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Abstract 

The high sensitivity and non-invasive sensing capabihties of Raman micro-spectroscopy have 

made this technique an attractive tool for biochemical analysis of cells and tissues. Biochem-

ical characterization via interrogation of molecular vibrations offers several advantages over 

conventional histological, cellular, and molecular techniques, including rapid, non-invasive 

analysis in the absence of fixatives or labels, and compatibility with aqueous biological sys-

tems. Despite these advantages, the vast majority of biological Raman studies involve inva-

sive sample processing (fixation, dehydration), which are liable to produce spectral artefacts. 

The focus of this thesis is specifically on the non-invasive analysis of live cell and tissue sys-

tems using Raman micro-spectroscopy. 

The Raman spectrum of a cell or tissue is a biochemical 'fingerprint', containing molecular-

level information about all cellular and tissue matrix biopolymers. Raman spectral signatures 

have previously been used to characterize cellular phenotype, tissue composition and archi-

tecture, and to monitor cellular processes and tissue development. This thesis demonstrates 

the novel application of Raman micro-spectroscopy to explore: 

• Biochemical differences between cells synchronized in different phases of the cell cycle. 

• Characterisation of primary alveolar epithelial type II (ATII) pneumocyte differentia-

tion in vitro. 

• Biochemical differences between primary ATII cells, cancerous A549 cells and trans-

formed type I-like cells derived from primary ATII cells. 

• Mineralised bone nodule formation in vitro by several cell sources (embryonic and mes-

enchymal stem cells, and mature osteoblasts). Trends in mineralization were identified 

over a 28-day period for a detailed comparative study. 

In each investigation, spectroscopic results were correlated with those obtained using 

gold-standard biological techniques. Qualitative and quantitative chemometric techniques 

were used to process and analyse Raman spectral data, with strong emphasis on multivariate 



analysis techniques to ensure robust and objective data analysis. The work presented herein 

demonstrates the tremendous potential of Raman micro-spectroscopy for the non-invasive 

analysis of live cell and tissue systems. 
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Chapter 1 

Introduction 

Medical research is increasingly interested in understanding events at the cellular and molec-

ular levels [1]. An accurate understanding of molecular interactions, cellular processes and 

responses to stimuli are of paramount importance in biomedical research areas such as cancer 

research, pharmacology and tissue engineering. Biologists have at their disposal a number of 

powerful techniques to characterise tissues, organoids, populations of cells, single cells and 

even subcellular dynamics. A plethora of immunochemical, molecular biochemical and mi-

croscopy techniques have been developed to study tissue composition, structure, and cellular 

behaviour based on probing of surface markers or intracellular content. Electron microscopy 

(EM) techniques are often used to identify and characterize the morphology and ultrastruc-

ture of tissues, cells and organelles. Tissue composition and architecture can be determined 

with histology, and cellular expression of proteins and genes has been investigated with tech-

niques such as immunofluorescence confocal microscopy, reverse transcriptase polymerase 

chain reaction, flow cytometry, and immunoblotting. 

New developments, such as total internal reflectance microscopy and fluorescence lifetime 

imaging microscopy (FLIM), enable single-molecule imaging, allowing scientists to perform 

biochemical experiments inside living cells [2]. The main drawback of most of these biolog-

ical techniques is that they are invasive, requiring cell fixation, lysis, or extraction, which 

can alter cellular biochemistry or even destroy the biological sample, and therefore, are un-

suitable for studies on hving cells or tissue in situ. Optical and spectroscopic methods, such 

as fluorescence or confocal microscopy, can be applied to the analysis of single living cells, 

but are disadvantaged because they require the introduction of molecular probes, may inter-

fere with cellular dynamics and provide information limited to a small range of subcellular 

components [3]. Many biological research fields would benefit from the development of new 

techniques which permit rapid, non-invasive, in situ monitoring of living cells and tissues. 
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Laser-based Raman micro-spectroscopy presents a rapid, reagent-free and non-invasive 

alternative for the analysis of biological samples. Raman spectroscopy is a class of vibra-

tional spectroscopy which probes the fundamental vibrational modes of the molecules within 

a sample [4]. Thus Raman spectroscopy can provide molecular-level information on the 

composition of biological samples, including cells and tissues [5]. The Raman signal is based 

on the scattering of light, and unlike conventional biochemical assays, does not require the 

use of fixatives, labels, or stains. Raman spectroscopy is uniquely suited to the analysis of 

hydrated or aqueous samples, as the weak Raman scattering of water interferes only min-

imally with Raman signals. For biomedical applications, this gives Raman spectroscopy a 

significant advantage over infrared (IR) absorption spectroscopy, the more commonly known 

class of vibrational spectroscopy, because the strong absorption of water obscures IR spectra 

(due to differences in selection rules between IR and Raman). Furthermore, the coupling 

of a Raman spectrometer to an optical microscope, known as Raman micro-spectroscopy, 

enhances spatial resolution by facilitating the collection of spectra from microscopic volumes 

(potentially < 1/im^), thus enabling the analysis of micro-scale features of biological samples 

[6]. 

1.1 Mot iva t ion 

Considering the manifold benefits afforded by modern Raman micro-spectroscopy — rapidity, 

sensitivity, non-invasive sensing, excellent spatial resolution, high information content, and 

minimal sample preparation, it is not surprising that biomedical applications of Raman 

spectroscopy have blossomed in the past two decades. What is however surprising, is that 

since Puppels et al. first demonstrated that Raman micro-spectroscopy with near infrared 

(NIR) laser excitation could be used to non-invasively analyse single living cells in vitro in the 

absence of fixatives and labels [7], the vast majority of Raman-based biological studies have 

involved the analysis of cell and tissue samples which have undergone (potentially) invasive 

sample preparation, such as fixation [8] and/or dehydration [9]. The use of fixatives to 

preserve biological samples is usually done to prevent bacterial growth and to prevent changes 

in cellular conditions (cell cycle, metabolism, death, etc.) during spectral acquisition, which 

may be relevant if the cellular process under investigation occurs on a time scale much shorter 

than that required for data collection. Also, tissue samples must be fixed and sectioned to 

study sub-surface features if a confocal microscope is not used, or if analyzing regions below 

the maximum penetration depth afforded by a confocal microscope. However, biological 

fixatives are invasive and require additional sample preparation, thereby negating the two 
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most attractive advantages of Raman spectroscopy. Fixation, dehydration and sectioning 

of samples also rely on the assumption that the various processing steps do not alter the 

biochemical properties of the sample. 

There is some debate as to how well biological fixatives preserve the biochemical com-

position and structure of cells and tissues, and the influence these have on spectroscopic 

measurements. Some evidence has been presented which indicates that invasive sample pro-

cessing can lead to degradation of signal quality [10], and more importantly can introduce 

spectral artefacts [11, 12]. The influence of fixation and dehydration (by desiccation) on 

single-cell Raman spectra are illustrated in Figure 1.1, which includes the mean spectra of 

four measurements collected from different locations within a single cell in live cell culture, 

along with spectra from identical locations in the same cell after fixation and desiccation. 

The theory and background of Raman scattering is discussed later in the current chapter, 

while the experimental methods used to collect and process these cellular Raman spectra will 

be described in detail in Chapter 2. It is clear from Figure 1.1 that fixation and desiccation 

influence cellular biochemistry — otherwise, the mean spectra of the live, fixed, and dried cell 

would be coincident, with only minimal variation between them. The effects are more severe 

for desiccation, which distorts Raman bands describing all cellular biopolymers, especially 

proteins. While the effects of fixation are less detrimental, distinct biochemical changes in 

the secondary structure of proteins in the fixed cell can be detected. Similar results were 

obtained in several other cells when analysed under similar conditions. Such artefacts could 

confound qualitative and quantitative analysis, generating spurious results in experiments 

involving invasively processed samples. 

1.2 Scope of t h e thesis 

The objective of this research is to develop novel biological applications of Raman micro-

spectroscopy, by focusing on the analysis of live cell culture systems. Taking full advantage 

of the high sensitivity and non-invasive sensing capabilities of this versatile technology avoids 

biochemical perturbations and artefacts associated with invasive sample processing methods. 

The research presented here builds directly on the work of previous members of our 

research group. The Bio-Raman group was founded by Professor Larry Hench and Dr loan 

Notingher in 2002. The early research by Notingher et al. focused on optimization of 

a Raman micro-spectroscopy system for the non-invasive analysis of single living cells in 

vitro [13], including suitable laser wavelength (s) and power (s), and the development of a 

basic Matlab software toolbox for processing and analysis of Raman spectra. After initial 
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Figure 1.1: Effects of fixation and desiccation on the mean Raman spectrum of a single cell. A Mean 
spectra were computed from four (1-4) separate measurements collected from the same sites in the live, fixed, 
and desiccated cell. Light microscope pictures of the cell in B live cell culture, and after C fixation and D 
desiccation. Scalebar = 10 //m. 
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proof-of-concept studies, Notingher et al. successfully applied Raman micro-spectroscopy 

to investigate cell death [14], differentiation [15], phenotype discrimination [16], and as 

a biosensor to study cellular responses to toxic chemical agents. Owen et al. [17] further 

investigated Raman sampling methods, suitable cell culture substrates for Raman analysis, 

and studied the effects of prolonged exposure of high power near NIR lasers on single living 

cells in culture. In addition, Owen et al. expanded on biosensor applications of Raman micro-

spectroscopy, by characterising the effects of anti-cancer pharmaceuticals on live cancer cells 

[18]. More recently, Jell et al. explored tissue engineering applications of Raman micro-

spectroscopy, by investigating the enhanced differentiation of foetal osteoblasts with the 

dissolution products of a commercially available bioglass material [19]. 

In this thesis, Raman micro-spectroscopy was used to investigate the intricate dynamics 

of the cell cycle; the clearance of surfactant during in vitro differentiation of primary pul-

monary alveolar type II epithelial cells; for spectral phenotyping of primary lung cells and 

model lung cell lines; and to compare the in vitro osteogenic potential of several murine 

cell sources (osteoblasts, embryonic and mesenchymal stem cells). These cellular systems 

play important roles in cancer research, pharmaceutical development, respiratory cell and 

molecular biology, (stem) cell-based therapies and tissue engineering. Digital signal pro-

cessing (DSP) filters and multivariate statistical analysis techniques were applied to extract 

important biochemical information from complex, high-dimensional spectral data sets. Data 

interpretation with respect to underlying biological processes {e.g. cell cycle, cellular dif-

ferentiation, bio-mineralisation) was facilitated by correlating spectral results with those 

obtained in parallel experiments with gold-standard biological techniques. These innovative 

applications demonstrate the potential of Raman micro-spectroscopy as a powerful tool for 

the rapid, non-invasive analysis of live cell culture systems. 

1.3 Overview 

The remainder of Chapter 1 provides a background review of the origin and development of 

Raman micro-spectroscopy, along with its applications in biomedical research. The relevant 

methodologies for Raman micro-spectroscopy, signal processing and multivariate statistical 

analysis of spectral data generated by the experiments herein are discussed in Chapter 2. 

Chapters 3-6 discuss the main experimental results, and also include application-specific 

literature reviews, experimental methodologies, and suggestions for future work. Final con-

clusions and a general overview of potential future developments are presented in Chapter 7. 
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1.4 Background 

1.4.1 R a m a n scatter ing 

The Raman effect is a fundamental process based on the interaction of light and matter, and 

was discovered by C.V. Raman in 1928 [20]. When a beam of monochromatic light [e.g. 

a laser beam) illuminates a substance, some of the light is transmitted, some is absorbed, 

and some is scattered. Scattering arises when electrons in the molecules of the substance 

oscillate with the incident electromagnetic wave. The oscillating molecules absorb the energy 

of incident photons and are promoted from the ground state to higher energy level, a 'virtual' 

state. The virtual state is not a stationary energy state of the molecule in the quantum-

mechanical sense; rather it is a distortion of the electron distribution of a covalent bond. 

Because they are unstable at this virtual state, molecules immediately relax back to the 

original electronic state by emitting a photon, which is observed as scattered radiation. Hence 

scattering is an incoherent, two-photon process. The major portion of the re-radiated light is 

Rayleigh scattered light, which has the same frequency as the incident light, and is also called 

elastic scattering. In this case, the molecule returns to its original vibrational energy level, 

and no energy is transferred to the molecule. A small fraction of the scattered light, however, 

is shifted in frequency from the incident light due to the transfer of some incident light energy 

to the molecules (or vice versa) during the electron oscillation. This is what is known as 

inelastic or Raman scattering, and the energy differences between incident and scattered 

photons correspond to the specific vibrational (or rotational) energies of chemical bonds of 

the scattering molecules. Stokes Raman scattering occurs when the scattered photon has less 

energy than the incident photon, while the opposite case corresponds to anti-Stokes Raman 

scattering. Energy level diagrams describing Rayleigh and Raman scattering are included in 

Figure 1.2. The energy of the incident photon with wavelength Aq is defined as 

EQ = hvQ = — , 

where i/Q is the frequency of the laser beam, h is Plank's constant (6.62 x 10"^^ erg • s), and 

c is the speed of light (3 x 10® m/s). The frequency of the Stokes and anti-Stokes Raman 

scattered photons are denoted by z/g and z/as, respectively. 

The change in energy between the incident photon and the (Stokes) Raman scattered 

photon, AE, is given by 

A £ = h{VQ — l/g), 

and corresponds to the energy of a molecular vibration [21]. 
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Figure 1.2; Energy level diagrams showing Rayleigh, Stokes, and anti-Stokes Raman scattering with energy 
of incident and scattered photons indicated for each process. Eo and E i correspond to electronic states and 
i/Q, ui, V2 correspond to vibrational energy levels within electronic states. 

In Stokes Raman scattering, the molecule is in the lowest vibrational energy level before 

interaction with the incident photon, and returns to a higher vibrational energy level after 

the interaction. By contrast, in anti-Stokes Raman scattering, the molecule is in a higher 

vibrational energy level before the interaction and then returns to a lower level after trans-

ferring some energy from the incident photon. The intensity of Stokes Raman scattering is 

usually much higher than that of anti-Stokes Raman scattering, because at thermal equi-

librium the number of molecules in a lower vibrational energy level is always higher than 

the number of molecules in the next higher vibrational energy level. For this reason. Stokes 

Raman scattering is most often used in measurements. More comprehensive coverage of the 

theory of Raman spectroscopy can be found elsewhere [22]. 

Not all vibrations of a molecule will generate Raman scattering. A molecular vibration 

for which the Raman scattering intensity is zero is called Raman inactive or forbidden. Vi-

brations that are not Raman inactive are called Raman active, or allowed. Raman selection 

rules specify what types of vibrational transitions are allowed for a molecule of a particular 

symmetry group. In general, Raman active vibrations are those for which excitation of the 

vibration produces a change in polarizabihty of the electron cloud of a molecule [23]. In 

contrast, vibrations are active in IR spectroscopy if the vibration produces a change in the 

dipole moment of a molecule. Thus polar molecules tend to absorb strongly in the IR but 

produce weak Raman scattering, while non-polar molecules tend to be weak IR absorbers 

but strong Raman scatterers. Vibrational selection rules are the reason why water (a polar 

molecule) is a strong absorber of IR radiation but a weak Raman scatterer. Molecular sym-
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metry calculations can be used to generate character tables which can be used to determine 

whether or not a given molecular vibration is Raman active or inactive [24]. 

A Raman spectrometer is a device which collects Raman scattered light and analyses 

it with respect to its component frequencies. Many different variations in geometry and 

components are in common use, depending on spectrometer type (Fourier Transform (FT) 

Raman versus dispersive) and observation angles (usually 90° right-angle scattering or 180° 

backscattering) from which the Raman scattered light is collected, but the main components 

include: laser (monochromatic excitation source), collection optics, wavelength analyzer, 

detector and computer Figure 1.3 [4]. The collection optics include a laser rejection filter, 

also often called a notch filter, to filter out Rayleigh scattered light, which is often orders 

of magnitude more intense than Raman scattered light. The information collected by the 

spectrometer is then stored and manipulated on a computer, which is also often used to 

control spectrometer parameters and settings via custom-designed software. Data describing 

Raman scattering from a sample is usually displayed as a plot of Raman scattering intensity 

versus wavelength, and is called a Raman spectrum. Since each molecular species has its own 

unique set of molecular vibrations, the Raman spectrum of a particular species will consist 

of a series of peaks/bands, each shifted by one of the characteristic vibrational frequencies 

of the molecule. The traditional units for the x-axis of a Raman spectrum are 'wavenumbers 

of shift from the exciting wavelength', or simply 'Raman shift'. Wavenumber is simply the 

reciprocal of wavelength when the wavelength is expressed in centimeters {i.e. the number 

of waves per centimeter). The x-axis of a Raman spectrum, then, is the difference between 

the excitation wavelength and the Raman wavelength expressed in wavenumbers (w). The 

Raman shift of a given vibration is a measure of the energy of that vibration. As such, it is 

independent of the laser excitation wavelength used. Thus, the positions of peaks along the 

z-axis of the Raman spectrum of a given material do not change with different excitation 

wavelength. However, the excitation frequency does influence the Raman scattering intensity, 

which is addressed in the following section. 

1.4.2 R a m a n intensi ty 

Full classical and quantum mechanical models of Raman scattering can be found in [22]. 

These models can be used to derive complex expressions for the Raman scattering intensity 

[25], which can be condensed into a more readily interpretable form: 

7 = (1.1) 
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Figure 1.3; Generic 90° illumination Raman spectrometer showing main components: laser, collection optics, 
wavelength analyzer, detector and computer. Many variations of geometry and components are in common 
use. Laser rejection filter is often called a notch filter. 

where I is the intensity of the Raman signal, Iq is the intensity of the incident laser light, a is 

the absolute Raman cross-section, P is the sample pathlength, C is the concentration of the 

sample, and if is a constant to account for experimental parameters such as optical collection 

efficiency and optical transmission of the Raman spectrometer [6]. This expression indicates 

that the Raman scattering intensity is proportional to the excitation light intensity and to 

the molecular concentration of the sample. This is the basis for quantitative analysis using 

Raman spectroscopy: doubling the concentration of a sample will (theoretically) double the 

observed Raman scattering intensity. Although it is not obvious from this equation, the 

Raman scattering intensity is also proportional to [4], where VQ is the laser 

excitation frequency and u is the frequency of a molecular vibration, which implies that the 

Raman scattering intensity can be increased by using incident light with a higher frequency 

(shorter wavelength). The Raman scattering cross-section is proportional to the probability 

of an incident photon being scattered as a Raman-shifted photon with a particular Raman 

shift. This is analogous to molar absorptivity from Beer's law encountered in analytical 

chemistry, which is simply a cross section for absorption. Like Raman scattered intensity, 

the Raman scattering cross-section depends on the observation geometry, as well as the 

excitation frequency, so that the Raman scattering cross-section decreases as the wavelength 

of the excitation increases [i.e. as the excitation frequency decreases). 

As mentioned, the vast majority of scattered photons undergo Rayleigh scattering, while 

Raman scattering is a very weak process. In terms of the parameters affecting Raman scat-

tered intensity, the Raman scattering cross-sections of sample molecules are generally orders 

of magnitude weaker than those for the competing processes of absorption and fluorescence. 
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Thus Raman signals are inherently weak, and typically only 1 in 10®-10® photons undergo 

an inelastic light scattering event [21]. Furthermore, Raman scattering occurs in all direc-

tions from the sample, but in practice only the scattered light from sample molecules within 

a relatively small range of solid angle (normally measured in steradians) can be collected, 

which is referred to as the acceptance cone of the spectrometer. These factors meant that 

Raman spectroscopy was not practical until the development of robust laser sources to pro-

vide high illumination intensity, and holographic notch filters to filter the strong Rayleigh 

scattering. Intelligent spectrometer design has enabled researchers to take advantage of the 

fact that the intensity of Raman scattered light is not equivalent in all directions, by using 

optimal collection geometries {e.g. 90° or 180°) [6]. Further, more recent developments 

such as FT-Raman and dispersive Raman spectrometers with charge coupled device (CCD) 

detectors and near infrared (NIR) excitation were required to overcome strong fluorescence 

interference observed from biological samples. A number of special Raman techniques have 

also developed to reduce the fluorescence background and to enhance the inherent weak 

spontaneous Raman signal. 

1.4.3 Enhanced and non-linear R a m a n techniques 

Resonance Raman scattering (RRS) occurs when the excitation laser frequency is coinci-

dent (or near-coincident) with an electronic transition of a molecule. This can result in a 

10^-10® increase in the Raman scattering intensity of vibrations associated with the elec-

tronic chromophore over non-resonance intensities [6]. This dramatic increase in sensitivity 

happens for only a few vibrations of a molecule, giving resonance Raman much greater speci-

ficity than normal spontaneous Raman scattering. RRS has been used to image haemozoin 

within functional erythrocytes [26], and has been implemented with confocal imaging of 

live cells to identify subcellular components responsible for the uptake and metabolism of 

anti-cancer pharmaceuticals within cancer cells [27]. However, visible or ultraviolet light 

excitation is normally required to promote a molecule to a higher electronic energy state 

and thereby achieve resonance. This leads to issues of fluorescence interference and sample 

photo-degradation, which can hinder RRS analysis of biological samples [13]. 

The Raman scattering cross section of a material may be increased by a factor of 10^ 

or more by the presence of metal (normally Au, Ag, or Cu) colloids or a roughened metal 

surface. This effect is called surface-enhanced Raman spectroscopy (SERS) [21]. SERS 

has proven particularly useful for studying intracellular pharmacokinetics [28], for moni-

toring neurotransmitter release by rat neural cells in vitro [29], and as a nano-sensor to 

probe endosomal compartments within living cells [30]. The SERS enhancement can also 
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be combined with a chromophore to effect surface enhanced resonance Raman spectroscopy 

(SERRS), making single molecule Raman spectroscopy possible [31]. However, the chemical 

and electromagnetic effects which contribute to SERS are not fully understood, and the re-

quirements of analyte contact with a SERS substrate undermines one of the primary benefits 

of applied Raman spectroscopy, which is non-invasive, non-contact analysis. Problems with 

stability and reproducibility of SERS substrates also complicate matters, as do decomposi-

tion of sample analytes and chemical/photochemical reaction of the sample with the SERS 

substrate. With respect to SERS analysis of biological samples, the culturing of cells on a 

metal substrate or in a colloidal solution may alter cellular behaviour, and raises the issue of 

biocompatibility: it has previously been shown that uptake of metallic nano-particles by live 

cells in colloidal solution leads to aggregation and compartmentalisation of the nano-particles 

within the cellular cytoplasm — which is common behaviour for cells attempting to destroy 

foreign material [30]. 

Multiple lasers can be used to excite coherent anti-Stokes Raman scattering (CARS), 

a nonlinear optical process. This approach is based on polarisation of the sample by the 

nonlinear mixing of optical fields, where multiple lasers at different frequencies are used to 

excite scattering from higher order vibrational modes [32]. The technique produces a directed 

laser-like signal beam that is many times stronger than spontaneous Raman scattering (~ 

10® signal enhancement). The collection of a coherently-generated anti-Stokes signal (as 

opposed to Stokes signal in spontaneous Raman spectroscopy, RRS and SERS) also avoids 

fluorescence interference, which occurs exclusively on the Stokes side. CARS microscopy is 

a rapid vibrational imaging technique with three-dimensional sectioning capability, and has 

been used to image mitosis and apoptosis in live, unstained cells [33], to study lipid droplet 

organelle transport in live cells [34], differentiation of adipocytes [35] and embryonic stem 

cells [36], and for real-time visualisation of intracellular hydrodynamics [37]. The drawbacks 

of CARS include increased technical complexity, in addition to limited spectral and chemical 

resolution. 

FT-Raman spectroscopy is an alternative experimental approach to the more common 

CCD-based dispersive Raman spectroscopy [38]. Conventional Raman spectroscopy mea-

sures Raman scattered intensity versus frequency, while in FT-Raman a Michelson interfer-

ometer is used to measure the intensity of many wavelengths simultaneously. The Fourier 

transform of the time-domain interferogram is then calculated to produce the frequency-

domain Raman spectrum. While FT-Raman does not provide an increase in Raman scat-

tered intensity, it does provide Raman signal enhancement by suppression of fluorescence 

background often encountered with visible wavelength laser excitation (~300-700 nm). The 
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elimination of fluorescence achieved by excitation with a Nd:YAG laser with 1064 nm excita-

tion is an excellent option for analysis of biological samples prone to fluorescence. FT-Raman 

spectroscopy has previously been used to detect Barrett's epithelium in rat oesophageal tissue 

[39], to differentiate between malignant and normal stomach tissue [40], and to discriminate 

between suspensions of live tumorigenic and non-tumorigenic cells [41]. However, since Ra-

man scattering efficiency is proportional to ~ the use of 1064 nm laser excitation 

results in a significant reduction in Raman scattered intensity {e.g. a factor of 16 to 45 loss 

in scattered intensity compared with 532 nm excitation). The lower sensitivity of FT-Raman 

systems and noisy InGaAs detectors generally translates to long data collection times (typi-

cally 30 minutes) and unsuitable for the analysis of live cell culture systems where speed of 

measurement can be important. 

Additional biological applications of signal-enhanced Raman techniques are highlighted 

in a number of excellent review articles and book chapters (FT-Raman [42], RRS [43], 

SBRS [44], CARS [32, 45]). 

1.4.4 R a m a n spectroscopy 

The experiments discussed in this thesis involve biological applications of non-resonant, spon-

taneous Raman micro-spectroscopy, rather than the enhancement techniques discussed in 

the previous section. The advantages of 'normal' Raman micro-spectroscopy include the 

relatively inexpensive excitation lasers, its compactness, robustness, mobility, user-friendly 

instrumentation due to lower technical complexity, and broadband ability as all vibrational 

modes are excited simultaneously [3]. 

Raman micro-spectroscopy produces a spectrum describing the Raman active vibrations 

of the molecules at a single point (or more accurately, focal region) of a sample. The vi-

brations appear as peaks with characteristic Raman shifts (in cm"^) from the incident laser 

frequency which correspond to the energies of the Raman active molecular vibrations, and 

peak intensities reflect the concentration of molecular species with respect to one another. 

The (mean) Raman spectra of a biological cell included in Figure 1.1 contain several peaks 

which provide molecular-level information about all cellular biolpolymers (nucleic acids, pro-

teins, lipids and carbohydrates). Thus the Raman spectrum of a cell essentially represents a 

unique biochemical fingerprint, and as such, can be used to identify the presence of certain 

biological molecules without any labehng. For example, the sharp, narrow peak at 1003 

cm~^ in the Raman spectra of Figure 1.1 is due to a molecular vibration of the benzene ring 

in the amino acid phenylalanine. Details of the molecular vibrations which correspond to 

other Raman peaks will be discussed later. In general, Raman bands are narrow, typically 
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10-20 cm"^ in width, and in this respect Raman spectroscopy offers higher specificity than 

fluorescence and infrared spectroscopy. The complexity in the Raman spectra of Figure 1.1 

reflects the fact that the cell is a complex biochemical entity, and the presence of several 

broad peaks {e.g. the amide I band of proteins at ~1660 cm"^) indicates significant structural 

heterogeneity of some molecular moieties. 

1.4.5 R a m a n imaging 

A Raman spectrum only yields information about the local composition of a sample. In 

contrast, the aim of Raman imaging is to provide information on the spatial distribution of 

one or more chemical species within a heterogeneous sample. The advantage of Raman micro-

spectroscopy over other optical imaging techniques is the molecular specificity of Raman 

scattering, which can be probed without external markers, dyes, or labels that are usually 

required in radio-isotope and fluorescent imaging. In addition, Raman imaging is suitable 

for imaging hydrated biological samples or those in aqueous solution. 

There are three imaging methodologies which can be used to obtain a spatially resolved 

chemical image using a Raman micro-spectrometer, all of which have been used to construct 

Raman images of biological samples such as cells and tissues. In direct Raman imaging (DRI), 

also known as global or wide-field imaging, the laser beam is expanded to cover the sample 

area of interest, and the scattering of a Raman active vibration from the microscope field of 

view (FOV) is filtered and focused to produce an image directly on the detector [21, 46]. The 

intensity of the signal at a given location within the image is related to the concentration of 

the molecules undergoing the Raman active vibration at that location. The spatial resolution 

of a processed image acquired with DRI can approach the diffraction limit imposed by the 

objective lens and the excitation wavelength, e.g. a spatial resolution of 0.53 jim can be 

achieved with 782 nm excitation and an objective lens of numerical aperture 0.9 [47]. DRI 

has been used to image /3-carotene levels in live corpus luteum cells [48], and to study the 

subcellular distribution of an anti-cancer drug in living breast cancer cells [46]. In principle, 

a Raman image can be collected with DRI in the same time required to collect a Raman 

spectrum at a single point {i.e. focal region), making DRI a potentially fast technique. In 

practice however, de-focusing the laser beam to illuminate an entire FOV drastically reduces 

the intensity at the sample, thereby reducing the Raman scattered intensity. Consequently, 

image acquisition times tend to be quite long in order to excite enough Raman scattering to 

ensure adequate image quality. The other main limitation of DRI is that only a narrow band 

of scattering is detected (possibly only a single wavenumber); therefore chemical resolution 

is restricted, and only a single chemical species can be imaged at any one time. Furthermore, 
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imaging requires special system configuration (tuneable filters for wavelength selection), as 

well as a priori knowledge of the Raman band for the target molecule. 

Alternatively, a serial or scanning imaging technique can be used, whereby an image 

is constructed from several spectra collected at different spatial positions from a sample. 

In Raman micro-spectroscopic mapping, also known as hyperspectral imaging, a grid is 

defined on a microscope FOV, and a full spectrum is collected at each pixel by moving the 

sample with small step increments until the entire FOV has been scanned. Two illumination 

schemes are available for serial Raman imaging, namely point and line focus illumination. 

In point illumination, a dot laser is normally focused to a diffraction-limited spot size (~1 

fim or smaller) and a full Raman spectrum is collected at each point, pixel by pixel by 

moving the sample in a raster pattern with a motorized microscope stage (Figure 1.4A). 

Alternatively, line focus mapping involves illuminating the sample by focusing the laser to 

a line. In this configuration, several spectra are collected per scan, known as a Raman 

transect, and spatial discrimination of spectral information is accomplished by assigning 

scattering signal from different points to different rows of the CCD camera. Thus a single 

Raman transect provides simultaneous acquisition of spectra at many points along a line, 

rather than sequential acquisition of the same data by point mapping. The illumination 

line can then be translated across the sample in a direction perpendicular to the laser line, 

and in this way an image with a spectrum at each pixel can be generated from several 

parallel transects (Figure 1.4B). While individual measurements in serial imaging may boast 

diffraction-limited spatial resolution, the overall spatial resolution of the image is governed by 

the focused laser spot size (or width of a line focus laser) and the accuracy of the motorized 

sample stage. 

The main advantage of serial imaging techniques is that, with a full Raman spectrum 

associated with each pixel, all spectral features can be used to analyse chemical distribu-

tion within a sample. The main disadvantage of serial imaging is the low speed of image 

acquisition. The weakness of the Raman signal means that a relatively long time is required 

for each individual scan, and hence the scanning time for an entire image is considerable, 

e.g. several hours for a 100 x 100 pixel image. In this case, line focus imaging provides a 

much faster recording speed than the point illumination scheme, as spectral data along a full 

spatial dimension can acquired simultaneously. Thus, there is a trade-off between spatial 

resolution, chemical resolution, and measurement time when comparing direct and serial 

imaging techniques. A comprehensive study comparing DRI with both point and line focus 

hyperspectral imaging found that line focus mapping is the fastest method for acquiring 

spectral information at a reasonable spatial resolution (~1 /im) [49]. However, even with 
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Figure 1.4: High spatial resolution serial Raman imaging techniques: A Point and B line focus mapping 
demonstrated for a 25 x 25 grid on an A549 cell in culture. Scale bar = 5 nm. 
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that method, it can take several hours to acquire a Raman image, which is unsuitable for 

the analysis of dynamic living systems [50]. Serial imaging approaches can also be disad-

vantaged by low image fidelity, with point-mapping images degraded by pixilation artefacts 

[51] and line-mapping images by banding [52]. Despite these limitations, hyperspectral Ra-

man imaging is a mature technology with many diverse applications. Point-mapping has 

been used for label-free detection of mitochondrial distribution in fixed HeLa cells [53], to 

identify pyknotic nuclei in oxidatively stressed fibroblasts [3], to image the distribution of 

condensed nuclear chromatin in human cells at different stages of mitosis [54], to image 

protein and DNA distribution in apoptotic cells [55], for elucidation of NADH dynamics 

[56], and to probe cell-biomaterial interactions, namely polymer microsphere degradation 

within fixed macrophages [57]. Line-focus imaging has been used to study the spatial dis-

tribution of phosphate mineral species in mature and newly generated mammalian cortical 

and trabecular bone [58], to identify trends in mineralization during development of mouse 

calvaria [59], to investigate the differences between healthy and diseased [60] or damaged 

bone [52], to study calcium phosphate bone implant coatings [61], and to identify trends 

in mineralization within cultures of mouse calvarial osteoblasts [62]. 

The analysis of single living cells in culture with Raman micro-spectroscopy requires bal-

ancing the trade-off between spatial resolution, chemical resolution, and measurement time. 

Ideally, an approach which maximizes information content while minimizing measurement 

time is desirable — that is, the rapid acquisition of broadband Raman scattering signal from 

an entire cell in the least amount of time. DRI is unsuitable because it provides images of 

limited chemical resolution rather than full Raman bio-molecular fingerprints. Point mea-

surements of single living cells using a dot laser focused to diffraction-limited spot size provide 

high information content, but at such high spatial resolution, point spectra of subcellular 

organelles can be obtained with features dominated by only a single biochemical compo-

nent {e.g. cholesterol [3], phosphatidylchohne [9]). Thus point-to-point measurements may 

exhibit large spectral variation, necessitating the automated collection of hundreds or thou-

sands of spectra to completely characterize a heterogeneous cellular system. However, as 

mentioned, point and line imaging both involve very long measurement times (~1-15 hours 

or more) [3, 54], and are only suitable for fixed and/or dried cells rather than live cell culture 

systems. 

An alternative to mapping/imaging techniques is to use single 'point' Raman micro-

spectroscopy with non-diffraction hmited spatial resolution. By using a laser with a large 

spot size, the scattering signal from a large subcellular region is represented in each Raman 

spectrum, and so only a small number of measurements are required to analyse a cell. One 
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option is to use a de-focused laser with circular beam profile, similar to that used in DRI. 

However, de-focusing the laser substantially reduces the excitation intensity, and hence the 

Raman scattering intensity, thus requiring long measurement times. Our research group has 

developed a dedicated Raman micro-spectroscopic system optimized for the rapid, real-time 

analysis of single living cells [13]. Our approach involves the use of a high power NIR-

785 nm line focus laser with an elliptical beam profile (~10 ^m x 20 fim spot size with a 

x63 water immersion objective) which offers spatial resolution similar to that of diffraction 

limited FTIR micro-spectroscopy [4]. A similar approach could be taken by de-focusing 

a high-power NIR dot laser with a beam expander; however, the severe reduction in laser 

power at the sample would require long measurement times in order to obtain high-fidelity 

Raman signals (our system does not contain a beam expander). With our approach, typical 

data collection time per cell is ~5-10 minutes, depending on the signal integration time and 

the number of spectra required per cell (typically one to five), which in turn depends on cell 

type, size and morphology (Figure 1.5). A previous member of our group, Dr Chris Owen, 

conducted a series of experiments during his PhD and found that even long-term (> 1 hour) 

exposure to the high-power NIR laser on our system did not unduly influence the health 

and viability of live cell culture systems [17]. Spectra from different cellular locations can 

then be ensemble-averaged to produce a representative spectral biochemical fingerprint of 

a cell. Compensation for the sacrifice in spatial resolution is the collection of high-quality 

Raman spectral data from single living cells in only a few minutes. Rapid data acquisition 

minimises possible interference from cellular changes, while simultaneously maximizing the 

number of cells sampled under the same in vitro conditions. Thus, our approach facilitates 

the spectral analysis of a population of living cells in only a fraction of the time required for 

the collection of one high spatial resolution map of a single, fixed cell. Previous applications 

of this approach to analysis of live cell culture systems are discussed later in this chapter. 

1.4.6 Advantages of R a m a n micro-spectroscopy over other techniques 

Biological assays, histology, (immuno-)fluorescence confocal microscopy, reverse transcriptase 

polymerase chain reaction, flow cytometry, immunoblotting, autoradiography, and electron 

microscopy all require invasive processing steps (trypsinization, fixation, staining, etc.) and 

so are unsuitable for studying live cell culture systems in vitro. Some optical and spectro-

scopic techniques, such as fluorescence laser scanning confocal microscopy (LSCM), can be 

used to study single living cells, but require the use of synthetic fluorescent tags in order to 

identify the presence and location of intracellular bio-molecules, as the auto-fluorescence of 

natural fluorophores is often weak and non-specific. These tags, often very large molecules. 
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Figure 1.5: Live cell analysis with a line focus laser with large (non-diffraction limited) spot size (~10 lum 
X 20 /xm, elliptical beam profile). This approach only requires collection of a few spectra to 'map' a cell 
(typically 1 -5 spectra per cell, ^^30-40 second integration time per scan). An A549 cell in live culture is 
shown along with the sites of spectra acquisition (ellipses). Scale bar = 5 /xm. 

may induce undesirable biochemical perturbations and/or pharmacological/toxicological ef-

fects. In addition, such tags only probe a small range of subcellular or membrane-bound 

components, and do not provide complete biochemical characterization of cellular biopoly-

mers. Other problems limiting applications of fluorescence LSCM include sub-optimal la-

beling, photo-damage of samples induced by short-wavelength excitation, and fluorophore 

photon bleaching [5]. 

FTIR spectroscopy and imaging, like their Raman counterparts, are biochemical char-

acterization techniques which provide molecular-level information based on the absorption 

(rather than inelastic scattering in Raman) of electromagnetic radiation by molecules of a 

sample. Since FTIR spectroscopy and imaging are derived from the intrinsic molecular vi-

brational energy levels of a material, no external markers, dyes, or labels are required to char-

acterize biological samples. However, excitation with broadband IR beams for spectroscopy 

or tuned, wavelength-specific beams for imaging generally provide spatial resolution (~10-

20 /im) which is significantly inferior to that offered by diffraction-limited Raman micro-

spectroscopy (~1 yUm). The biggest limitation of FTIR for analysis of biological samples is 

due to the strong absorbance of water throughout the infrared region. Water absorbance 

interferes with IR spectra, and requires artefact inducing correction such as fixation and 

dehydration of samples, or omission of distorted spectral regions. In addition, collection of 

FTIR spectra normally requires very thin samples, which often necessitates invasive micro-

toming of biological samples. Alternatively, attenuated total reflectance (ATR) FTIR can 

be used to analyze sample surface properties. However, this technique requires contact with 

an ATR crystal, which can physically damage delicate biological samples. 

By its very nature as a non-contact optical technique, Raman spectroscopy offers a num-

ber of advantages over conventional biological techniques, including rapid, potentially real-
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time, non-destructive and non-invasive (depending on excitation laser wavelength) analysis 

of biological samples in the absence of fixatives or labels. The weak Raman scattering of 

water interferes only minimally with Raman signals from hydrated or aqueous biological sam-

ples, which offers significant advantages over FTIR vibrational spectroscopy for biomedical 

applications. It is generally accepted that NIR excitation (~700-1064 nm) is required for 

non-invasive analysis of biological samples, as visible wavelength excitation of such samples 

is often plagued by fluorescence, and UV excitation can damage biological samples through 

photo-degradation. The analysis of live systems permits the study of the same biological 

sample at multiple time points, thereby reducing the need for replicate/parallel samples 

commonly used in biological studies. In practice, however, such an approach is technically 

complex, and would require construction of an expensive, environmentally-controlled (tem-

perature and humidity) chamber around the Raman microscope, to ensure sterile and stable 

conditions during measurements and between time points. Because of the obstacles associ-

ated with this approach, virtually all live cell investigations with Raman micro-spectroscopy 

have instead focused on the analysis of separate/parallel replicate samples grown in consis-

tent culture conditions at different time points. This compromise relies on the ubiquitous 

cell biology assumption that similar preparations of cells and/or tissue constructs grow and 

behave similarly in culture. But this approach is not without benefits, as it permits in-

dependent biochemical characterization of the same sample (rather than separate, parallel 

samples for each time point) after Raman analysis, which is invaluable for both validation 

and correlation of Raman spectral results with those obtained using gold standard biological 

techniques. 

1.4.7 Biological applications of R a m a n micro-spectroscopy 

Modern vibrational spectroscopy has developed into a powerful tool for biomedical research. 

The extension of microprobe and fibre optic technologies to spectroscopic imaging, as well 

as improvements in optical filter technology and detector sensitivity, have facilitated the 

widespread application of vibrational spectroscopy to the study of biological samples (pro-

teins, cells and tissues) in the laboratory and chnical settings. Applied Raman spectroscopy, 

in particular, has experienced a "renaissance" in the past two decades, fuelled by significant 

technological advances, and a growing interest in developing practical academic and commer-

cial applications. In this overview, the key developments which paved the way for biological 

Raman micro-spectroscopy are discussed, along with its application to the biochemical anal-

ysis of cells and tissues. More comprehensive coverage of this field can be found in a number 

of excellent review articles [5, 63, 64, 65, 66, 67, 68]. 
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Historical development 

Biological applications of vibrational spectroscopy (FTIR and Raman) were first explored in 

the 1960s, as scientists developed methods to interpret the vibrational spectra of biological 

molecules {e.g. proteins, nucleic acids, phosphohpids, carbohydrates), identified character-

istic IR and Raman frequencies of organic compounds, and investigated structure-spectra 

correlation in both IR and Raman spectroscopy [69]. Lasers replaced the mercury arc as 

the source of Raman excitation in the 1960s, providing vastly superior performance and 

ease of use [6]. The advent of Raman micro-spectroscopy in the 1970s enabled the anal-

ysis of micro-scale features of heterogeneous biological samples, with the added benefit of 

correlating molecular chemical information with the structure and morphology of the tissue 

sample producing the Raman spectrum. However, the photo-degradation and overwhelming 

fluorescence encountered with UV and visible lasers, respectively, hindered the analysis of bi-

ological samples with Raman micro-spectroscopy [4]. These issues, along with the weakness 

of the Raman effect, were major impediments to the application of Raman spectroscopy for 

routine biochemical analysis. As a result, growth in FTIR spectroscopy and its applications 

to biology outpaced that of Raman until the 1980s. 

The two major technological advances in Raman instrumentation which occurred in the 

mid- to late-1980s were FT-Raman spectroscopy [38, 70] and the use of multi-channel CCD 

detectors with dispersive Raman spectrographs [71, 72]. Both technologies offered NIR 

excitation, which effectively reduced fluorescence interference. The user-friendly FT-Raman 

systems and fast dispersive systems enabled non-specialists to explore interdisciplinary ap-

plications of Raman spectroscopy, including those in biology and medicine. Continuing 

advances in optical technology such as fibre optic probes, compact diode lasers, efficient 

laser rejection filters, gratings, and compact imaging spectrographs have further enhanced 

biological applications of Raman spectroscopy [21]. In addition, the substantial increase 

in computing power witnessed in the past 20 years has greatly facilitated collection and 

sophisticated analysis of high-dimensional spectral data. These developments culminated in 

the generation of high-performance, commercially-available integrated Raman spectrometers 

which incorporated laser, spectrometer, sampling accessories, and software into a complete 

system. These systems were reliable, easy to use, and paved the way for the modern Raman 

revolution. 

CCD-based dispersive Raman spectroscopy is more commonly used for biomedical ap-

plications than FT-Raman spectroscopy. Dispersive systems generally produce spectra with 

greater signal to noise ratio (SNR) and permit much faster acquisition times than capable 
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with FT-Raman systems. Dispersive Raman systems are also more versatile than FT-Raman 

systems, allowing more laser options (UV, visible, and NIR), improved wavelength coverage 

of Raman-shifted light, alternative Raman imaging configurations (global, sequential point 

and line-focus imaging for dispersive systems versus sequential point imaging only for FT-

Raman systems), and yield spectra which are shot-noise rather than detector noise limited 

[6]. The combination of NIR diode lasers and detectors optimized for NIR scattering per-

mit the use excitation wavelengths shorter than the 1064 nm used in FT-Raman systems. 

Although fluorescence rejection is not as prominent, scattering efficiency is higher for lasers 

emitting at 785 nm or 830 nm than those operating at 1064 nm {e.g. the — scattering 

enhancement is approximately 3.5 times for 785 nm relative to 1064 nm), and CCD detector 

efficiency drops off dramatically as excitation wavelength increases. Once the benefits of 

this combination were realized, NIR lasers (particularly at 785 nm and 830 nm) became the 

standard excitation source for biological applications of Raman spectroscopy. 

Research and applications 

Raman signals can be used as bio-molecular fingerprints to characterize the biochemical 

composition and architecture of tissues, populations of cells, single cells and subcellular 

organelles, and to study cellular biochemistry in vitro. Biological applications of enhanced 

Raman (RRS, SERS, CARS), and Raman imaging techniques (DRI, point and line-focus 

mapping) were discussed in previous sections. The following section is devoted to biological 

applications of spontaneous, non-resonant Raman micro-spectroscopy. 

An excellent overview of in vitro and in vivo tissue characterization by Raman spec-

troscopy can be found in [5]. The analysis of tissue biochemistry and structure with Raman 

micro-spectroscopy can be performed on live or freshly excised tissues, or samples which have 

been fixed, frozen, and/or sectioned. In the case of bulk (i.e. unsectioned) samples, confocal 

Raman micro-spectroscopy can be used for non-invasive characterization of tissue compo-

nents beneath the surface. In this case, the use of NIR lasers minimises light absorption by 

tissues and enables deeper tissue penetration, in some cases more than 1 mm beneath the 

surface. In order to probe tissue composition and architecture beyond this limit, samples 

must first be fixed and embedded in a hard resin for sectioning. 

Raman micro-spectroscopy has been used to for spectroscopic characterization of both 

normal and diseased tissue states. A large number of studies have focused on optical detection 

and diagnosis of disease, with the aim of identifying spectroscopic markers of cancer in tissue 

samples both in vitro and in vivo. Stone et al. was able to classify epithelial cancers by 

correlating their Raman spectral signatures with their histopathological grade [73]. Deinum 
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et al. achieved histological classification of atherosclerotic lesions from Raman spectra of 

human coronary arteries [74]. Benign and malignant cancers have been studied in breast 

[75], oral [76], ovarian [77], lung [78], and brain [79, 80] tissues. The composition and 

hydration of normal and diseased human skin has been extensively studied by Caspers et al. 

[81, 82]. In addition, Raman micro-spectroscopy and imaging have been applied extensively 

to the analysis of mineralized and calcified tissues (bone, teeth, etc.), and are reviewed in 

detail in Chapter 6. 

Raman micro-spectroscopy has been used to examine populations of cells in suspension 

to study cellular proliferation [83], biochemical changes associated with carcinogenesis and 

necrosis [84], and to identify multi-drug resistance phenotype in cancer cell lines [85]. Al-

though interesting spectral information has been obtained from cell suspensions, single-cell 

spectra offer important information concerning specific biological functions, cellular inter-

actions with its microenvironment (with other cells, drugs, biomaterials, etc.), as well as 

variation within a population. 

The analysis of single living cells in suspension has been accomplished by combining 

Raman micro-spectroscopy with optical tweezers, a technique known as laser tweezers Raman 

spectroscopy (LTRS) [86]. This approach has been used to study heat denaturation in single 

micro-organisms [87], and to identify spectral differences between neoplastic and normal 

eukaryotic cells [88]. Raman spectra of single fixed, dried, cytospun, and living cells, grown 

or deposited on an appropriate Raman-transparent substrate {e.g. CaF2, MgF2), have been 

collected to study the biochemical composition of cellular organelles [9, 89], to distinguish 

between different prostatic cancer cell lines [90], and to study cellular processes such as 

apoptosis [91]. 

Puppels et al. pioneered the use of Raman micro-spectroscopy for biochemical analysis 

of single living cells in culture [7]. They studied differences between spectra of nuclei and 

cytoplasm in live human granulocytes, and deduced information on the secondary structure 

of proteins, and DNA: protein ratio in cell nuclei. Puppels et al. were also the first to show 

that NIR excitation is critical for the analysis of live cells in culture, as they detected cellular 

degradation with 514.5 nm excitation but not with 660 nm excitation [92]. Notingher et 

al. also demonstrated that UV and visible wavelength lasers can lead to cell death, even at 

low laser powers {e.g. 5 mW) and short irradiation times (5-20 minutes), but no damage 

was detected after 40 minutes of irradiation with 115 mW of 785 nm excitation [13]. These 

observations were attributed to cellular damage induced by higher energy photons of UV 

and visible light {i.e. higher energy than NIR light); for example, it is well known that high 

energy UV light can lead to irreversible double-stranded breaks in DNA, which promptly 
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leads to cell death. 

Raman spectra are sensitive to changes in molecular composition, and can therefore be 

used as cell-specific biochemical signatures to discriminate between different cell phenotypes 

[41, 88, 90, 16]. Non-invasive phenotyping with Raman micro-spectroscopy has also been 

used to identify cancerous cell phenotypes [85] to aid in disease detection, diagnosis [90], as 

a biosensor to monitor cellular response to drugs for pharmaceutical testing [18], and as a 

basic cytology tool to investigate cellular organelles [53], biochemistry [56], and apoptosis 

[91]. The application of Raman micro-spectroscopy to tissue engineering is a new and exciting 

prospect. Notingher et al. used Raman micro-spectroscopy to monitor mRNA-translation 

during embryonic stem cell differentiation [15], while Jell et al. investigated enhanced 

differentiation of foetal osteoblastic progenitor cells with bioactive glass dissolution ions 

[19]. Non-invasive spectral analysis shows tremendous potential for selection of cells for 

tissue engineering, monitoring cell growth, differentiation, cell-biomaterial interactions, the 

production of extracellular matrix, and the development of organized tissue structures in live 

cell culture systems. 
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Chapter 2 

Materials and Methods 

This chapter provides a general outline of the materials and methods employed in applying 

Raman micro-spectroscopy to the analysis of live cell culture systems. Experiment-specific 

details are included in the pertinent chapters. The important aspects of the research include 

cell culture conditions, cell biology for validation and correlation of spectral results with 

gold standard biological techniques, instrumentation and experimental techniques for Ra-

man micro-spectroscopy, and chemometric data analysis (signal processing and multivariate 

statistical analysis). 

2.1 Cell cu l tu re 

Standard cell culture techniques were used to prepare cultures of primary cells and im-

mortalized cell lines (transduced/transfected or cancerous) for analysis with Raman micro-

spectroscopy. Details of cell sources, cell culture media, supplements {e.g. serum, L-

glutamine, antibiotics, antimycotics, etc.) cell seeding densities and culture conditions for 

each experiment are included in the pertinent chapters. 

Standard cell culture preparations involve seeding cells on sterile, polystyrene-based tissue 

culture plastic, thermanox, glass coverslips, etc. These substrates are unsuitable for cellular 

analysis with Raman micro-spectroscopy, as the Raman signal from the dense polymer or 

glass substrate overwhelms the much weaker Raman scattering from cellular biopolymers, 

often by several orders of magnitude. To facilitate Raman data collection, cells can be grown 

on substrates such as CaFg [90], MgFg [16], fused-silica [15], etc. which have much lower 

Raman signals. Previous investigations in our laboratory by Notingher et al. [13] and Owen 

[17] into the suitability of various substrates as cell culture coverslips for Raman micro-

spectroscopy identified MgF^ as the best candidate, due to its low Raman signal and low 
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solubility in water. Notingher et al. further demonstrated that MgFg has no adverse effects 

on cell attachment, morphology, and viability [16]. Hence MgFg (Global Optics, UK) was 

selected as the substrate for all experiments discussed herein. For each experiment, MgF2 

coverslips were cleaned in ethanol, autoclaved, and UV-treated to ensure sterilization prior 

to cell seeding. 

2.2 Cell biology 

Gold standard biological techniques were used to confirm cellular changes {e.g. cell cycle 

stage, differentiation, phenotype, etc.) and to correlate these with Raman spectral changes. 

This involved analysis of independent samples run in parallel to those analysed with Ra-

man micro-spectroscopy. The techniques used in the investigations presented in this thesis 

include; flow cytometry, histo-/cyto-chemical staining, immunocytochemistry (ICC), and 

immunoblotting. The specific details of these techniques and analyses are included in the 

Materials and Methods sections of the relevant chapters. 

2.3 R a m a n micro-spectroscopy 

Excellent descriptions of the general properties of CCD-based dispersive Raman spectrome-

ters with NIR excitation can be found in [4, 6, 72], Raman spectra for all of the experiments 

discussed herein were measured with a dedicated Renishaw In Via (Renishaw, Wotton-under-

Edge, Gloucestershire, UK) dispersive spectrometer system optimised for rapid, real-time 

analysis of live cell and tissue culture systems, described in detail by Notingher et al. [16]. 

All Raman spectroscopy experiments reported in this thesis were performed by the author. 

A diagram of the system featuring its main components is included in Figure 2.1. The spec-

trometer was connected to a Leica DM-LM (Leica, Wetzlar, Germany) microscope, fitted 

with a Prior® motorised stage (accurate to within ±1 fim laterally and axially) and temper-

ature control module (accurate to within ±0.1°C). A Renishaw high power NIR 785 nm diode 

line focus laser (~300 mW at source, ~120 mW before objective) was used for excitation. 

The use of NIR laser excitation mitigates problems of photo-degradation and fluorescence 

commonly encountered with UV and visible excitation of biological samples, respectively. 

Previous research in our laboratory by Owen [17] and Notingher et al. [16] revealed that this 

laser wavelength and power have no detrimental effects on cell viability or phenotype, even 

with prolonged exposure. Other researchers have used similar laser wavelengths and power 

to examine biological cells [3, 83, 90, 93] and tissues [59, 94, 95]. 

The system's beam expander was removed to maximise the laser power at the sample, 
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F i g u r e 2.1: Schematic d iagram of the CCD-based dispersive R a m a n micro-spectroscopy system used in the 
experiments presented herein. The main system components are indicated. 

and hence the Raman scattered intensity. For analysis of live cell culture systems, the laser 

was focused on individual cells by a x63 (NA = 0.9) long-working distance (2 mm) water 

immersion Leica objective. Raman spectra of live cells were measured in either DMEM 

or PBS supplemented with 1% A/A maintained at 37°C (alternatively, COg independent 

medium can be used). The spatial resolution of the instrument (with x63 objective) was 

determined by the elliptical shape of the line focus laser spot and other spectral parameters 

{e.g. 50 ^m spectrometer slit width and CCD height of eight pixels). The lateral resolution 

was estimated by measuring the intensity profile along the sharp edge of a poly dimethyl 

siloxane (PDMS) sample at 1 jim step increments [15]. The region illuminated at the 

focal plane was roughly elliptical in shape, with minor axis estimated as x = 10 jj,m, major 

axis y — 20 /im. Axial resolution was determined by measuring vertical step scans above 

the surface of the same PDMS sample, and was estimated to be 2 = 30 /xm. This spatial 

resolution is on the same order of the diffraction-limited spatial resolution offered by FTIR, 

(~10-20 /im) spectrometer systems equipped with a 1064 nm Nd-YAG laser [6]. Thus the 

interrogated focal volume is ellipsoidal in shape, with an approximate value of y = ^irabc = 

3140 /im^, where a, b are the minor and major equatorial radii, and c is the polar radius 

of the ellipsoidal volume. While this spatial resolution is much lower than the potentially 

submicron (~1 fim^) diffraction-limited spatial resolution of dispersive Raman spectrometers 

equipped with UV, visible, and NIR dot lasers, this live cell culture approach (described in 

Chapter 1) utilizing a large laser spot size facilitates rapid collection of Raman scattering 

from live cells in only a few minutes. By collecting Raman scattering signal from a large focal 

volume, this approach is similar in principle to that of FTIR spectroscopy, which provides 

spatially-averaged information from regions whose dimensions are defined by the aperture of 

the system (ranging from as low as 10 x 10 /um^ [96] to more than 100 x 100 nxn^). 
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