitibiotic-

Antimycotic (GIBCO) at 37°C in a humidified atmosphere containing 5% CO2. Cells were split 

routinely after reaching ~90% confluency every 3 - 4 days using trypsin (Sigma).  

6.4.5 SERS activity of nanoparticles in cells 

For SERS experiments, approx. 50.000 cells between passages 5 and 20 were plated on glass 

coverslips coated with poly-L-lysine (Sigma) to promote cell attachment. To stop cell division, cells 

were exposed to 10 nM staurosporine (Sigma), added directly to the medium.  

Firstly, cells were exposed to approx. 1010 4-MBA functionalized nanoprobes (prepared as 

described above). After 72 h incubation, cells were washed and fixed with 4% paraformaldehyde 

(Sigma) for 15 mins and stored in PBS at 4 °C prior to SERS measurements. SERS spectra were 

collected from intracellular nanoparticle aggregates. Raman signal was collected under 100x 

objective (NA=0.8, Leica) with 0.6 mW 633 nm laser using a Rayleigh edge filter and a grating of 

1200 lines/mm. Exposure time was 10 s. Wire 3.4 software was used for data acquisition and 

collection. 

Next, nanostars and superstructures were coated with nuclear localisation signal peptide 

(NLS) by overnight incubation. Approx. 1010 SERS nanoprobes were mixed with 0.02 mM aqueous 

solution of NLS-Flu peptide (peptide sequence CGTGPKKKRKVGGK(Flu), PeptideSynthetics, 

Fareham, UK). This peptide was derived from SV40 large T-antigen nuclear localisation signal and 

was modified with fluorescein at the C-terminus along with a cysteine residue for binding to the 

gold nanoparticles. The mixture was centrifuged at 3000 g for 10 mins to remove excess fluid 

before adding SERS probes to cells in culture. NLS coating efficiency and was evaluated by taking 

SERS spectra from DI water diluted (10x) suspensions, previously dried on a silicon substrate (Fig. 

6.1). Signals were recorded with 0.6 mW 633 nm laser using a Rayleigh edge filter and a grating of 
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1200 lines/mm. Exposure time was 10 s. Wire 3.4 software was used for data acquisition and 

collection. 

After the evaluation of NLS coating success, cells were exposed to approx. 1010 SERS 

nanoprobes and underwent the internalization of prepared metallic nanoparticles and then 

incubated for desired lengths of time (24, 48, 72 and 96 h). Prior to SERS measurements, cells 

were washed and fixed with 4% paraformaldehyde (Sigma) for 15 mins and stored in PBS at 4 °C. 

Samples were analysed using Renishaw inVia Raman microscope equipped with 6 mW 633 nm 

laser using a Rayleigh edge filter and a grating of 1200 lines/mm, under a 63x water immersion 

objective (NA=1.2, Leica). A line mapping mode with bottom illumination was used to obtain 

spectra from single cells. In this mode, the laser illuminates a line on the sample. This enables to 

simultaneously collect spectra from multiple positions on the sample and allows using higher laser 

powers without damaging the sample. For each condition, 10 cells were mapped and analysed. 

Exposure time per line was 10 seconds. Wire 3.4 software was used for data acquisition and 

collection. 

6.4.6 Protein corona replacement 

In order to evaluate and confirm the observations from intracellular SERS measurements, a 

protein corona replacement experiment was conducted, as an effort to mimic the intracellular 

environment. Macromolecules, for example serum proteins, that surround metallic nanoparticles 

will adhere to the particle surface via chemical or physical attraction and form a protein corona 36. 

Such protein layer covers the surface of the particle completely but as a dynamic structure, it can 

undergo changes in composition and thickness 37. Upon introduction of a competitive molecule, 

whether by adding molecules that display high affinity to SERS probes or by changing nanoprobes 

environment via internalization into a cell) such changes can be observed by SERS. 

Superstructures and nanostars were incubated for 5 h in 10% fetal bovine serum (FBS, 

GIBCO) in DI water to promote formation of the protein layer on the surface of the particles. 

Subsequently, ethanolic solution of 4-MBA was added to the suspensions to a working 

concentration of 0.1 mM. SERS measurements were undertaken immediately after the addition 

and carried out for 50 min with 2.5 min intervals. Samples were analysed using Renishaw inVia 

Raman microscope equipped with 6 mW 633 nm laser using a Rayleigh edge filter and a grating of 

1200 lines/mm, under a 20x water immersion objective (NA=0.75, Nikon). Exposure time was 3 x 

30 s. Wire 3.4 software was used for data acquisition and collection. 
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6.4.7 Data processing and analysis 

Spectral mapping data from the cell experiments was extracted in Wire 3.4 and further 

processed and analysed using MATLAB R2010b. First, raw data was background subtracted using a 

custom-made procedure developed by dr Anna Huefner. Background was calculated by fitting 

short line segments to the extreme edges of the data in order to extract the start and end 

gradient. Then, a smooth interpolation from one to the other end generates the background. 

Background corrected data sets were discarded if their maximal intensity was below 400 counts 

to exclude all spectra which didn’t show peaks at all. Collected spectra were analysed using 

IRootLab toolbox for MATLAB 38, 39. IRootLab is open source analytical software designed for 

analysis of large spectral data sets. Vector normalization (which normalizes vector points in the 

same direction as original but the resulting vector length is one) was performed so that all 

variations were taken into account equally rather than their specific intensity. The resulting 

dataset was then mean centred, which means that each variable was given a common zero. This 

makes the zero coordinate appear in the centre of the scores plot so that the correlations 

(positive or negative) are clearly identified. This was followed by principal component analysis 

(PCA). PCA is an operation that uses orthogonal transformation to convert a set of observations of 

possibly correlated variables into a set of values of linearly uncorrelated variables called principal 

components (PCs). The number of principal components is less than or equal to the number of 

original values. This transformation is defined in such a way that the first principal component has 

the largest possible variance and each succeeding component in turn has the subsequent highest 

variance possible. Principal components are independent if the data set is normally distributed 40. 

Normalised PC1 loadings plots were further used to highlight spectral differences. Such plots were 

fed into Wire 3.4 and additional spectral peak deconvolution procedure was applied by fitting a 

number of curves onto the plot to resolve overlapping peaks and retrieve their individual 

intensities. 
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6.5 Results 

6.5.1 SERS activity in liquid and intracellular reporter probes 

Fabricated nanoparticles were first tested for their SERS activity by coating with 4-MBA and 

recording SERS signal. First, nanostars and superstructures have been functionalized with 4-MBA 

and then dispersed on a silicon substrate for SERS measurements. Signal was collected from spots 

that were believed to be single nanoparticles. Subsequently, 4-MBA functionalized nanoparticles 

were internalized in SH-SY5Y cells to test their intracellular Raman enhancing potential (Fig. 6.2).  

 

Figure 6.2. Representative SERS spectra of nanostars and superstructures functionalized with 4-

MBA, dispersed on a silicon substrate (A), or internalized in SH-SY5Y cells (B). Characteristic 4-

MBA spectral peaks are visible in all spectra. For SERS measurements in liquid, spectra were 

collected from spots believed to be monodisperse nanoparticles (marked with circles on bright 

field images). For intracellular measurements, spectra were collected from black nanoparticle 

clusters visible within the cells on bright field images. Spectra were acquired with 0.6 mW 633 

nm laser with 10 s exposure. 

6.5.2 Single nanoparticle SERS activity confirmation 

To confirm SERS enhancements provided by nanostars and superstructures at a single 

particle level, simultaneous SEM and SERS measurements were carried out. Monodisperse 

nanoparticles functionalized either with 4-MBA (superstructures) or 4-NTB-MEG-OH (nanostars) 
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were first identified by SEM on Au-framed Si-wafers, and SERS spectra were recorded from such 

structures (Fig. 6.3).  

 

Figure 6.3. SEM images of functionalized single nanoparticles (A) with corresponding SERS 

spectra (B).  

6.5.3 Intracellular SERS activity 

After determining that nanostars and superstructures are SERS active at a single particle 

level and intracellularly, their effectivity as a reporter-free SERS probes was tested intracellularly. 

First, nanostars and superstructures were functionalized with nuclear localization signal coupled 

with fluorescein (NLS-Flu) (Fig. 6.4). SH-SY5Y cells were then subjected to such nanostars and 

superstructures SERS probes for different amounts of time (24, 48, 72 and 96 h) and cells were 

SERS-mapped after each time point for comparison. Collected spectra were then processed and 

translated into PC1 loading plots in order to bring out the spectral differences (Fig. 6.5). The 

intensities of three representative protein-derived peaks were also measured and plotted as a 

function of time (Fig. 6.6).  
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Figure 6.4. SERS spectra of NLS-Flu functionalized nanoparticles. Both spectra display expected 

characteristic peaks of fluorescein and NLS. Peaks at ~1184 and ~1330 cm-1 (green and blue) 

represent fluorescein signal (C-OH and CCH bending; C-C stretching accordingly) 41, while peaks 

at ~1254 and ~1414 cm-1  (yellow and purple) are protein contribution (amide II; CH2/CH3 

bending) 9. 

 

Figure 6.5. PC1 loading plots from SERS spectra recorded from SH-SY5Y cells (10 cells per plot)  

with internalized NLS-Flu nanostars and superstructures at 4 time points (24, 48, 72 and 96 h 

after NPs addition). Plots show a higher spectral variation rate in case of nanostars.  
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Figure 6.6. Intensity plots of three protein-derived peaks  - amide I (1640 cm-1), amide II (1550 

cm-1, and –CH bending (1448 cm-1), illustrating high variation in signal strength provided by 

nanostars, compared to relatively stable signal levels given by superstructures. 

6.5.4 Protein corona replacement – intracellular observation evaluation 

In order to verify the hypothesis regarding the different patterns of signal variation 

observed over time with nanostars and superstructures in intracellular reporter-free studies 

solution-based measurements were carried out, using protein corona replacement concept. 

Nanostars and superstructures were incubated in diluted serum in order to create monodisperse 

nanoparticles with a protein corona around them. Subsequently, 4-MBA molecules were 

introduced to the environment, as due to their high affinity to gold nanoparticles, they would 

compete with protein molecules for binding to the nanoparticle surface. This process was 

monitored in real time by SERS. SERS spectra and intensity of 4-MBA peaks and two protein-

derived peaks were measured and plotted as a function of time (see Fig. 6.6).  
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Figure 6.7. (A) Representative SERS spectra at 0 (black), 10 (blue), 20 (green) and 40 (red) mins 

of experiment. Peaks featured in intensity plots are marked with ovals (B) Intensity plots of 

characteristic 4-MBA peaks 42 and two protein-derived peaks 9 acquired from spectra recorded 

in an protein corona replacement. These plots confirm trend that was observed in intracellular 

experiment - high variation in signal strength was provided by nanostars, compared to relatively 

stable enhancement levels given by superstructures. 
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6.6 Discussion 

SERS activity in liquid and intracellular reporter probes 

4-MBA is a popular Raman reporter molecule that yields two characteristic spectral peaks 

at ~1080 and ~1585 cm-1 (CC ring breathing modes) 42. It exhibits high binding affinity to gold as a 

result of having a thiol group in its structure 43. Thus, it is a good subject for testing SERS activity of 

novel gold nanostructured SERS probes. It can be seen that MBA functionalization was successful, 

as both of characteristic 4-MBA peaks are present in both spectra (Fig. 6.2 A). The intensity of the 

signal is much higher in the case of Au nanostars. As SERS hot spots that are generated in 

nanostars are located at top apexes, they are possibly more accessible to the molecules that these 

of superstructures (as they are located at the junctions between core and satellites), and thus 

signal enhancement is much bigger, as more molecules can find their way to the hot spots.  

In cellular measurements, again, characteristic peaks of 4-MBA are present in both spectra 

(Fig. 6.2 B), however the signal intensity is at a similar level for both nanostars and 

superstructures. As for this purpose signal was collected only from visible nanoparticle clusters, 

due to monodisperse nanoparticles being too small to localize visually inside cells, the individual 

enhancement contribution from monodisperse nanoparticles would not affect the overall signal 

intensity in such case. Thus, one would expect the signal enhancements to be of a similar 

strength. This however proves that such structures are SERS active inside cells, and this potential 

was further examined by reporter-free approach. 

Single nanoparticle SERS activity confirmation 

 It can be seen identified monomers of nanostars and superstructures (Fig. 6.3 A) produce  

characteristic peaks of 4-NTB-MEG-OH at ~1340 cm-1 (symmetric nitro stretching vibration) 44 in 

case of nanostars, and two characteristic 4-MBA peaks at ~1080 and ~1585 cm-1 (CC ring 

breathing modes) 42 in case of superstructures (Fig. 6.3 B). These observations further confirm the 

ability of nanostars and superstructures to provide SERS enhancements at a single particle level. 

Intracellular SERS activity 

Nanostars and superstructures were successfully functionalized with nuclear localization 

signal coupled with fluorescein (NLS-Flu) (Fig. 6.4). NLS allows molecular entities to be transported 

into the nucleus 45. However, there is a size limitation and particles larger than 40 nm cannot be 

translocated across the nucleopores and penetrate the nuclear membrane; thus,  due to their 

size, nanostars and superstructures are unlikely to be transported into the nucleus 46. However, 
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the functionalisation with NLS  helps their escape into the cytoplasm from endosomes, which are 

the primary route for nanoparticle internalization via endocytosis 47. This way, more information 

from cells can be obtained as SERS probes can localize near many different cellular components.  

Results of intracellular SERS measurements are presented as PC1 loading plots rather than 

SERS spectra. PC1 loading plots are also more suitable for this purpose, as they would highlight 

differences between spectra that belong to the same group. This benefits signals recorded from 

monodisperse nanoparticles, as particles that are clustered inside cells are expected to yield more 

uniform signal due to their hot spots being less accessible for the passing molecules. In case of 

nanostars, Fig. 6.5 shows high spectral variations between different time points, while the signals 

appear more stable for superstructures. This observation is further confirmed by the intensity 

plots presented in Fig. 6.6 derived from the PC1 loading plots. It is hypothesised that SERS hot 

spots in nanostars (located at the ends of the spikes) are more accessible than in superstructures, 

but at the same time molecules can more readily leave them, which introduces large SERS signal 

lability. On the other hand superstructures have hotspots located at the junctions between core 

and satellites therefore adsorbed molecules are less easily displaced, which would explain 

increased SERS signal stability. 

Protein corona replacement – intracellular observation evaluation 

A controlled environment that would mimic that of a cell and observe if the hypothesis that 

molecular dynamics which cause signal variations would be similar to the one observed 

intracellularly. For this purpose, the protein corona effect was utilized. The nature of protein 

corona formation is explained by protein–nanoparticle binding affinities as well as protein–

protein interactions. Proteins that adsorb to the nanoparticle surface with high affinity form the 

hard corona, which does not readily desorb. Proteins that adsorb with low affinity via loose 

protein-protein interactions form the soft corona 48. For this reason, hard corona usually takes 

much longer to get exchanged, even up to several hours. In general even at low protein 

concentrations, a complete nanoparticle surface coverage occurs 49. 4-MBA molecules, introduced 

after the protein corona was formed, mimic various small molecules found inside cells, which 

would encounter and interact with nanoparticles. The same process would occur upon 

introduction of the particles to the cell culture media (that contains equal amount of serum), 

before the particles are internalized by the cells. It can be observed that large variations are again 

noticeable in case of nanostars, while the signal intensity in case of superstructures is relatively 

more stable. The patterns are conserved for both 4-MBA and protein peaks (Fig. 6.7). These 

trends reflect the behaviour of nanostars and superstructures found in cell experiments and 

provide more evidence for the SERS hot spot accessibility hypothesis.  
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6.7 Conclusions 

This work aimed at improving intracellular reporter-free SERS approach, using novel SERS 

probes with intrinsic hot spots, which allows them to provide enhancements at a single particle 

level. Such nanoparticles hold the potential to produce more reliable and stable SERS signals from 

inside the cells, as their enhancing abilities do not rely on uncontrolled aggregation. The results 

indicate that obtained nanostructures are able to provide such type of enhancement both in 

liquid and inside cells. Moreover, the hot spot accessibility difference hypothesis that originated 

from structural differences in fabricated SERS probes, is strongly supported by the results as 

nanostars proved to produce more varied SERS signals, while superstructures yielded more stable 

signals. These features hold great potential for optimization and development of intracellular 

single particle SERS assays, as they can be used in agreement with the various dynamics of 

metabolic and molecular processes that occur within the cells. In the light of these circumstances, 

this work is a first step towards novel SERS-based assays for diagnostic medicine, pharmacology 

and other life science endeavours. 
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6.8 Future directions 

This study showed that novel nanoparticles are SERS active and provide an acceptable level 

of enhancement at a single particle level. The signals were however weaker than these obtained 

from aggregated AuNPs, shown in Chapter 5. This is a possible disadvantage in cellular studies, 

where local concentrations of target molecules are often low, hence strong signal enhancements 

are needed. Increasing the number of SERS nanoprobes, as well as an improvement in signal 

detection methodology, for example longer exposure times, more laser power and more 

accumulations can help to overcome this issue. Manipulation of the nanoprobes structure could 

also improve their enhancing potential and allow bigger enhancements. Moreover, it has been 

evidenced that nanostars are likely to produce more varied SERS signals due to the fact that their 

hot-spots are highly accessible. While this could yield problems in studies involving intracellular 

process dynamics, where both probed molecules and SERS nanoprobes move freely in the 

environment. Target molecules can access hot-spots readily but are also easily lost from the 

nanoparticles. This feature however could be beneficial for microfluidics-based SERS, where SERS 

nanoprobes can be immobilized and pick up signals of molecules flowing through the microfluidic 

device. Easy access is then very beneficial, as probed molecules spend relatively short time near 

the nanoparticles and need to access hot-spots fast in order to be detected, depending on the 

flow rate. Such studies have been already published using spherical nanoparticles 50, 51, and the 

use of nanostars could improve such methodologies, as the detection speed and hence the 

system throughput would be significantly increased. 
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Chapter 7: Summary 

The objectives of this thesis were to establish enhanced Raman techniques as a tool to 

investigate various aspects of interest in life science research. Both SERS and CARS were used to 

monitor cell differentiation and lipid droplet dynamics, as well as to identify bacterial species and 

evaluate enhancing properties of novel SERS nanotags.  

Coherent anti-Stokes Raman spectroscopy (CARS) is a type of vibrational imaging, which 

utilizes vibrational frequency of molecular bonds. Two laser beams are tuned to specific vibrations 

present in the sample and are spatially overlapped, which means that the signal is greatly 

enhanced, comparing to traditional Raman signals. Lipid metabolism is plays a key role in many 

diseases.  It is also an ideal subject for CARS microscopy because of the long chain hydrocarbon 

content. CARS microscopy also enables imaging of lipid droplets, as the local concentrations of 

lipids inside the droplets provides good contrast when compared to cell or tissue of interest. It has 

been proven that lipid droplets can be imaged in living cells and that their growth can be 

investigated. In this work, lipid accumulation was visualised with CARS earlier and at higher 

definition and resolution, than with the conventional Oil Red O staining. Additionally, it 

was proven the differentiation modulation with different chemical agents in in skeletal 

stem cells can be effectively assessed by CARS. 

CARS also has the potential of label-free imaging of lipid stores in living nematodes. In CARS 

image, lipid droplets appear as bright, round shapes inside the body of a worm and therefore can 

be easily distinguished from other structures. The results presented in this work show that CARS 

provides a sensitive alternative to histological stains to monitor lipids in a label-free, non-

destructive and rapid manner. Moreover, CARS imaging overcomes the limitation of poor 

specificity of staining techniques. This work demonstrated that CARS possesses the ability to 

quantify the lipid droplet content of plant parasitic nematodes and provide insight into the impact 

of chemicals on their metabolic status and viability.  

 Raman signals can also be enhanced by the presence of a nanostructured coinage metal 

such as gold or silver (Surface-Enhanced Raman Spectroscopy; SERS). This feature has been used 

to develop a method for rapid detection and identification of bacterial cells.  A fabricated SERS 

nano-substrate has been used along with commercially purchased gold nanoparticles for 

obtaining spectra and distinguishing between four different bacterial strains. The nano-substrate 

was found to be a better signal enhancer in terms of repeatability and accuracy of classification of 

the different bacteria.  
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SERS is a great tool for biomedical research due to its sensitivity and ability to overcome 

natural fluorescence of biological tissues. SH-SY5Y cells are used as in vitro models of neuronal 

function and differentiation. In their undifferentiated state, SH-SY5Y cells do not display some 

features found in primary neurons. It is thus common to stimulate differentiation in these cells 

using various chemical agents, such as retinoic acid or staurosporine. Upon differentiation, SH-

SY5Y cells stop proliferating and display different morphology. The early stages of this process are 

hard to monitor, as differences are initially only observed at a molecular level. This work 

presented label-free SERS-based assay to observe changes in molecular composition of 

differentiating cells in early stages. These differences correlate with cytoplasmatic RNA and 

protein levels present in the cells. 

Metallic spherical nanoparticles possess many advantages, including spectral multiplexing 

capacity due to the small line width of vibrational Raman bands, quantification based on spectral 

intensities, high photostability, minimization of autofluorescence from biological samples due to 

red to near-infrared excitation and the need for only a single laser excitation line. However, the 

level of enhancement relies on their aggregation. The variability due to this uncontrolled 

aggregation is a limitation for obtaining quantitative SERS data. This can be however avoided by 

using rationally designed nanostructures which can produce enhancements at a single particle 

level. In this work, two different types of such nanostructures were tested for their SERS activity. 

Obtained results confirm their ability to provide a good level of SERS enhancement thus their 

suitability for SERS-based assays, both in solution and inside cells. 

In conclusion, this thesis demonstrated and established the use of enhanced Raman 

techniques in different life science applications. This work was first to present a comprehensive 

method for CARS monitoring of modulated adipogenic differentiation in skeletal stem cells. 

Moreover, it was also first to present CARS images of parasitic plant nematode Globodera pallida 

and to propose a technique for assessing nematicide effectivity based on correlation between 

lipid droplet count and infectivity rate in nematodes. Bacterial classification technique based on 

SERS nano-substrate assay demonstrated in this work was rapid and effective, however an 

improvement is needed as the specificity is lower than in similar published studies. This work is 

the first to report SERS investigation of early neuronal differentiation in SH-SY5Y cells, which 

revealed direct correlation of this process with cytoplasmatic RNA and protein levels. Novel SERS 

nanoprobes were tested for their enhancing abilities and proved to produce an acceptable level of 

enhancement at a single particle level both in cells and in solution, however lower than 

conventional spherical nanoparticles. The improvement of particle design and experimental setup 

is needed in order to utilize fully their application potential. 


