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Abstract

This thesis is focused on the development of Ramiaro-spectroscopy for

label free imaging and discrimination of stem cells

The thesis is divided into six chapters. Chapteives an overview of the
existing techniques used for molecular analysisetis, with emphasis on methods
that allow non-invasive label-free imaging. A laéure review of the main relevant

applications of Raman micro-spectroscopy for imggialls was also included.

Chapter 2 discusses the basic theoretical prircipidRaman scattering and
design of Raman micro-spectrometers. The pracsaécts related to the design of
an optimised Raman micro-spectrometer are preseantéhapter 3 along with
experimental characterisation of its performancie Tchapter concludes with

examples of Raman spectral maps of endotheliad.cell

Chapter 4 and Chapter 5 present experimental sesbliained by Raman
micro-spectroscopy for molecular analysis of liveural and mesenchymal stem
cells. In these investigations Raman spectroscoggyy wsed to identify, image and
guantify spectral markers for label-free discrintioa between glial cells and their
neural progeny. The potential of Raman micro-spscopy to measure time-
course molecular changes of individual bone nodwigs demonstrated in Chapter

5. Future work and final conclusion are discusse@hapter six of this thesis.
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Chapter 1: Introduction to stem cells
and methods for molecular imaging

and discrimination

This chapter provides the scientific background andtivation of the
research presented in the thesis. It gives andatton to stem cells, with
emphasis on neural stem cells and osteoblastsedefream mesenchymal

stem cells, as these cells are the focus of irterdkis project.
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Chapter 1: Introduction to stem cells and methods for molecular imaging and
discrimination

1.1 Methods for molecular analysis of individual cis

The capacity of the human body to recover fromriegior diseases is limited and
in some situations almost non-existent. The stahdaedical procedures which
involve surgery and drug based therapies have shiovtations in treating many

complex conditions. New alternatives to existingdical treatments are required
as the incidence of the medical conditions witmicl impact on society in terms

of mortality, morbidity and quality of life is canuously increasing.

Tissue engineering is an emerging new field in modeedicine that aims to grow
tissue in laboratories that can be used for repiacé of diseased tissue and
organs, repair and regeneration. Tissue replacemeolves the growth of tissue
and organs in-vitro to be implanted in the humadydd]. Repair involves medical
treatment at the biological and molecular levelg&eeration is referred to in-vivo
stimulation of organ or tissue development. Thenmailvantages of the tissue
engineering approaches are related to reduce #ks @associated with tissue
availability and viral infections (e.g. tissue mjen) or negative immunological

response [2].

A number of different sources of cells are useder considered to be used for
tissue engineering, ranging from mature, fully eliféintiated somatic cells, adult
stem cells, to human embryonic stem cells. The soncalls extracted from the
patients have no risks associated with the integraand immune response from
the organic host as they are obtained in a limiednber and have a low
proliferation rate. On the other hand, adult stetlscare immature undifferentiated

cells extracted from sites of human body, usuatlggomarrow, and are capable of
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Chapter 1: Introduction to stem cells and methods for molecular imaging and
discrimination

generating daughter cells. The self-renewal prooesars over the entire life time
of the biological host. However, the limited numbéavailable adult stem cells in
the human body gives rise to impediments in thétssling capabilities of the

human body. Embryonic stem cells (ESCs) are derinad the inner cell mass of
mammalian blastocyste and can differentiate speotasly in vitro giving rise to

pluripotent cells [3]. Therefore ESCs can serveagmtential research model for
tissue development, cancer formation and metasgasenotype commitment, stem

cells based therapy, gene therapy strategies agddesign [4].

Neural stem cells are responsible for the generaifmeurons and glials cells and
offer great promise for developing treatments farkihson’s, Alzheimer’s
diseases, chronically inflammatory disorders of ¢batral nervous system (CNS),
as well as spinal cord injuries or strokes [5]. Tapacity of endogenous neural
stem cells to proliferate and replace the neuri§ ¢e-vivo may be affected by
chronic inflammatory processes [5]. Hence the mepaiential of endogenous stem
cells may be limited and any medical procedureggded to mobilize neural stem
towards inflammatory sites may be limited. Thus,eréipies based on
transplantation of neural stem cells from exogersmmsces have been developed

recently [6].

Bone is one of the biggest organs in the human bthdy has numerous
mechanical and haematological functions. In additmage-related diseases, there
are congenital bone deformation, bone cancer am@ li@uma that may require
bone transplant. Current bone reconstruction apthcement surgical procedures

are based on allogeneic tissue graft. Becausdimitad supply of allogeneic bone,
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Chapter 1: Introduction to stem cells and methods for molecular imaging and
discrimination

engineering tissue-regeneration of the bone basetie@senchymal stem cells has
raised a huge research interest. The growth of bomwiro requires culture of
mesenchymal stem cells (MSCs) in osteogenic cultomedium. Following
proliferation and differentiation, MSCs give ris® wsteoblasts, which are
specialized cells responsible for formation of fee nodules. The bone grafts
obtained in-vitro can be used for clinical applicas to restore the functionality of

the skeletal system of the patients [1].

Despite their clinical potential, the progress t&ns cell therapy has been limited
by many challenges such as issues related to uality; phenotype heterogeneity,
population number, delivery and integration withe ttbiological host or
proliferation and differentiation inside the hog}.[These challenges are in part due
to the limited availability of non-invasive techoiegs able to characterize the cells

at the molecular level.

During the last century, a plethora of chemical andging analysis techniques
have been developed to understand the moleculaandgs underpinning the
fundamental cellular processes such as proliferatitifferentiation or apoptosis
[8, 9]. These analytical techniques have potet@defits and can address certain
types of applications or particular biological perbs or processes. These
encompass a broad range of techniques, from dé@s&wssays targeting specific
molecules to label free approaches [10] such agnpaise chain reaction (PCR),
optical microscopy, capillary electrophoresis (CH)ass spectrometry (MS)),
scanning probe microscopy (SPM), optical microscopyiclear magnetic

resonance (NMR), transmission electron microscdjM). In fact, besides NMR,
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SPM, and optical microscopy, the vast majority bk ttechniques used to
characterize cells are destructive and cannot eé fs assessing the cells prior to

clinical use.

Scanning probe microscopy describes a clusterrédeiscience methods based on
the interaction between a probe (tip) and the saraptface. The force exchange
between the tip and a surface (atomic force miapgor AFM), magnetic force
microscopy and electrostatic force) or charge eesritransfers (scanning ion
conductance microscopy or SICM) can be used foodgmphic imaging of the
cells. Atomic force microscopy is one of the mostsatile surface characterization
technigues and can image cells in liquid [11]. AREho-indentation was used to
probe the dynamic mechanical properties of thesd&R]. Under sheer stress, the
cells exhibited an increased stiffness which wasretated with mechanical
changes of actin filaments in the cell cytoplasi@].[1Scanning ion conductance
microscopy (SICM) can examine the cells withouteefiing their integrity or
behaviour[14]. The tip used in SICM is a glass wopipette filled with an
electrolyte and an electrode inside it. The tipsgesrthe flow of ion currents and it
does not require contact with the cell. The SICMugable for mapping of non-
conducting samples immersed in electrolytes andodd topographical images of
live cells in culture medium [15]. SICM can resolfire structures on the cell
surface, track cell movement [16], map protein dyica or microvilli patterns on
plasma membrane structure [17, 18] and cell respander different stimuli [19].

The SPM imaging is rather slow and can suffer frooonsistencies between tips.
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Chapter 1: Introduction to stem cells and methods for molecular imaging and
discrimination

Optical microscopy refers to a class of imaginditegues that are routinely used
by biologists to obtain magnified images of thelsceflbeit conventional bright
field or phase contrast microscopy is non-destvecéind label-free, these imaging

modality does not provide molecular information.

Fluorescence microscopy is a very popular optieahmique that has been
used in biological laboratories for many years.sTt@chnique relies on selective
imaging of cellular molecules labelled with specifluorescent dyes [20]. The
most common approach in fluorescence microscopy ésld fluorophores that will
chemically bind to the desired molecules inside tiedls’ structures or to
genetically engineer the cells to express fluoneisgarotein such as green
fluorescent protein (GFP) [21]. Wide-field fluoresce microscopy is the most
common version of fluorescence microscopy [22]] |23 its downside is the low
resolution images especially for samples with agleigreater than 30 pm.
Confocal fluorescence microscopy and multi-photacroscopy on the other hand
can provide images with higher spatial resoluti@d,[25]. Surface details and
subsurface can be visualized by total internalrfBsoence microscopy (TIRFM)
[26], protein—protein interaction via fluorescencesonance energy transfer
microscopy (FRET) [27-29]. At the same time FRETgnsil suffers from
contamination coming from donor emission into atoephannel and excitation of
acceptor molecule. Details with spatial resolutimyond diffraction limit require
super resolution techniques such as stimulated senisdepletion microscopy
(STED) [30, 31], 4Pi , structured illumination mascopy (SIM) or stochastic

optical reconstruction microscopy (STORM), phototiveated localization
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Chapter 1: Introduction to stem cells and methods for molecular imaging and
discrimination

microscopy (PALM) [32-34]. Fluorescence imaginghteiques have limited

application capabilities because they require e af specific markers and suffer
from limited stability and photo bleaching of tHadrophores. In addition the free
radical released inside the cell during photo-exich can be very toxic for cells.
Transgenic expression of GFP which used to momtotein localization in live

cell can induce toxicity to the live cell lines tkag to apoptosis [35]. Also, the
multiple labelling in fluorescence imaging can eadifficulties because of the
possibility of the emission signals overlap. Ceadtdrogeneity and accessibility of

certain structures inside cells are often restlittg fluorescent dyes.

Many destructive assays such as polymerised clegntion (PCR) [36], serial
analysis of gene expression (SAGE) [37], capillalgctrophoresis (CE) [38] [39]
and bloting methods (Southern blot, Western Blatithern Blot) [40-43] are used
for quantification of the gene expression, protemscleic acids, ascorbic acid in
cells [44] or to determine intracellular content syhall amino-acids in the cells
[45]. Mass spectrometry is a very sensitive anedytimethod that can identify
chemicals by their mass to charge ratio with hilgbnaical specificity. Schneiter et
al. have coupled ESI-MS in order to elucidate bemltal difference of lipids
species from various organelles membranes [46]famad the highest amount of
lipid marker in the cell membrane. Chemical profjliby ESI-MS followed by
multivariate analysis was able to discriminate ls=tw bacteria species for the
purpose of accurate detection of pathogens [47].triMaassisted laser
desorption/ionization (MALDI) is considered a safhization method that allows

the extraction of biomolecules such as DNA, prot@iramino-acids. This method
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Chapter 1: Introduction to stem cells and methods for molecular imaging and
discrimination

has been used to map the spatial distribution pfigees and peptides fragments

which were in cultured Aplysia californica neurdas].

The main limitations of mass spectrometry are #ednto couple the spectrometers
to a method of extraction of ions and moleculeshsas ablation or ionization.
Therefore mass spectrometry is an invasive teclenilyat cannot be used for live

cell studies.

1.2 Raman spectroscopy of individual cell and moletar analysis

Raman spectroscopy is a label-free analytical tecienthat can provide
detailed molecular information of a sample in n@&stductive way. Similar to
infared (IR) spectroscopy, Raman spectroscopy meda$e transitions between
vibrational levels of the molecules, but the unglad principles are completely
different. However, while IR is based on absorptdelectromagnetic radiation by
the molecules, Raman spectroscopy relies on thasine scattering of incident

radiation by the molecules.

When applied to molecular analysis of cells, IRedpmscopy
measurements can be difficult due to the strongralbsice of water in the IR
region and modest spatial resolution [49]. With n@ehnological advances in

lasers, optics and CCD cameras, Raman micro-sgeopy has become a realistic
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alternative to IR spectroscopy in the fields ofdhiemistry for imaging and non-

invasive characterization of live cells [50].

Near infrared lasers can provide submicron spatisblution while water
has a small Raman scattering cross section. Therefoeasurement of cells in
culture can be analysed significantly easier agtiéri spectral resolution compared

to IR spectroscopy.

The first Raman micro-spectrometer was proposed derdonstrated by
Dhamelincourt and Delhaye in 1973 [51] but it was until 1990 when Puppels et
al were able to measure the first Raman spectia/iafy cells [52]. Since then
Raman spectroscopy was used to study, protein goaf®mn in living cells [53],
stem cell [54], probe chemical differences at défe stages of the cell cycle [55,
56] between cells with different phenotypes [5BB][ and compare between live
and apoptotic cells [59]. The most important feataf the Raman spectroscopy is
the ability to measure molecular properties of Iln@ls in a culture medium,
without chemical or mechanical interference. Hefit@nan spectroscopy can be a
reliable tool for real-time monitoring of cell d#fentiation. Early studies
investigating the effect of laser irradiation ofllseat different wavelengths and
powers indicated has revealed that near infrarexbrlado not affect cell
functionality [60]. Fourier analysis of the beatifiggquency of cardiomiocytes
before and after irradiation with 785 nm laser pded similar results [61]. Raman
spectroscopy can probe molecular information frormdj cells revealing distinct
chemical features between nucleus and cytoplasin 6[%, [72, 73], lipid structure

inside cytoplasm [63], and cell response to divessess stimuli [64, 65]. For
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future reading, the reader may address to a fesvaal reviews on Micro-Raman

spectroscopy for single cells analysis [66-69].

Searching for chemical discriminates of cancerscélbm normal cells
along with cancer drugs screening are one of thim gaals in cancer research.
More recently, several groups have shown that Raspactroscopy can measure
biochemical differences between different cell $ifié0] or individual normal cells
and cancer cells [71, 72], including neoplastid aarmal hematopoietic cells [71].
Raman spectroscopy was also used to study theamoéc drugs at a single cell
level [66]. Cisplatin is another anticancer useddioemotherapy. Exposure of the
cells to the drug, has led to modifications in pnotsecondary structures as

revealed by Raman spectroscopy [73].

Raman spectroscopy was also used to obtain biochémformation at the
early stages of embryogenesis of murine stem 4], [and to address one major
problem in stem cell therapy, the phenotype hetaveiy of the cell populations
obtained after stem cell differentiation. The diffetiation process describes a
series of biochemical changes which are meanatstorm a stem cell into a fully
functional somatic cell. These changes can be ledeckto changes in the Raman
spectra of cells [75]. Recent studies have showh Raman spectral markers can
be used to discriminate fully committed mature sdétbm undifferentiated cells

[76-80] and to assess the differentiation statuswfiine stem cells [79].

A higher amount of nucleic acids (DNA and RNA) wasind in murine

embryonic stem cells compared to fully differerggaicells [77]. The intensity of
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Chapter 1: Introduction to stem cells and methods for molecular imaging and
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the Raman bands assigned to DNA peak were reduged0Bo in newly

differentiated cells which is explained by the &wproliferation rate [75].

The human heart is considered to be a non-regererassue and the
permanent loss of cardiomyocites can lead to cardiascle failure. For this reason
stem cell therapy for replacing damaged cardiasuéss considered an alternative
to classical heart transplants. Recent reportsateld that the Raman spectroscopy
label can discriminate cardiomyocites (CM) fromestphenotypes [65]. Moreover
the spectral marker that distinguishes betweenptienotypes of CM and non-
cardiomyocites was found to be glycogen [80] ands waantified in human
embryonic stem cells [81]. The statistical modelaleped based on PCA analysis
can discriminate between CM and non- cardiomyoeiligs 97% specificity and 96

% sensitivity [65].

Human mesenchymal stem cells can differentiate asteoblastic lineage,
when cultured in osteogenic medium. The changedeazahto spatial separation in
950-960 crit region associated to vibrations of peak in hydepatite [82, 83].
For a better understanding of the bone formatiatgss several cell types (mouse
ESC (mESC), neonatal calvaria osteoblast (OB), addlt bone marrow
mesenchymal stem cells (MSC) have been testedtio far bone mineralization

and then compared to native bone [84].

Raman imaging provides new insights into cells bbgbmg the spatial
distribution of chemical species and organellesdssells [85-91]. Furthermore,
Raman experiments were able to follow the cellujptake of the drugs [92-95],

cellular dynamics [96], and continuous biochema@nges throughout cell cycles
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[97]. Apoptosis, also known as programmed cell lllest an important biological
phenomenon that involves morphological and chem@nges of the cell
organelles. Raman spectral mapping of apoptotits c#iowed changes in the
distribution of the nucleic acids [98, 99] and a#tel the accumulation of lipids
when cells were treated with different apoptotiog$ [100-103]. Krafft et al have
applied multivariate analysis to image morpholopdifferences between normal

and apoptotic cells [104].

Time course experiments measuring Raman spectrzet$ in-vitro
revealed spatial and temporal molecular changesecklto apoptosis [94], cardiac
differentiation of human embryonic stem cells [L0®rmation of the endoderm
layer in embryonic bodies [106], mitosis of liviggast cells [97, 107] or release of

cytochrome c from mitochondria during apoptosifg|JL
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Chapter 2: Theoretical considerations
of Raman scattering and

Instrumentation design

This chapter provides an introduction to the thesfriRaman scattering and
introduces the theoretical consideration relatednstrumentation design.
The Raman effect is discussed from a classicaltpwirview and a brief
quantum mechanical description is included. Thalfpart of this chapter
describes the theoretical aspects relevant to thm mwomponents of the
Raman micro-spectrometer as well as the performaheeacterization in

terms of sensitivity, spatial and spectral resoluti
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2.1 Classical and quantum mechanical theory of Rammascattering

Light scattering can be regarded as the redirectdnlight when
electromagnetic waves interact with obstacles. Asressequence of the interaction
between the sample molecules and electromagnetiesyalectrons within the
molecules are disturbed periodically with the sdmeguency Yo) as the electric
field of the incident wave, creating an inducedctle dipole moment. This
disturbance of the electronic cloud is then propedjathereby resulting in scattered

light.

The scattering processes can be classified in tedegories. Elastic
scattering at the same frequeney) (@s the incident wave is called Rayleigh or
Mie-Tyndall scattering. Inelastic scattering ofhiigat the emitted radiation has a
different frequencyv) compared to the incident light is known as Ramad

Brillouin scattering.

The first theoretical predictions of inelastic $eahg light were made by
Smekal (1923) and were followed by the first expemtal observation in 1928 by
Raman and Krishnan [1] who observed a frequencit &hithe spectrum of
scattered light compared to incident light. Thisgiuency shift is known today as

the Raman shift and can be calculated by the famul

A(cm—l):10-7< 11 ) (2.1)

ﬁexcitation jVRaman
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whereA is the Raman shift A.,i:qation 1S the wavelength of the excitation source

andAgaman IS the corresponding Raman wavelength

Incident electromagnetic wave

“Rayleigh scattering

Electric field l
’

Raman scattering

Figure 2.1Light scattering by an induced electric dipole

In classical interpretation Raman effect can bdamed by interaction of incident
radiation of electric fieldE with a molecule. The incident electromagneticdfiel

(figure 2.1), induces an electric dipole moment

P=aF , (2.2)

wherea is the electric polarizability of the molecule akdis the amplitude of
electrical field corresponding to the incident &lemagnetic wave. The
polarizability represents an intrinsic propertytbé molecule and depends on the
electronic structure and the nature of the chemhmahds. For non-isotropic
molecules, the polarizability may vary with positiand interatomic distances, and
depends on the molecule symmetry. For example latges like Xe have high
polarizability because their large electron cloatls more easily disturbed by an

external electric field.

Page
22



Chapter 2: Theoretical considerations of Raman scattering and instrumentation design

A simple qualitative description of the Raman wratg can be obtained
using the classical electromagnetic theory. Comsmle electromagnetic wave

defined by the formula:
'=Epcos (2 mvot), (2.3)

where vg is the frequency. From equations (2.1) and (212, time dependent

induced electric dipole moment is:
=a Epcos (2 mvot) (2.4)

Let's assume one molecule that is free to vibrate, not rotate. The molecule is
fixed in space in its equilibrium position and reictan vibrate around their
equilibrium positions. Any disturbance in the etenic cloud caused by the
incident electromagnetic wave will induce changeshie molecule polarizability

This variation of the polarizability during the v#tions of the molecule can be
expressed by expanding the polarizabitityn a Taylor series with respect to the

coordinates; of vibration:
a=ay+ %xi (2.5)

The coordinate of vibration;can be written as a sinusoidal function in
terms of the frequency of the vibration, the characteristic frequency oth

normal vibrational mode and tinte
x; =x)cos(2mvit) (2.6)

Combining equation (2.5) with equation (2.6) yields
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a = ag + a;x{ cos(2mv;t), (2.7)
wherea; = % anda, is the initial polarizability.
The induced electric dipole moment can be expreased

P = ayE, cos(2mvyt) + a,Eycos(2mvyt)cos(2mv;t) (2.8)

Equation 2.8 can be rearranged using the trigonaemdentity:

cos (a+b) + cos (a — b) (2.9
2

cosacosb =

and:

cos2m(v, + vi)t + cos2m(v, — v)t  (2.10).

P = ayE,cos(2mvyt) + a1 E, >

Although equation (2.10) was obtained using thesital electromagnetic theory,
it describes several important properties of Ras@attering processes. First the
polarization and scattering intensity have lineapehdence on the laser intensity.

It also apparent that only vibrations that chartge folarizability of the molecule

are Raman activg‘;% # 0. The changes in frequency, also known as Ramdin shi

can be positive or negative in respect to the ldssguency. Because; «oo,

Raman scattering is much weaker than Rayleighesaadt

Equation (2.10) shows that light will be scattereg the molecule at three
frequencies. The first term represents the Raylaicattering, the second term
contains waves with frequencieg +v; and is known as anti-Stokes Raman
scattering [2] and relates the outgoing scatterbdtgns with an increase in

Page
24



Chapter 2: Theoretical considerations of Raman scattering and instrumentation design

frequency by an amount and finally the third termy -v;, called Stokes Raman
scattering is associated with a decrease in freyuef the resulting scattered

photon.

Virtual State

B T T EEa
e,
on hve |hvethv,
)
=| hv hv hv hvy—hv
0 0 0 0 0 m
4 EU—I_hVI'.I'I
L 4 L 4 E“
Rayleigh Stokes Anti-Stokes
Scattering Scattering Scattering
(elastic) \ Ve
Raman
(inelastic)

Figure 2.3 Jablonski energy diagram for Raman scattering [3]

The Stokes and anti-Stokes Raman scattering can kasexplained using the
Jablonski diagram (Figure 2.3). Only a small oft[§46° of scattered photons) of
incident of incident photon will suffer inelasticattering. The origin of inelastic
scattering can be explained in terms of energystesirbetween incident radiation

and scattering molecule.
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The molecules situated on the ground state ardeex¢o a virtual state
followed by relaxation to a vibrational level orognd state, resulting in an energy
difference lost, process known as Stoke scatteAttgrnatively if the molecule is
already on an excited vibrational level of the grdwstate, it will excite to a virtual
state and relaxe back to the ground state, themtiiecule will gain energy. This
process is known as anti-Stokes scattering. At rdemperature most of the
molecules will be in the ground state, therefores iexpected that the majority of
the Raman scattering will be dominated by Stokemd&ascattering. The ratio
between intensities of the Stokes and anti-Stokesiesed light depends on the
population of the vibrational ground and exciteatest and can be calculated using

Boltzmann’s equation [4]:

IStokes _ (170 - vi>4 hv; , (211)

eksT
Ianti—Stokes Vo + %}

whereT is the absolute temperatukg, is the Boltzman constant.

Equation 2.11 highlights the proportionality of tRaman intensity with
fourth power of the frequency. In general the Ramseattering intensity can be

expressed as [5]:
1=Klga? (vot vi)*, (2.12)

whereK represents a series of constaiigss the intensity of the incident

radiation.
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The quantum theory of Raman scattering aims toagx@hortcomings of
classical of Raman scattering. The polarizabil@gsor in the classical form does
not provide information related to transitional ééwf the scattering molecules

levels or molecular rotation.

In the quantum theory the incident radiation induagperturbation which alters the

wavefunction of the molecule.
= PO+ @iy (2.13)

where ¢/ and ¢ are zero order and first order perturbation wanetions. The
wavefunctions can be computed from the time depandgchrodinger and

introduce into the formula of the transition elexttipole:
Py =< Wf|p|¥; >, (2.14)
leading to :
PP = 2 (a) i Bge COr+e)py =< Wil >, (2.15)

were fandi are the subscripts to the final and initial sttéransition, ¥y and ¥;
are the total wave function of perturbed statenitial and final statew,; = w, —
w;and w; w, isthethe incident andr state angular frequendy); is the

transition polarizability tensor expressed by therfula:

1 <flplr><r|pli> | <f|plr><r|pli> (2.16)
(a)fl - Zﬁzr( Wri— Wi + writw; !
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Qualitative discussions can be made on the frequdanominator on first term in
equation (2.16). Ifw,; » w;, we have the situation of spontaneous Raman
scattering anda)s; will have typical values. The resonance regimeeisched
whenw,; = w; where|r> states will predominate ar(@),; will be determine by
the number in electronically excited states. A eguence of the resonance regime
is the boost in the Raman intensity by several rsrdé magnitude [6] that provides
the ability to probe the presence of certain aesalyh smaller concentration than
spontaneous regime [7]. Figure 2.4 illustratesditigation of normal and resonant

Raman scattering.

Figure 2.4 types of Raman scattering processes ap,; » w Spontaneous Raman

scattering regime y,; =~ w
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Also the quantum mechanics explain why some liaes forbidden based on

asymmetry of the wavefunctions.

2.2 Design of the Raman micro-spectrometers

This part of the chapter describes the main desogsiderations to maximize the
performance of the Raman micro-spectrometer foh higsolution molecular

imaging of cells.

Spectrometer

CCD

dichroic
mirror

excitation source

9 Microscope objective

Figure 2.5 Schematic diagram of a Raman micro-spectrometer.
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A typical Raman micro-spectrometer consists of fimajor components
[4,5,8] (figure 2.5): excitation source, microscppample illumination and signal
collection optics, wavelength analyser for the Ranstattered light, signal

detection and control system.

2.3.1 Excitation source

Because the intensity of the Raman scattered iggptoportional to 2,
the most common lasers used in Raman spectroseepy dhe visible range of
electromagnetic domain (400-660nm). Another adgnta using visible lasers is
the higher quantum efficiency of the CCD detectosed for detection of the
Raman scattered light. However, a drawback whemgugisible lasers for Raman
measurements of biological samples is the highabalility to excite fluorescence
emission and induce sample photo-damage [9]. Fbgeree emission can generate
a large background signal that can swamp the Rapactrum. Laser wavelength
plays an important role on sample degradation. Smongpounds in cells can act as
photosensitizers, thus absorption of visible ldiggt can result in sample damage.
The wavelength of the laser also provides a limithe spatial resolution that can
be achieved by a Raman micro-spectrometer. Inocahfconfiguration the

resolution in the sample plane (i.e. normal tod&sam), is [10, 11, 12]:

0.611 1674 (2.17)

Txy.confocal = == Tz confocal ¥ (3757
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where 1 is the wavelength of the laser and A. is the numerical aperture of the

objective.

2.3.2 Sample illumination and signal collection

The use of optical microscope objectives allowgcight light collection in
Raman spectroscopy when microscopic samples needééd investigated. The
microscope objective is a key component of a Ramméro-spectrometer and
offers the possibility to focus the laser to a dnsgot and maximises signal
collection, all within very complex, aberration opected optical system. The
selection of the microscope objective is importémt maximizing the collection
efficiency of the Raman scattered light and foréasing the spatial resolution, by

focusing the laser to a small spot size.

A defining parameter of a microscope objectiveéhis numerical aperture
(N.A.), which describes system ability of an opticag&ther light and is expressed

by the formula:
N.A.= nsing, (2.18)

wheren is the refractive index of the medium between the@e and the
objective, a-is the half angle of the cone of light. For dryjesftives (=1) the
maximum achievable half angle is %72which yields an N.A. of 0.95 [8].

Immersion objectives are designed for higher ligbllection efficiency and for
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observation of biological specimens through a calgr (thickness[1 0.17 mm)
glass of different refractive index (usually 1.47ln Raman micro-spectroscopy,
the water immersion objectives are preferred oua@nmnersion objectives because
the oil give rise to a series of Raman bands thataverlap the Raman bands of the

sample.

2.3.3 Wavelength analyser

Raman micro -spectrometers using visible (450-6490omnear infrared
lasers (640-900nm) are equipped with dispersivectspmeter as a spectral

analyser.

The dispersive spectrometer spatially separatesRtirean scattered light
into light with different wavelengths that are madjed simultaneously to an CCD
detector located in the focal plane of the focusmigror. Figure 2.6 shows a
schematic description of a Czerny —Turner specttemeéesign used in the

instrument.

A Czerny-Turner spectrometer consists of two coacavirrors and a
reflective diffraction grating. The Raman scatteligit entering the spectrometer
is collimated by the collection mirror and directeavards the reflective diffraction
grating. The diffraction image is collected by gexond mirror and focused on the

CCD detector.
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entrance slit collection mirror

diffraction grating—__|

focusing mirror
CccD

Figure 2.6 Schematic description é¥zerny-Turner design for a spectrometer

The following parameters are important when chapsirspectrometer for
Raman micro-spectroscoplnumber {/#), the blaze wavelength, focal length of
the mirrors and diffraction grating efficiency. Tfi# is related to the N.Af/¢=0.5
N.A) and is an indicator of the light collection eféincy of the spectrometer. The
flux of light (®) passing through the spectrometer depends orf/#)é: (

1 (2.19)

P x I

To maximise the optical throughput of the spectr@mé is also important
to choose the most efficient diffraction gratindpeTefficiency of diffraction grating
is defined as the percentage of the flux of ligkaching the detector and depends
on the wavelength of light and diffraction orderwuhich the grating is operated.
Equation 2.19 defines the corresponding blaze veagth for which grating

reaches maximum efficiency:
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Chapter 2: Theoretical considerations of Raman scattering and instrumentation design
2d .
AB = ;Sln HB’ (220)

wherefg is the angle between the face of the grooves lamglane of gratingn is

diffraction order andl is the distance between the grooves.

Linear dispersion describes the spread of the weag#h domain within the
plane of focusing mirror. The linear dispersionlédined by the formula [4]:
dA _cos B (2.21)
dx  knf’
wheregis the angle of the diffracted light correspondiagvavelengtht, f is the
focal length of focusing mirrok is the diffraction order andis groove density of
the grating. The linear dispersion is influencedHtsy focal length and/or groove
density of the diffraction grating (Equation 2.2H)gher dispersion (smallertlx)
implies better spectral resolution, which resuitgicreased spread-out of the
spectral domain on the CCD. However this will leadmaller spectral coverage

by the CCD.

2.3.4 Detector

The CCD (charged couple device) is the preferreteatiers for low light
applications such as Raman spectroscopy. The CC® photosensitive silicon

device which stores and manipulates the electebarge for conversion into a
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Chapter 2: Theoretical considerations of Raman scattering and instrumentation design

digital value. The selection of the CCD detectogpahds on the laser wavelength
used for excitation of the Raman scattering and ¢haracteristics of the
spectrometer type and will determine the sensjti\spectral coverage, and speed
of the acquisition. The parameters which are imftiieg the CCD performances
are: CCD format, quantum efficiency, readout noak current and dynamic
range. Dark current is a process of generationanflom electron/hole pairs in
semiconductor devices. The noise caused by the darknt overlaps with much
weaker Raman bands. To limit the effect of the darkent the CCD has to be
cooled to low temperatures (>80). Cosmetic defects such as dead pixels, charge
traps or silicon imperfection can affect the oviegarformances of the CCD

detectors.
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Figure 2.7 Quantum efficiency curves of CCD detectors usedaman micro-spectroscopy3]

Page
35



Chapter 2: Theoretical considerations of Raman scattering and instrumentation design

The quantum efficiency curve (QE) represents tlobglility to detect a photon at
a certain wavelength and affect the signal to noig® of the Raman spectra in
spectral domain of interest (Figure 2.7). Selectaf laser wavelength will
determine the corresponding wavelength domain @fREman shift range on the
guantum efficiency curve. Thus the sensitivity loé etection can be improved if
the fingerprint region of the Raman shift overlapish the region of maximum

guantum efficiency of the CCD detector.
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Chapter 3. Development and
characterization of the Raman

spectrometer

This chapter describes the design, developmentcaadacterization of a
Raman micro-spectrometer optimised for cell imagifge first part of the
chapter discusses the practical aspects and thgndesnsiderations, laser
stability tests and spectral resolution. The last pf the chapter presents
examples of Raman spectral maps of endotheliat adtained with the

instrument.
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Chapter 3: : Development and characterization of the Raman spectrometer

3.1 Optical design: general considerations

The schematic description of the Raman micro-spewter is presented in Figure

3.1.

PC

Dispersive spectrometer

Microscope
~

Corner mirror

Output
Beamg Laser
S spectra-Physics Modet 39008 \
Corner mirror 4
/ a A
/
Laserline filter

Figure 3.1 MicroRaman system design

Raman scattering is excited by a continuous wawefCW) Ti:saphhire laser
(Spectra Physics 3900S) tuned at 710 nm, whicbassed on the sample by ax60

water immersion microscope objective (UPLSAPGwG0-1.2 N.A., Olympus).
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Chapter 3: : Development and characterization of the Raman spectrometer

The laser has a high beam qualit4?( 1.1) that allows the beam to be focused to a

diffraction limited spot. The laser beam was exmahdo fill the pupil of the
microscope objective (diameter of 7mm) to obtaitaser spot of 0.48 um. The
diameter of the laser spot was calculated usingdda: 4 . M*/z D, wheref is the
focal length of the microscope objective dnas the diameter of the back entrance

of the microscope objective.

For comparison alternative laser diodes used inngeroial instruments have
typical beam quality oM?=1.7. Such lasers focused using the same microscope
objective will yield a focal a spot diameter of Qumm. The wavelength of the
selected excitation can be tuned in the range & #0L0O00 nm. The tradeoff
between laser wavelength and live cell photo-danteage been discussed in the
previous chapter (excitation source section 2.3ThHe shortest near infrared
wavelength available for this laser, 700 nm isisight to avoid cell damage [1, 2]
while still providing Raman scattering matching tBensitivity curve of the
detector. The Ti:sapphire gain medium does not atkgrover time, providing

stability to the instrument.

A laser line filter is mounted in front of the Tagphire laser to cut off the
secondary emissions to prevent the distortion ef riieasuremed signal. After
passing the laser line filter, the beam is expernddidl up the back entrance of the
microscope objective. The %8lichroic mirror redirect the expanded laser inside
the microscope objective. Apart from microscopeeotiye, the spatial resolution
achieved by Raman micro-spectrometer depends alsieecbeam properties of the

laser.

Page



Chapter 3: : Development and characterization of the Raman spectrometer

The Raman scattered light is collected by the salpective and is focused
onto an optical fibore which acts as an efficierplaeement for the pinhole in a
conventional confocal microscope. The optical filmeconnected to a dispersive
spectrometer (77200, Oriel, Newport) equipped with1000 lines/mm ruled
diffraction grating blazed at wavelength 900nm. Reamnan scattered light is then
focused on a thermally cooled back illuminated ddepletion CCD (DU401A

Andor Technology).

The selection of the components used for the Ramiaro-spectrometer is
discussed in detail having in consideration thenm@ésign factors: maximize
collection of the Raman scattered light, maximipatgl resolution, minimize
damage to live cells. Transmission (Figure 3.2) andherical aperture of the
microscope objective influence the collection efficy of the Raman photons,
thus the signal-to-noise ratio of the spectra canirbproved by choosing an

objective with high transmission and N.A..

Transmittance / Wavelzngth

"TsBsd8238Ez

e 400 500 600 0 TOO 800 400 1000

Figure 3.2 Transmission curve for the UPLSAPO 60xw usedtierRaman micro-spectrometer [3].
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Chapter 3: : Development and characterization of the Raman spectrometer

An optimized Raman micro-spectrometer will transthié collected light flux
from the microscope objective to detector via tmermediary optics and

spectrometer.

The coupling of the microscope objective with spatieter will involve
using intermediary optics, selected to match thenermical aperture of the
microscope objective and spectrometer (Figure 33ye know the parameters of
the microscope objective and spectrometer, we oarpate the focal length of the

focusing in the optical fibre.

fohiective lens

LA | A 5

_)E // €& — \\\ i(_

e N slit

ooa D B\ F L
optical fibre

\ ) \
microscope objectiy focusing lens spectromete

Figure 3.3 Optical coupling for the Raman micro-spectromeliers the diameter of the back pupil
of the microscope objective anfl, jecctives fiens are the focal lengths microscope objective and

focusing lens

The numerical aperture of the focusing lens is:

N.A.=ng, sinf (3.2)

From Figure 3.2 the collection angteof the lens by using tan formula in figure

3.2:
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tana = %. (3.3)

Thus the numerical aperture of the focusing lemslimexpressed by the following

formula:

tan(sin™t(N. A.ppps ) = — (3.4))

2flens

The diameterD can be related to the collection angle and focabtle of the
microscope objective by = 2f, jectivetan a and

N. A-objective) (3-5)

a = sin~! (
Nimmersion

Therefore using equations 3.5 and 3.5 the optinfiseal length of the lens is:

. N.A.opjecti 3.6
R ) @)
Nimmersion

tan(sin*(N. A.;ons )

fiens =

Using the parameters of the selected microscop@ctbg N.Apjecivel.2
Nimmersio™1.33 fobjecive3.33 mm, a pupil diameter dd=7 mm, the numerical
aperture of the lens has to match the numericattage of the spectrometer

N.Aens=0.12, the resulting focal length of the len§eig=30 mm.

Because elastic scattering is several orders ohinale higher than Raman
scattering, an effective filtering of Rayleigh geaihg is required to prevent laser

light entering the spectrometer.
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Figure 3.4Transmission curve for the long pass filter usedléck the Rayleigh scattering [4]
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Figure 3.5Transmission curve for the FF-735 450 dichroic arifb]
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Stray light can give rise to a high background tiaat cover the entire Raman
spectrum. For this instrument, the filtering wapiemented using a long pass edge

filter (Figure 3.4) along with a high transmissié® dichroic mirror (Figure 3.5).

3.2 Laser wavelength and power stability

Laser wavelength stability

As the Raman shifts represent the difference betwee frequencies (laser
and Raman scattered photons), any change in lasgprency (or wavelength) will

be recorded as an error in the final Raman spectra.

Thus the stability of the laser wavelength was @at@d on short term (eight
hours) and long term (five days) experiments. Thertsperiod experiment is
important to characterize the stability for typiexiperiments carried out on single
day. The long term wavelength stability experimest relevant for the
measurements which require extensive period of t@me consist of five days
observation of the laser wavelength. The positibthe lenses, mirror and grating
was not altered to ensure stability of instrumentiry the experiments and
evaluate the spectral errors due to errors ingkerlwavelength. The measurements
were done at constant room temperature df Q0to prevent any changes in

temperature with more than %3 as recommended by the laser manufacturer.

Page



Chapter 3: : Development and characterization of the Raman spectrometer

9501

9007

)
S G
2.2

Intensity (arb units)
~N
wu
o

peak3

6504 peak4 peak2 peakl
600

600

800 1,600 1,200 1,400 1,600 1,800
Raman shift (cm™)

Figure 3.6 Raman spectra of polystyrene. The peaks takerconsideration for wavelength

stability tests are labelled.Peakl is assigneaizéne ring stretching, peak 2 to in-plane CH

deformation, peak 3 to CH deformation, and peakifh{plane benzene ring deformation
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Figure 3.7 present the position of the selected Raman meastiretiour intervals over total of 8

hours. Peakl to peak4 position (pixel number) weti
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For both short and long term stability tests, Rasectra of a polystyrene

sample were recorded at different time points aath& shift of several peaks of

polystyrene were analysed.

The pixel position obtained from the peak fit ta@fre in Matlab is

obtained in decimal numbers. Figure 3.7 shows timatpositions of the selected

Raman bands change by less than one pixel (0.25 pits) over 8 hours, which

correspond to a Raman shift error of 0.28cmhis value is below the spectral

calibration accuracy of the spectrometer)(5 cm') when using ASTM standard

(Tylenol and 1,4 BSMB) and cannot influence theadatalysis.
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Figures 3.8peakl to peak4 position (pixel number) vs measunésnsvering five days time.
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For the long term experiment, measurements weentak different times
of the day over a period of five days. The samdyaisatechnique was used as in
short term experiment. The peak positions for #lected Raman bands are shown
in the figure 3.8. The calculated laser drift wish0.3 pixel numbers with 99.7%
confidence which is equivalent to a laser wavelerggtor for the Raman shift of

0.33 cm.

Again this value is below the spectral accuracythaf spectrometer. The
long term stability of the laser wavelength inde&sathat the laser is suitable for
Raman experiments over longer period of time sukhmaasurements of large

numbers of cells and long-time course experiments.

Power Stability

Major fluctuations of the laser power can lead harges in the number of
photons recorded by the CCD camera and can be tengieted as a change in
concentrations of the analytes. To ensure that lader suited cell measurements,
the power stability of the laser was tested overersd hours (power-meter PM
100D, Thorlabs, UK). In this experiment the outpatver of the laser was chosen
to match the intended power that will be normalged for cell measurements.
Figure 3.9 shows the variation over time of theetgsower. The average value of
the laser power within seven hours measurementvaltevas 321 mW with the

standard deviation 2.4 mW.
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For typical Raman peak in spectrum of a cell (180nts), the power drift
of 2.24% represents an error in the intensity dy émo counts which is bellow the

readout noise of the CCD.
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12mw

Ti:Sapphire power(mWw)

Figure 3.9Ti:Sapphire laser output power vs time

3.3 Spectrometer throughput and resolution

The spectrometer used for the Raman micro-systema is/7200
monochromator from Oriel Newport spectra Physics @zerny Turner
configuration (figure 3.10 b). This spectrometes l@mfocal length of 250 mm,

fl4.4, and contains a plane ruled diffraction gmatinith a groove density of
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1000lines/mm (53-*-701R, Richardson gratings, New/@pectra Physics). The

blaze wavelength of the grating is 900 nm and itable for measurements of

Raman spectral lines in the region 750-800nm. Tiheice of the grating was

dictated by few requirements: spectral resolutispectral coverage and blaze

efficiency (figure 3.11).
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Figure 3.11Blaze efficiency curve of the diffraction gratingside the selected Oriel spectrometer
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Figure 4.12Drawing of the diffraction grating used in the fisder.¢ is the constant
deviation angleg is the rotation angle of the gratingis the incidence angle afids the

diffraction angle.

To increase the efficiency of the diffraction gnatifor a specific diffraction order,
it is possible to design the grating to reducelidfiet scattered in other diffraction
order. For the diffraction grating used in this @pemeter the number of available

diffraction orders can be calculated:

Sina+sing=nki (3.7)
with
o=0+¢ (3.8)
and
Page
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Bi=0-9, (3.9)

wheref is the diffraction angle for given diffraction @dk andn is the groove

density.

For the selected grating=1000lines/mmk=-1, and ¢=13.04, A1=800nm, the
resulting incidence angle and the grating anglesesponding to the -1 diffraction
order aren=-11.16 ands;=-37.27. Using the equation 3.7, 3.8 and 3.9 tlwersd

diffraction order is:
sin(-11.16) +siB,=1.6 (3.10)

Which correspond to si,=-1.4. This result shows that the second order of
diffraction is physically impossible and the gratirwill provide maximum

efficiency in the T order.

The performance of the Oriel spectrometer basedthen optimised
diffraction grating was compared with the Andor @ineck used previously in the

system.

For these experiments was used the laser waveleh@®8b nm and the same
condition were used: CCD detector (Andor DU401A)d anicroscope objective,
dry 50%, 0.75 N.A. (Nikon, Japan). The Andor spectroméias a focal length of
303 mm, a plane ruled grating with groove densitg30 I/mm and a 820 nm blaze

wavelength.

The Raman spectra of polystyrene measured using tWe Raman

spectrometers are shown in Figure 3.12. The sam@siiion time and laser power
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was used for both measurements. The relative ityen$ the Raman peaks
obtained after background subtraction &g/l andor=1.38. This result shows that
the optimised Oriel spectrometer was 27% more iefficthan the standard Andor

spectrometer used in previous studies [6].
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Spectral resolution

The spectral resolution of the Oriel spectrometers wneasured using
standard Hg calibration lamp coupled to the spewtter with an optical fibre. The
peaks of the calibration lamp are shown in Figur&33 The overall spectral

resolution was calculated as the mean of the FWHMes of the peaks over the

entire spectrum.
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Figure 3.13Emission spectrum of the calibration lamp measwigidl the Oriel spectrometer

The analysis showed that spectral resolution obffectrometer was 2.3 €mThis

result indicate that the spectral resolving powethe spectrometer is similar to
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other instruments used in studies using Raman rsjgeatrometer for molecular

imaging of cells [6].
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Figure 3.14Fit for a typical spectral peak of the Hg caliboatiamp

3.4 Evaluation of signal to noise ratio (SNR) of #ha Raman spectra as function

of laser wavelength

Most of the Raman micro-spectrometers availablecils measurements
use laser diodes at 785 nm wavelength. This typas#r is a good compromise
between price, wavelength stability and beam quaBiven the popularity of these
lasers, there is wide offer of laser-line filtelang-pass filters and dichroic mirrors

that can be used for Raman spectroscopy. Howewauke the Raman intensity is

Page
55



Chapter 3: : Development and characterization of the Raman spectrometer

proportional tal™tuning the wavelength of Ti:sapphire laser at 7&Dshould lead

to increase in the signal by a factor of4.5

Although the 700 nm wavelength was available, skigection was restricted
by the availability of filters (laser line, dichwimirror, long pass filter). To
compare the performances of the instrument wheraer wavelength was set to
710 and 785 nm, Raman spectra of polystyrene ssnwére measured at these

two wavelengths using an objectivexdD.75 N.A., 275 mW (Figure 3.15).
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Figure 3.15Raman spectra of polystyrene measured two distiestelengths using: A)
710nm B) 785nm. The[ symbol indicates the Raman bands used for cosgrarof signal

intensity
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The ratio of the intensity several Raman bands eedsulated to be 1.54, slightly
larger than theoretical prediction. It is worth mening, that the quantum
efficiency of the CCD detector and the transmissibrthe microscope objective
are higher in the region corresponding to 710 nroitaton than for 785 nm
excitation. Based on this observation it is expéctinat overall optical
performances of the Raman micro-spectrometer usid§ nm excitation

wavelength to be improved, beyoAdfactor.

3.5 CCD sensitivity

In addition to the increased Raman scattering iefiy when shorter excitation
wavelength is selected, tuning the laser at 710fiers another advantage related
to the quantum efficiency of the detector. For Mi® nm excitation wavelength,
the wavelength domain corresponding to the Ramagefprint region (550-1800
cm™) is 738 - 815 nm region. The quantum efficiencgvewf the Andor CCD has
its peak value around 750 nm. By matching the fipget region with the peak
region of the CCD quantum efficiency curve it isspible to increase the detection
sensitivity of small Raman bands such as the bagssdsciated the nucleic acids at
788 cnt, 813 cnt or lipids at 717 cm (748 nm). Such improvement may be
important when imaging the distribution of these-bhemicals inside cells. When
the 785 nm excitation wavelength is selected theslemgth domain corresponding
to the Raman region of interest is 820-914 nm. &lloee an improvement byl.17
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times compared with 785 nm set-up is expected (EBig16). Along with the
theoretical improvement of 1xSbased on thd™ factor increase of the SNR by a

factor of 1.74 can be achieved.
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Figure 3.16Quantum efficiency curves for the Andor CCD dete{8].

3.6 Spatial resolution versus SNR

The Raman micro-spectrometer was tested for diifereonfocal
arrangement to assess the influence of the dianoétdre optical fibre used for
collection of the Raman photons on the axial ragmiuand signal to noise ratio of
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the Raman spectrum. In this design the traditi@oaifocal pinhole was replaced
with an optical fibre that can reject the out otds signal. The Raman signal
collected from the 68 Zeiss (W Plan-Apochromat 8B microscope objective was

focused onto the optical fibre by another lens.
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Figure 3.18response curve for oil layer profiling
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To optimise the spatial resolution and Raman intgnsignal, several
combinations of optical fibres and focusing lensese tested. The diameters of
optical fibres used for the measurements were 922@nd 5Qum with 0.12 N.A
matching the numerical aperture of our spectrométeihromatic lenses with focal
length 30mm and 25mm were selected as well>asnieroscope objective ¢
Zeiss A-Plan) with focal length of 30mm and 0.12ANTo measure the spatial
resolution in the axial direction, Raman spectra ¢dyer of oil (Figure 3.17) on a
coverslip were measured while the z position waangk in steps of 1um. The
response curve (Figure 3.17) was obtained by piptthe intensity of the most

intense Raman band of oil (1445 ¢m
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Figure 3.19Thefirst derivative of the response curve for optiaalangement when a 30 mm focal

length lens was used for focusing the Raman ligtat optical fibres with diameters in the range 9-

50 um
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The axial resolution of the microscope was thermeined as the FWHM
of the peak corresponding to the first derivativéhe response curve. Figure 3.19,
3.20, 3.21 shows the first derivatives of the resgocurves when different lenses

were used to focus the Raman signal to optica¢$ilwvith different diameters.
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Figure 3.20 First derivative of the response curve for 25 mmoafdength using different fibre

diameters
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Figure 3.21 first derivative of the response curve for optigalangement. Zeiss 83 water

immersion objective and Zeis&®bjective using different fibre diameters
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Figure 3.22signal to noise ratio versus axial resolution fdfedent fibre diameter with 25mm,

300mm and & Zeiss as a focusing lens

Zeiss 5x objective 30 mm focal length 25 mm fdeabth
20 um fibre 6.5um (1549) 8.1um (2084) 8.1um (1893)
50 um fibre 11.3um (5602) 12.5um (6520) 12.7um (5509)

Table 3.1Theaxial resolution and signal to noise ratio for elifnt optical designs

Table 3.1 summarise the values obtained for thal asolution and Raman
signal for several combinations of focusing lenaed fibre optics. Figure 3.22
shows that the axial resolution can be as low 35 |&m when the diameter of the
optical fibre is reduced to |9m and 25 mm focal length focusing lens. However, in
this case the SNR is decreased to 600. A simillrevior the axial resolution can
be obtained with a 20 um diameter optical fibre Zetds % microscope objective
but with two fold increases in the signal noiseotafFor the optical fibre with 50
pm diameter the best results for axial resoluti@s \achieved when the Zeiss 5
microscope objective was used. In conclusion tlemdier of the optical fibre
influences the signal collection efficiency and axiesolution as well. The best
performance was obtained when Zeissviias and related to its correction of the
optical aberrations compared to the achromaticelen¥he final choice of optical

fibre depends on the experiment requirements.
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3.7 Sample retro-positioning

For sample retro positioning on the Raman micr@&speneter an algorithm was
developed to allow the identification of the measuarea after the sample was
removed from the microscope. The cell chambers wede of titanium and marks
were engraved using laser close to the MdjBk (figure 3.23). In the first step the
coordinates of two marks on the sample holder wecerded Xo, Yo, X1, Y1). Then
coordinates of each when Raman spectra were cdleetre recordedd, ys). On
the sample holder was place back on the microsstgge the new coordinates of
the reference marks were recordeg, o', X1, Y1), then the coordinateg, ys can

be calculated using:

X¢ = X4 COS s — Vs Sin ag (3.11)
Vs = X5 COS Qg — Vs Sin o (3.12)
where
=Y — 3.13
o, = tan™! y% 3’(,) — tan~! Y1— Yo ( )
1~ %o X1 — Xo
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W
/Ci\

MgF, coverslip

Titanium chamber

Figure 3.23Titanium cell chamber with laser marks.

Using polystyrene micro-beads, the accuracy ofréim positioning was

measured to be 244m, which is well below the size of the cell invegsties in this

thesis (10-6Qum diameter).

3.8 Raman spectral imaging of human endothelial dsl

The Raman micro-spectrometer using 710 nm laséta¢ion was tested for
spatial imaging of human endothelial cells. Theeyswas used to acquire images

and map the distribution of nucleic acids and Bpiaside cells.
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3.8.1 Cell culture

Human endothelial cells (HBMEC) were provided by Bany El Sheika
from the School of Veterinary Medicine and Sciendée University of
Nottingham. The cells were purchased frozen fromAHiBsue culture collection,
(UK). Directly after thawing, HBMEC were culturedn i RPMI medium
supplemented with 20% heat-inactivated foetal @@fum (Invitrogen, UK).
Cultured cells were grown at 37 °C with 5% £Qells were then split weekly in
1:3 ratios using trypsin-EDTA (Invitrogen, UK). @elwere counted on a
hemocytometer and approximately 5000-10000 celleeveeeded in a titanium
cell-chamber. When approximately 30% of the covigx surface was covered by
cells, the cells were fixed. Culture medium wasaided and the coverslip was
wash with 1X phosphate buffered saline (PBS), tiem| of 2.5% glutaraldehyde
was added to fix the cells. The coverslip is washwti 1X PBS three times to
remove any traces of the fixative. Finally, therobar is filled with PBS and kept

at £C until measurements.

3.8.2 Data analysis

Data preprocessing and analysis was done using Haitefunctions in Matlab

(Mathwork, USA). Data pre-processing involved remowof peaks caused by
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detection of random cosmic rays, noise reductiosibgular value decomposition
(SVD), background subtraction and baseline comactihe spectral images were
obtained by measuring the peak area of selectechR&ands after subtraction of
local baseline. SVD is a mathematical method frdgelara used to decompose a

rectangular matrix M of size xm into a product of three matrices [9]:
M =USVT, (3.11)

where U (mxm) is an orthogonal matrix of, V %n) is a transpose orthogonal
matrix and S (mn) is a diagonal matrix containing singular valuése diagonal

matrix S contains elements with chemical signifm@aand noise from original data.
Hence a matrix can be reconstructed using onlyctiraponents which contain

relevant information for data analysis.

3.8.3 Results and discussions

Raman spectra of typical a human endothelial sedhiown in Figure 3.26
and contains bands from nucleic acids, proteins lgnds. Nucleic acids are
present with bands at 788 ¢mO-P-O phosphodiester bond in DNA), 828
(tyrosine) and 1095-1060 ¢ém(PQ, streching). Raman bands associated to
proteins can be distinguish at 760" t(tryptophan), 854 cth(tyrosine), 1003 cin
! (phenylalanine), 1220-1284 &m(amide II1), 1420-1480 cth (C-H bending),
1655-1680 crt (amide 1). Lipids band at 717 ehbelongs to C-C-Nstretching
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vibration of phosphadylcholine group. Other Ramands of lipids are present at

1301 cn* (C-H vibration) and 1660 cih(C=C streching) [10].

Figures 3.25 (A, B, C) shows the bright field iragf a typical HBMEC
cell and that corresponding to Raman spectral imagehe lipids (717 cf) and
DNA (788 cmi’). These Raman images were obtained by scanniggaaesarea of

60x38 pm with a step size of 1 pum and integratime of 500 ms per pixel.
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Figure 3.24 Typical examples of Raman as measured (a) and @keprocessing (b). The Raman

were measured from the nucleus (acquisition tin@ni)

Both Raman images at 717 ¢rand 788 cni are showing a considerable
distinction in their spatial distribution. By comjreg the Raman image at 788 ¢m
with the bright field image of the endothelial ¢alle can conclude that the Raman
image at 788 cthoverlaps with the nuclear region of the cell. Rartcomparison

between individual Raman spectra taken from therzetleus and cytoplasm are

presented in Figure 3.25 E.
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Figure 3.25a Bright field image of the cell A) Raman images esponding to the 717 ¢hrband
(red region) B) and 788 chband (red region) C) Individual Raman spectra fs@iected position
of the red region at 717 chired star), outside red region (green stars) amdpoted difference
(blue triangle) D) Individual Raman spectra frosfested position of the red region at 788'dned
diamond) outside red region (green stars) and ctedpdifference (blue triangle E) (acquisition

time 500 ms/pixel). (scale barspum).

The difference spectra bring forward positive baatl¥’88 crit and 1578 cm
(guanine and adenine) which indicates a signifigar@sence of nucleic acids.
Individual spectra from Raman image at 717 tare compared along with their
computed difference in figure 3.25 D. The intenardb717 cit highlighted in the
computed difference suggest a significant presafigghospholipids. This is not

surprising since endothelial cells are involvedlimds metabolism. It has been
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reported that endothelial cells incorporate theyfarcids from cells and convert
them into phospholipids and triglycerides [11]. s@ldifferent cell organelles like
endoplasmic reticulum, the Golgi apparatus or ceHalar vesicles are covered by

a membrane which comprise of phospholipids.

3.8.4 Conclusions

In this chapter were presented the design and cleaization of an Raman
micro-spectrometer optimized for Raman spectralmeseof cells. The selection of
710 nm wavelength laser improved the signal to eno&io by a factor of 1.54

compared to previous instruments using 785 nm laser

Measurements of human endothelial cells demonsitridue ability of this
instrument to map different biochemical constitgemtside single cells with
acquisition as short as 500 ms/pixel. This is ald fmprovement compared to
previous equipment available in our laboratory 46 more than 10 times faster
improvement compared commercial instruments (InR&nan microscope from
Renishaw) [12]. The acquisition time is comparatdeother Raman micro-
spectrometer using lasers in the visible region reshthe Raman scattering
efficiency is considerable higher. However, visibasers are less suitable for
studying live cells as they can induce cell damageonsiderable lower powers

[13]. The spatial distribution of lipids and nucleacids was determined by
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mapping the intensity of the 717 ¢rand 788 cnt bands and images with spatial

resolution of 1 um were obtained.
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Chapter 4. Cytoplasmic RNA in
Undifferentiated Neural Stem Cells: A
Potential Label-Free Raman Spectral
Marker for Assessing the

Undifferentiated Status

In this chapter Raman micro-spectroscopy (RMS) wsed to identify,
image and quantify potential molecular markerslétel-free monitoring
the differentiation status of individual live nelistem cells (NSCs) in
vitro. The differences between Raman spectra of N&ad glial cells
indicated that the discrimination of the NSCs wassdal on higher
concentration of nucleic acids in NSCs. Spectralges corresponding to
Raman bands assigned to nucleic acids for indiViN&Cs and glial cells
were compared with fluorescence staining of cetll@iuand cytoplasm to
show that the origin of the spectral differencesearelated to cytoplasmic

RNA.
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4.1 Introduction

Neural stem cell-based therapies are emerging appes opening radically
new strategies for the treatment of neurologicatedses [7]. Currently,
neurological diseases are one of the leading caoleslult disability and it is
estimated that by 2040 neurological diseases wifpass cancer as the second most
common cause of death among elderly people [8iglt of our ageing population,
the development of effective therapeutic stratefpesieurological disorders is of
great importance. Although the potential clinicalpact of stem cell therapy for
neurological diseases has already been shown H8te tare still a number of
challenges to overcome before it can be consideuédble for widespread, long-
term use. One such challenge is the identificatibappropriate cell sources and
the maintenance of a stable cell phenotype duhegnecessary phase of in vitro
expansion. Current approaches for the charactenizat neural stem cells (NSCs)
in vitro are experimentally intensive, often emplalestructive assays [10]
rendering time-course experiments impossible, erlmased on crude estimates,
such as morphological features [11], which are fiitgant to provide mechanistic
insight into cellular processes. In order to adslfesdamental questions necessary
for process discovery and development of robudtocafures for cellular therapy,
new methodologies capable of quantifying key bidmes in a non-invasive

manner are urgently needed [12].

Conventional cell biology assays (eg. polymerasa&rcieaction, western

blotting, etc) are invasive and are not suitablecfaracterizing heterogeneous cell
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populations since they require a large number dfs cand results represent
averages over entire cell populations. Fluorescen@ging can provide high-
spatial resolution information for cells in vivo dnn vitro, but often relies on
lineage-specific surface markers that are expressethe cell membrane [13].
However, there are numerous cases, including N8@sre the major lineage
specific markers are intracellular targets and al&e requires fixation and
permeabilization of cell membrane, rendering théd ceusable in a clinical

environment.

Recently, Raman micro-spectroscopy (RMS) has beepoped for label-
free non-invasive characterisation of stem celld toeir progeny [[14-20]. RMS
combines the chemical specificity of Raman spectipg with the high spatial
resolution of optical microscopy to provide detdil@olecular information on cells
without using labels or other invasive procedur2$].[ Since water has a low
Raman scattering cross-section compared to mosidezules, Raman spectra of
cells have only a minimal background signal fromtexa Therefore, repeated
measurements by Raman spectroscopy on viable cebentained under
physiological conditions are usually easier to gamut [22] compared to infrared
absorption spectroscopy, where the strong absorpands of water can distort the

IR spectra[23, 24].

The basic hypothesis for using RMS to discriminabetween
undifferentiated and differentiated cells relies tre expression of specific
biomolecules by the cells at various stages ofetbffitiation. Earlier studies
reported that undifferentiated murine embryoniarsteells (MESCs) had higher
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concentration of MRNA compared to mESCs after Zindays of differentiation
induced by removal of leukaemia inhibitory fact@]l These biochemical
differences were related with the increased traiosiaof dormant mRNAs during
differentiation of the mESCs, by similarity with tneation of oocytes. Spectral
differences related to nucleic acids were also ntedofor human ESCs (hESCSs),
but spectral differences were mostly associatdadieésmaller cytoplasm to nucleus
ratio of undifferentiated cells compared to differated cells[17]. Comparison
between different age groups of rhesus monkey ncbyemal cells derived from
bone marrow also indicated a higher DNA and lowetein contribution in the
Raman spectra of fetal compared to juvenile c@Bg.[Spectral variations assigned
to glycogen have also been reported for hESCs aiagd under normal growth

conditions in vitro [18, 26].

In addition to undifferentiated stem cells, RMS & been used for non-invasive
phenotypic identification of individual cells or atacterization of differentiated
cell cultures derived from stem cells. Comparis@iween Raman spectra of
human bone marrow stromal cells grown in purposgtl-bioreactors over 21 days
in basic and osteogenic culture media showed broats differences related to
cell differentiation and mineralisation [6]. Difiemces between the bone nodules
formed by osteoblasts derived from mESCs and naggees were also identified
by Raman spectroscopy [27]. More recently, RMS &B® been proposed for
phenotypic identification of individual cardiomydeg within highly
heterogeneous cell populations as commonly obtairkding in vitro

differentiation of hESCs. High accuracy discrimioat models based on Raman
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bands associated mainly to glycogen and myofitellswed identification of

hESC-derived cardiomyocytes with sensitivity >9684 apecificity >97% [19].

Although currently the measurement speed is limitednly few cells per
second, these initial studies are starting to msgrthe Raman spectroscopy
technique towards the development of Raman-actives# sorting for label-free

enrichment and purification of cell populationsiwitell-defined phenotype[28].

In this study we have investigated the ability dfi® to provide label-free
spectral markers for non-invasive monitoring of thtferentiation status of live
NSCs in vitro, as well as detect spectral changasng their differentiation
towards the glial phenotype. First, multivariatatistical models were developed to
discriminate between undifferentiated NSCs andl gidis, and then high spatial
resolution Raman spectral imaging was used to lebverehe observed spectral

differences with molecular properties of NSCs.

4.2 Materials and Methods

4.2.1 Cell Culture

Cell culture reagents were purchased from Invitnoeaisley, UK) unless
otherwise stated. Mouse neural stem cells werauredtas described elsewhere
[10]. Briefly, cells were maintained in NSC mediyrepared with DMEM/F12

and Neurobasal medium (1:1), N2, B27, Pen/Stre@F 20 ng/ml) and EGF (20
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ng/ml, Sigma, UK). To passage the cultures, thés agére treated with 1 ml of
Accutase (Patricell Ltd, Nottingham, UK) and thenpée was incubated at 37°C for
5 minutes. After a PBS wash, the pellet was reswdgek in fresh medium and

transferred to a new vessel. Culture stocks wergraly split 1 in 3.

For Raman analysis, cells were seeded on glassigdat(Becton
Dickinson) according to the manufacturer’s instiact to promote cell adhesion.
For in vitro differentiation, NSC medium was remdcwith medium containing
DMEM/F12 and Neurobasal (1:1), 1% FCS, Pen/Strepst-medium was added
every 2 days, taking care not to disturb the mgreslaAfter treatment, cells were

fixed with 4% ice-cold paraformaldehyde and staed®C until analysis.

4.2.2 Immunostaining

Samples were washed in PBT (PBS + 0.1% Tween-20n&)), blocked for 1 hour
in 1% blocking solution (PBT+0.1% FCS), and inceohbvernight at 4°C with an
anti-GFAP antibody (Dako, Ely, UK) diluted 1/100 1846 blocking solution. After
extensive washing in PBT for 40 minutes, samplegsewmcubated with a
fluorescein-conjugated secondary antibody (Vectabd, Peterborough, UK) for 1
hour, washed for 1 hour in PBS, and kept in PBSanimg 1 pg/ml Hoechst 33342

(Sigma) until imaging.
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4.2.3 Raman micro-spectroscopy measurements

For measurements on live cells, a Raman micro-speeter equipped with an
environmental enclosure (Solent, Segensworth, UK$ wsed to maintain the cells
under sterile physiological conditions (culture moaa, 37°C temperature, 5% CO2).
The instrument was based on an inverted micros¢idp&l, Olympus, Essex, UK)
with a 60x/NA 0.90 water-immersion objective (Olyasp, a 785 nm ~170 mW
diode laser (after objective) (Toptica Photonicgjnidh, Germany), a spectrometer
equipped with a 830 lines/mm grating and cooledpetipletion back-illuminated
CCD detector (Andor Technologies, Belfast, UK) amdautomated step-motor stage
(Prior, Cambridge, UK). For the high spatial resiolo spectral images, a second
confocal Raman micro-spectrometer was used whidessribed in Chapter 3 of this
thesis. Both instruments were calibrated prior acheexperiment using a standard
tylenol sample and the spectral resolution was €&+3in the 600-1800 cthregion.
Purpose designed titanium cell-chambers were builtich incorporated Mgk
coverslips (0.17 mm thick) at the bottom to enatquisition of Raman spectra of
the cells using the inverted optical configuratidfar the live cells, the Raman
spectrum of each individual cell represented theraye of a total of 625 spectra
measured at different positions inside the celtdster-scanning the cell through the
laser focus in 2 um steps (equivalent to a gri@ by 25 points). The acquisition
time at each position was 1 second. After the atpm of Raman spectra was
completed, the position coordinates of each cel vemorded, the cells were fixed
and prepared for immunostaining (phenotypic marked cell nucleus). The
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phenotypic marker of the cells was established gusinwide-field fluorescence
staining system integrated on the Raman microscope.retro-positioning of each

cell was achieved by using the cell coordinatesugcy ~5 pm).

4.2.4 Data analysis and processing

Data preprocessing consisted of removal of specingaining cosmic rays,
background subtraction and normalization. The aeraf the Raman spectra
measured at points outside of the cell (automayiagdentified using a k-means
clustering analysis) represented the backgroundtigpe (contributions from the
culture medium, Mgjcoverslip and microscope objective). The Ramarctse
representative of each cell was obtained by algebtdbtraction of the background
spectrum from the average of the Raman spectrh ositions inside the cell. All
Raman spectra were then normalised using the sthmiaimal variance method

[19, 29].

The Raman spectra of cells were analysed by pahcipmponent analysis
(PCA) and linear discriminant analysis (LDA). Ransectra measured of purified
commercial nucleic acids were measured from bakgrast RNA, calf thymus
DNA and human serum albumin (all from Sigma AldrithK). Spectral images
corresponding to selected Raman bands were obthinedlculating the area under
the spectral bands after subtraction of an estunéteal linear baselines and

representing the integrated intensity value at @aeasurement position in the cell.
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Prior to calculation of band areas, the singuldueyalecomposition method was
used to reduce the noise in the Raman spectra T8@].trapz function in Matlab
was used to calculate the area under each cuneerédulting volume of the cell

was the sum over entire values obtained with tfapetion.

4 .4 Results and Discussions

4.4.1 Discrimination between undifferentiated neurprogenitors and

glial cells

The first aim of the study was to identify Ramaredpal bands which
enable discrimination between undifferentiated N&@d NSC-derived glial cells
by using non-invasive Raman spectral measurememtdive cells. Although
previous studies using 785 nm lasers to measureaRapectra of other cell types
showed that no damage was induced to the cells3[l]%viability tests on selected
NSCs and NSC-derived glial cells were carried dtgracompletion of the Raman
measurements. The results of the fluorescencerggaiests on 4 undifferentiated
stem cells and three glia cell confirmed that teksaemained viable at the end of

the Raman measurements (figure 4.1).

Figure 4.2 presents average Raman spectra and iosfluorescence
images and of two typical live glial cells and tgwups of NSCs. When carrying

out Raman spectral measurements on individualNIB€s it was found that cell
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motility was significant over the measurement ti(r@0 minutes). Therefore, to
reduce errors due to cell motility, the Raman gj@ect NSCs were recorded as full
raster scans over individual cells or groups of &fis in proximity, for which

motility was observed to be considerably reduceal dferences were observed in

the Raman spectra of individual NSCs or NSCs imugsqfigure 4.2 ).

Before After After Fluorespen_ce Fluoresgeqce
Roman Meas. Raman Meas, fixation  ooxopiective 10x objective
: SYIOI0/Eth.HD-2  SYTO10/Eth.HD-2

Undiferentiated o
o _
- 5
Undiferentiated 30pm oy
stem cells
o . . . .

Glial cells

Figure 4.1: Viability tests for typical NSCs and NSC-deriveliagcells following laser
exposure during the acquisition of Raman specttaléar 1Qum unless otherwise specified). The
morphology of the cells irradiated by the laser aerad typical to the phenotype of the cells. In the
lower magnification images, the cells exposed ®l#ser were marked by a white circle. The cells
investigated by RMS stained positive for the SYTQiy@ (green) and negative for the ethidium

homodimer-2 dye (red) demonstrating that the lasgrosure did not affect their viability. The
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staining of the cells was similar to the surrougdhealthy cells which were not exposed to the
laser. The yellow arrows indicate few cells not@sgu to the laser but which had compromised cell

membrane (stained positive for the ethidium homedithdye).
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Figure 4.2. Comparison between the Raman spectra of a typidalidual NSC and a

group of NSCs.

After Raman measurements, all cells were fixed stathed to confirm the
phenotype: nestin was used for undifferentiated §l&@ GFAP was used for glial
cells. The phenotypic confirmation was carried muensure that no errors due to
potential population heterogeneities were inclughetthe Raman spectral model; as
such errors can significantly reduce the phenotgscrimination of the cells. The
Raman spectra in Figure 4.2A show that the samphiathod used in this study led
to high signal-to-noise Raman spectra which acemintor the molecular
heterogeneity of the cells. Therefore, such aver&gman spectra are
representative of an entire cell or group of calelysed. The Raman spectra of

both cell types consist of typical Raman bands elfutar biomolecules (nucleic
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acids, protein, lipids and carbohydrates) and arsistent with previous reports on
other cell types [21]. Spectral differences betwtenglial and NSC populations
can be observed in particular in the 700-830"'cmegion, which contains
contributions mainly from nucleic acids. Howeveg tonfirm these spectral
differences, Figure 4.4A presents the average Raspaoctra of 120 NSCs (19
groups) and 27 differentiated glial cells along hwithe computed difference
spectrum (average spectrum for all NSCs minus geespectrum of all glial cells).
Several Raman bands corresponding to nucleic amats be identified in the
difference spectrum, which are significantly largean the computed standard

deviation at the corresponding wavenumbers.

Undifferetianted stem cells A

Glial cells

Raman intensity (arb. Units)

[ [

600 800 1000 1200 1400 1600 1800
Ramanshifticm™ ')

Figure 4.3 (A) Typical Raman spectra measured for undifféaéed neural stem cells and

glial cells, and the corresponding fluorescencénistg of the cells confirming their phenotypes:
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(B,C) undifferentiated neural stem cells: blue=eucted=nestin; (D,E) glial cells: blue=nuclei,

green=GFAP (Glial fibrillary acidic protein).

Undifferentiated stem cells | A

s
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Raman intensity (arb units)
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Figure 4.4: (A) Average Raman spectra of undifferentiated stefis and glial cells, and

their computed difference. The side lines represbet standard deviation calculated at each
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wavenumber. (B) Comparison between the computddrdiice spectrum in (A) and the Raman

spectra measured from purified RNA and DNA.

A comparison between the difference spectrum aerdRhman spectra of
DNA and RNA in water are presented in Figure 4.BBsed on previous reports
using X-diffraction measurements on nucleic acidton at neutral pH and
equilibrium conditions (as used in our experimentfle DNA adopts a B-
conformation while the RNA adopts a A-conformatil@2, 33] . Raman bands
associated to the DNA and RNA bases can be idedtdt 729 (adenine), 782 and

785 (uracil, cytosine), and 1578 cthiguanine and adenine) [34].

Raman bands corresponding to the nucleic acid lmmeklxan also be
identified and used for identification of the comf@tion of the nucleic acids. B-
conformation DNA elicits a strong band at 788 cand a shoulder at 835 &m
corresponding to the symmetric and asymmetric O-ph@sphodiester stretching
vibrations. For A-DNA and RNA, the symmetric vibmt shifts to 813 ci and
the band corresponding to the asymmetric stretchamgshes [35, 36]. In addition,
a Raman band at 1098 ¢ntan also be identified corresponding to the, PO
vibrations. These results suggest that the maintsgppedifferences between NSCs
and differentiated glial cells rely on a higher centration of nucleic acids in NSCs
[14].

A multivariate spectral model based on the prinicqunponent analysis (PCA)
followed by linear discriminant analysis (LDA) wagveloped to enable spectral
discrimination between the two cell types. The Ingdpectra corresponding to the

first three principal components capturing 82.1%spéctral variation are showed
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in Figure 4.4A. For the LDA model, only PC1, PCadPC3 were used as other
PCs either consisted only of broad bands charatiteto the culture medium or
were dominated by noise, therefore they did notrawe the discrimination

between the two cell types.

N]

PC2 (17.8%)

PC3 (11.1%)

el |y,

‘@ LDA vector

600 800 1000 1200 1400 1600 1 S(jO
Raman shift (cm™)

0.4 Undifferentiated stem cells
0.35| Glial cells P 1

0.3r QO % 0 %
0.25 6 ® ® 1
02 ) : '

R

015/ % o
0.1 ' i

4 3 2 1 0 1 2 3 4 5
LDA scores distribution

Figure 4.5: (A) The loadings of the first three PCA compondiif€1, PC2, PC3) used for
building the LDA discrimination vector to maximifiee discrimination between the Raman spectra

of the undifferentiated NSCs and glial cells. Tlaiance captured by each principal component is
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shown in the brackets. (B) Distribution of LDA sesrfor undifferentiated stem cells (purple dots)

and glial cells (green dots).

The computed linear discriminant analysis loadingiclwv maximized the
discrimination between the NSCs and glial cellgressented in Figure 4.4A and the
corresponding scores in Figure 4.4B. The probabdistribution for the LDA
scores (Figure 4.4B) shows a clear distinction betwNSCs and glial cells. To
determine the accuracy for phenotypic identificatiof NSCs, cross-validation
(CV) was used to determine the sensitivity and ifipgg parameters for a certain
target sensitivity or specificity. The leave-ond-ddV showed that the LDA
spectral model can discriminate between NSCs ama gklls with 89.4%

sensitivity and 96.4% specificity.

4.4.2 Assignment and quantification of the Raman getral markers

The computed difference spectrum in Figure 4.3caughis that significant
molecular changes related to nucleic acids can dentified between
undifferentiated NSCs and glial cells. In particulane can highlight the Raman
band at 813 cih which has been assigned to the symmetric strajchinthe
phosphodiester bonds in nucleic acids. Howeves, shectral difference could be
related either to conformational changes of DNArfrB-form to A-form or due to
changes related to the RNA concentration.

A decrease in the 813 €hband was also detected by RMS in the case of
spontaneous differentiation of MESCs over a 21 gay®d [14]. The intense 813
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cm® band in undifferentiated MESCs was suggested toelsed to repressed
translation of MRNAs in the embryonic stem cellfoiwed by increased mRNA
translation during the differentiation. Spectraffetiences associated to nucleic
acids were also found in undifferentiated and d#fitiated hESC and
mesenchymal stem cells [17, 25], and were attribute a higher nucleus to
cytoplasm ratio in the undifferentiated cells anssariated to the increased
proliferation rates compared to differentiatedsaidowever, these studies recorded
only single point measurements for individual celled did not include spatially
resolved Raman spectra needed to determine whekigerincreased signals
corresponding to nucleic acids was associatedaaétl nuclei (mainly DNA) or
cytoplasm (RNA), or alternative methods to distisgubetween RNA and A-form
DNA.

One of the important features of confocal RMS st tih allows the mapping of
the biomolecules within individual cells with difiction limited spatial resolution.
Comparison between Raman spectral images corresgpntb specific
biomolecules and fluorescence staining also allawsetter correlation between
Raman spectral information and cellular compon¢h®s 29]. In this case, such
comparison was carried out to establish whether siectral differences were
related to DNA conformational changes (most DNAosated in the nucleus) or to
RNA concentration (cytoplasmic RNA). Raman speatmaps for the 788 cthand
813 cm" were measured and compared with fluorescenceirggaior the nucleus
and cytoplasm for the same cells. Such compariaens carried out on both NSCs
and glial cells to establish whether the specthainges corresponded to the nuclei

or cytoplasm. However, Raman imaging requires rastanning the cell through
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the laser focus and collection of a full spectrumeach position. Although
individual Raman spectra with sufficient signalrtoise ratio in the 700-850 ¢
region can be acquired using integration timestastsas 500 ms/pixel (Figure
4.5), a Raman mapping using step sizes of halfdiffeaction limit (500 nm)
requires 20 minutes. To avoid cell movement duthgg Raman imaging and thus
enable accurate comparison between the Raman mdghiarescence images, the
measurements were carried out on fixed NSCs arad giills. The comparison
between the Raman spectra of fixed and live céltsvs that paraformaldehyde
fixation of cells did not significantly affect tieaman spectra (Figure 4.7), findings

which agree with published reports on other cegle/[37, 38].

*:Pi‘i{
n_® L] . s L] I' . -”
e v Paraan SIE,

600 800 1000 1200 1400 1600 1800
Raman shift (cm")

Figure 4.6: Fluorescence image of the progenitor stem cell (ipge (area of 813 ¢in
peak) of the same undifferentiated stem cell at®8Q0B); individual spectra taken from RNA and
outside RNA region respectively(C)
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live undifferentiated cell

fixed undifferentiated cell
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Figure 4.7: The comparison between the Raman spectra of &rddive undifferentiated

stem cells.

Figure 4.8 presents the spectral maps of two typl&Cs corresponding to
the 788 crit and 813 cnt Raman bands along with the corresponding phase
contrast and fluorescence staining of the cellei®API) and cytoplasm (GFAP).
Compared to the DAPI staining, the cell region ighh788 cni intensity is larger
than the cell nuclei because this band consisenadverlap between the C and U
ring vibration at 785 cfand the O-P-O symmetric stretch in B-DNA. Therefor
the Raman images corresponding to the 788 tighlight regions rich in both
DNA and RNA.

However, comparison between the fluorescence imagesthe Raman
images corresponding to the 813 traman band shows that the cell regions
where these bands have high intensity correspotitetoytoplasm. To confirm the
presence of the 813 ¢hband in the cytoplasm of the NSCs, individual Rama
spectra from locations of intense 788 tmnd 813 crit Raman bands are also
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presented in figure 4.8 and compared to spectoghat positions in the cytoplasm
with reduced nucleic acid contributions (spectranth@ted by other biomolecules

such as proteins and lipids).
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Figure 4.8: Phase contrast images (A,F), nuclei(blue)/nestirg(g) fluorescence staining
(B,G) and Raman spectral images corresponding o788 crit band (C,H) and 813 cmband
(D,]) for two typical fixed undifferentiated neurstem cells. The Raman images in (D) and (l) were
calibrated using the curve in Figure 6. (E), (Jiidual Raman spectra taken from selected
positions of the nuclei (green star), cytoplasmarg rich in RNA (red star) and cytoplasm regions

rich in phospholipids (blue star). (Scale barsuif).
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Fig 4.9: Confirmation of cytoplasmic RNA rich regions iwdi NSCs. Due to cell motility
Raman maps were recorded at 2 pm step size (hotging time ~6 minutes). (A) Overlap of DAPI
image on the bright field image enables visualaratf nucleic acids region; (B) individual Raman

spectra from the nucleic and cytoplasmic regiods im RNA.

Based on these results, it can be concluded tlagssignment of the 813 &m

band corresponds to cytoplasm RNAs and not to cordtonal changes of the
DNA. A confirmation of these findings for live NS@spresented in the Figure 4.9.
However, to reduce the errors due to cell motililgen comparing Raman and
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fluorescence images, the Raman spectral images neeoeded at a lower spatial
resolution (2 um step size, total imaging time ~6utes).

Figure 4.10 presents, similar comparisons betweamdR spectral maps of
nucleic acids and fluorescence staining for twoidgipdifferentiated glial cells

derived from NSCs
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Figure 4.10: Phase contrast images (A,F), DAPI(blue)/FITC(gjeerorescence staining
(B,G) and Raman spectral images corresponding o788 crit band (C,H) and 813 cmband
(D,]) for two typical fixed glial cells. The Ramamages in (D) and (I) were calibrated using the
curve in Figure 6. (E), (J) Individual Raman spadiken from selected positions of the nuclei

(green star) and two positions in the cytoplasrd émed blue star). (Scale bars: 10 um).
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In this case, a very close similarity can be olsgrbetween the Raman maps
corresponding to the 788 chvand and the DAPI images of the nuclei.

These results indicate that, contrary to NSCs,rimrtton from nucleic acids in
the glial cells can only be detected in the nucldinerefore, the concentration of
the RNA in the cytoplasm of glial cells is consigely lower than in NSCs,
becoming below the detection limit by RMS.

The origin of these spectral differences which wvallthe assessment of the
differentiation status of NSCs by RMS may be atiiéol to two main properties of
NSCs when compared to differentiated cells: lowgoglasm volume and overall
higher amount of RNA. Although an accurate evabrabf cytoplasmic volume is
difficult, we attempted an estimation of the ratetween the cytoplasm volumes
between NSCs and glial cells based on the fluorescemages and selected
Raman maps. Assuming that the intensity of the 1et8® band corresponding to
CHy vibrations in all biomolecules, can be used tosueathe biomass volume, by
summing the areas under all curves of the Ramars fapNSCs and glial cells
(Figure 4.11C and 4.11 D). The calculated ratighef cytoplasmic volume of the
glial cells over the cytoplasmic volume of the NSiSs4.84. Based on these
estimates, the increase in cytoplasmic volume efghal cells would lead to a
maximum ~5 fold decrease in the concentration edgasmic RNA if the overall
amount of RNA would remain unchanged during théed#intiation. Figure 4.11E
presents a calibration curve for the 813'dRaman band corresponding to RNA as
a function of concentration in phosphate bufferingal built using similar

measurement conditions as used for cell measurement
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Figure 4.11: Raman spectra maps corresponding to the 1450band for a glial cell (A)
and undifferentiated neural stem cell (B) and tltemresponding profiles at the positions indicated
by the white dotted lines (C, D). (E) Calibratiomee for the 813 cih Raman band using purified
RNA solutions in phosphate buffer saline. The gaega highlights the range of maximum RNA

concentrations in the cytoplasm of the undifferatetii neural stem cells.

According to this calibration curve, the maximumncentration of RNA in

the cytoplasm of NSCs ranges from 3-5 mg/ml (acouran this range is
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+1.2mg/ml) while for glial cells the concentratibecomes lower than the detection

limit of our instrument, which is ~2 mg/ml.

Therefore, these estimates indicate that the iseraa the cytoplasm
volume by a factor of 10 may account for a decrdaséhe cytoplasm RNA

concentration during the differentiation of NSCgte glial phenotype.

However, the higher intensities of Raman bandsesponding to RNA in
NSCs may also be related to a higher amount of RiNAndifferentiated cells
compared to fully differentiated cells. Early steslion lineage progenitors have
reported a change in RNA content during the difféegion process. Histological
analysis of embryonic brain explants has shown tieatroepithelial progenitor
populations in the ependymal layer have a hightal BNA content than their
mature differentiated progeny [39]. Increased catredéion of nontranslated
MRNAs corresponding to the post-transcriptionaltc@rof genes has been related
to neurogenesis [40] and neuronal function [41]wa$ as stem cell proliferation
and embryogenesis [42, 43].For example, high alnoelaf proteins which repress
the translation of mMRNAs and maintained the undifféated state of NSCs have
been found in the cytoplasms of these cells [40]a Idifferent model, epidermal
progenitors have similarly been reported to dispiégher RNA amounts than
terminally differentiated keratinocytes [44]. Irgetingly, the fine dynamics of
these variations over the differentiation proceppears to involve a transient
increase before a significant drop in RNA amountsseoved in mature
differentiated lineages. More recently, the impoce of RNA subtypes including
long non-coding RNAs and microRNAs has been higitéd in the context of cell
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differentiation [45-48]. Data gathered from mous8 Eells, and more recently
NSCs, suggest that such non coding regulatory Rai&sdynamically regulated
during the differentiation process. Further impmeats in the imaging speed and
discrimination potential of the Raman spectrum ysial may allow a finer
characterisation of the distinct RNA componentsolhare differentially regulated

between NSCs and their progeny in live cultures.

4.5 Conclusion

RMS is an attractive technique for non-invasive rabgerisation of
individual live cells in vitro. In this study, RM%as used to identify label-free
spectral markers for non-invasive monitoring thé&fedentiation status of live
neural stem cells (NSCs) in vitro. Such technigaes urgently needed for the
characterisation of cell populations and assesfiag differentiation status non-

invasively.

Principal component analysis (PCA) and linear dhsicrant analysis (LDA)
models based on Raman spectra of undifferentiat®@@dNand NSC-derived glial
cells enabled discrimination of NSCs with 89.4%sstvity and 96.4% specificity.
The differences between Raman spectra of NSCs lgddcglls indicated that the
discrimination between these cell types is basetiginer concentration of nucleic
acids in NSCs compared to glial cells. Comparisetwben Raman mapping of

DNA and RNA showed that the regions with largesicsgal differences are located

Page
98



Chapter 4: Cytoplasmic RNA in Undifferentiated Neural Stem Cells: A Potential Label-
Free Raman Spectral Marker for Assessing the Undifferentiated Status

in the cytoplasm of the NSCs and therefore canssayaed to cytoplasmic RNASs.
These results are in agreement to previous stutigaouse embryonic stem cells

which indicated a significant decrease in RNA dgmwiifferentiation in vitro.
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Chapter 5: Monitoring the
mineralisation of bone nodules in-vitro
by space- and time-resolved Raman

micro-spectroscopy

Raman microscopy was used as a label-free methodstudy the

mineralisation of bone nodules formed by mesenchwtesn cells cultured
in osteogenic medium in vitro. Monitoring 10 indivial bone nodules over
28 days revealed temporal and spatial change®iorfstalline phase of the

hydroxyapatite components of the nodules.
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5.1 Introduction

The clinical demand for bone grafts is steadily@asing in many surgical
procedures, such as hip revision, removal of banetrs, treatment of congenital
bone deformities and reconstruction surgery [49%whr alternative methods to
autologus bone grafting are being developed by aundp cells, scaffolds and
bioreactors in laboratories, in order to producgimeered tissue with optimised
properties [50-52]. Mesenchymal stem cells (MSGs)ated from bone marrow
aspirates have been used for bone tissue engigeania for in vitro studies of
postnatal osteogenesis [53-57]. When cultured teamenic medium containing
dexa-methasone (DEX), ascorbic acid phosphate etaddbycerophosphate, MSCs
can differentiate towards an osteoblastic phenofypmkcan form mineralised bone
nodules, a process spanning over several weeks IHiever, the information
related to the composition of the mineral depoand their evolution in time is
limited. Most of the techniques used for the asialpf the bone nodules, such as
Alizarin red [58] or Von Kossa staining [59], higasolution electron microscopy
[60], polymerise chain reaction (PCR) [27] are degftve and can provide only
single snap-shots. Therefore, the current undedstgnof the mineralisation
process is mostly based on experimental resultsiredat at different time-points
from parallel cultures. However, one of the diffices when extrapolating
information obtained from single time-point measoeats of parallel cultures is

related to the biological variability and cell-telc heterogeneity. The dynamic
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patterns and the correlation between the tempaohispatial evolution of the bone

nodules is mostly lost in snap-shot assays.

Raman spectroscopy is a label-free analytical tecienthat allows non-
invasive measurements of the molecular properfieslts [19] and bone grown in-
vitro [27]. It was shown that the frequency of tHevibration of the Pg changes
with ionic incorporation and crystallinity of thepatite: 955-959 cfh in B-type
apatite (carbonate substituted phosphate in apéitece), 962-964 cih in
nonsubstituted apatite, and 945-950 ciim disordered hydroxyapatite lattice
(probably A-type carbonate substitution, i.e. cadie for hydroxide or amorphous
CaP) [61, 62]. More recently, Raman spectroscopyaiso been used to study the
mineralisation of human MSCs cultured in osteogeméclia in-vitro [6, 63] and to

compare the mineral deposits at different time-fsousing parallel cultures.

Another important feature of Raman spectroscopthas it allows in situ
time and spatially-resolved measurements of liviés aaultured in vitro, without
disturbing the chemical and biological integritytbé cells. Recent studies showed
that Raman spectroscopy can be used as a labétbieeique to measure chemical
changes in apoptotic cells over periods of 35 neisub 6 hours [64]. Raman
spectroscopy has also been used for time-courseriexgnts over 5-6 days to
monitor the cardiac differentiation of human embmigo stem cells grown in

purpose designed micro-bioreactors in-vitro [6].

Here, we show the feasibility of Raman spectroscapgtudy the spatial
and temporal development of individual bone nodutesitro over durations as

long as 28 days.
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5.2 Materials and Methods

5.2.1 Raman micro-spectroscopy measurements

Cells were grown in purpose-designed bioreactodstia® same areas of the
cell cultures were repeatedly interrogated by Rammacro-spectroscopy at 48
hours intervals. The bone nodules were formed bmam MSCs cultured in
osteogenic medium (medium supplemented with dexszamene, glycerophosphate

and L-ascorbic acid-2-phosphate) and grown in pgegtesigned bioreactors.

For the time-course experiment, Raman spectra wererded using a
Raman micro-spectrometer equipped with an envirowaheenclosure (Solent,
Segensworth, UK). The chamber allowed the cellbeanaintained at 3T, 5%
CO, and avoid contamination. The instrument was devély Dr Flavius Pascut
[20] and consists of an inverted microscope (IX @lympus, Essex, UK) with a
60%/NA 1.20 water-immersion objective (Olympus)/&8 nm ~170 mW diode
laser (Toptica Photonics, Munich, Germany), a spewtter equipped with a 830
lines/mm grating and cooled deep-depletion backriihated CCD detector (Andor
Technologies, Belfast, UK) and an automated stefmnsiage (Prior, Cambridge,

UK).

The instrument was calibrated prior to each expeminusing a standard 1,4
BSMB (Sigma-Aldrich, UK) sample with a precision €8.5 cni'in the 600-1800
cm® spectral region. Purpose designed titanium cellters were built (25mm

diameter and 15mm height) and incorporated a Mugiverslip (0.17 mm thick) at
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the bottom to enable acquisition of Raman spedtrihe cells using the inverted

optical configuration.

Environmental
Chamber (37°C, 5% COo,)

XY Stage

Fluoresc
Camera

Optical Fibre

Microscope

Spectograph

785nm 350mwW

Figure 5.1 Schematic description of the Raman micro-spectremdtverted optical
microscope with automated sample stage, 785 nmm, lasger immersion objective spectrograph

and CCD detector [22]

To account for biological variability of the liveelts, for each bioreactor
seven areas were measured at 2 or 3 days intdyabsster scanning the samples
through the laser focus with m steps size (equivalent to a grid of 70 by 70
points), with acquisition time of 1 s/pixel at eapbsition. Between the Raman

spectroscopy measurements the cells were retum#gkiincubator. At the end of
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the time-course experiment, the cultures were fixed stained with Alizarin red to

highlight the calcium mineral areas.

5.2.2 Data analysis and processing

Data analysis was performed in Matlab 2011 (Math&/oinc., Natick,
MA). Spectra containing cosmic rays were removed aingular value
decomposition (SVD) was used to reduce the noike. résulting Raman spectra
from SVD procedure were analysed via univariatea datalysis and principal
component analysis (PCA). PCA images were congtruisy projecting the scores
corresponding to the principal components that sltbwands corresponding to
hydroxyapatite (HA). Univariate spectral imagesresponding to selected Raman
bands were obtained by calculating the area unber spectral bands after
subtraction of estimated local linear baselines aspresenting the integrated

intensity values at each measurement positionarcéifi.

5.3 Results and discussion

At day 1, all cells had a fibroblast-like morphojognd covered the entire
area of the coverslips forming a compact layer.nficant changes in the

morphology and density of the cells cultured in ts#eogenic and control media
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were observed after 4 days (Figure 5.2). Theseesaglicate that the cells grown
in the osteogenic medium had a higher proliferataie compared to cells cultured

in the control medium.

A Osteogenic medium Nonosteogenic medium

4% op

35D

B T3y e

Alirin Red

Alizarin Red

Figure 5.2 (A) Phase contrast images of MSCs cultured inag&ric and control media. Alizarin
staining was performed at day 27 or 28. Scale H#&xsn. (B) Mean time-course Raman spectra of

typical 210x 210 mni regions of the cultures shown in (A).

Aggregated structures approximatelyuf® in size were observed starting
with day 12. The number and size of these strustimereased constantly with
time, reaching 10-7Qim diameter and a density of ~7 nodules for aredsl6fum

X 21Qum. For the 50 cells grown in the control media, major morphological
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changes were observed during the 28 days periazhri red staining was carried
out at the end of the time-course experiment amafirmoed the formation of
calcium mineral deposits only for the MSCs culture@steogenic medium. Other
papers have reported similar time scales for miizetéon [13] and indicated that
bone nodule crystallisation started with the foinrabf aggregated structures [18,
21]. For the cells grown in the control media, najon morphological changes
were observed during measurements. Alizarin rehisthwas carried out at the
end of the time-course experiment and confirmeddhaation of mineral deposits
when MSCs were cultured in osteogenic medium. Th&iwm phosphate
structures observed by alizarin red staining tendpread out and cover the entire
surface of coverslip. The sizes of these structcaasvary from 10 um up to 70 um

depending on the morphology.

2 \ Day
S Day
P 27 28
2 L\
< WV 26
Py \ 26
i 18 18
13 13
10 10
A
600 800 1000 1200 14001600 1800 600 800 1000 1200 1400 1600 1800
Raman shift (cm™) Raman shift (cm™)

Figure 5.3 Raman spectra at different time points for the esaiggions of the culture A)

osteoblast in osteogenic medium and B) non-osteogeedium.
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To obtain information regarding the spatial and gemal chemical
composition of the samples we used Raman specpgtoomeasure several areas
of the cells in osteogenic and control media. Feg&.3 compares the time
evolution of the mean Raman spectra for two regiohgell cultures kept in
osteogenic and non-osteogenic mediums. The spkatra all the Raman bands
characteristic to the main cellular biomoleculesc{gic acids, protein, lipids and

carbohydrates) and are consistent with previousrten other cell types [22].

Spectral differences are observed throughout ewtage of osteoblast
differentiation and bone mineralization become ohsiin the computed difference
spectra, i.e. subtract of average Raman spectestebblast region minus control
cell region (figure 5.4). Prior to that, each Ramspectra had the baseline removed
and normalized. Positive peaks at 782'corresponding to nucleic acids [23], 717
cm™* phospholipids [22], 1004 chrphenylalanine [24] can be observed at days 1, 5
and 9. The increased contribution from nucleic swaidlates to a higher cell
proliferation rate for cell grown in the osteogemedium at the early stage,
whereas the positive evolution of bands assigngadteins in Raman spectra is as
an indication of extracellular matrix (ECM) prodact. The extracellular matrix is
known to consist of proteins and serves as a nlimat@®n support [12] and
connective medium for the mineral part of the bf2f. Although collagen is a
major part of ECM, no Raman band specific to calagype | or Type Il were
noticed in the Raman spectra. At days 15- 20, ralisation of the bone nodules is
indicated by the increase in the intensity of them@n band at 950-958 €m

assigned to the P® symmetric stretching of hydroxyapatite (figure 5and
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continued to increase until the end of experiméady 28). Previous work showed
that the formation of hydroxyapatite crystals caa produce during bone

mineralization either by heterogeneous nucleatfoGaband P crystals by collagen
and phospho-protein complex [26] and /or calciurd phosphate accumulation in
matrix vesicles [27-29]. Because no spectral bardsacteristic to collagen were
detected in the Raman spectra it is likely thattfreeralization process leads to the
formation of an aggregated structure which haven lpgeviously and described in

literature as a dystrophic mineral [11]. In sudtustures CaP crystal are formed by

precipitation of inorganic calcium ions and phogpH&0].

Figure 5.4 Time course difference spectra of osteoblastcamdrol cells.

While the average Raman spectra provide informaggarding the overall
molecular changes of the cells during differeniatand mineralisation, Figure 5.2
shows that the cultures are highly heterogeneohsrefore, principal component
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analysis (PCA) was used to analyse the time-redolseectral maps of all

measured areas to capture both the temporal argp#tial molecular changes.

Figure 5.5 (A) Maps corresponding to the PC2 scores recofdedhe same culture regions at
different measurements days. (B) The loadings spmeding to the first four principal components.
Scale bar: 1gm.
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Figure 5.5A presents the loadings correspondintipeofirst four principal
components accounting for most of the spectralabdity. The 2nd principal
component (PC2) contained an intense band assignete PQ* symmetric
stretching, indicating mineralisation. Fig. 5.5Begents the time course spectral
maps corresponding to the PC2 scores for threedlypreas of the cell cultures.
The results show that the mineralization occurdiiferent sizes and shapes, from
round to irregular hand-like shapes. The size efrttund shapes varied between 10
to 20 um, whereas the irregular shapes were g0 To obtain more insight into
the mineralisation of the bone nodules, a moreilddtaanalysis of the spectral
region 940-990 cfh was carried out. Previous reports indicated théx’P
stretching in crystalline hydroxyapatite producesharp peak at 958 chwhile the
frequency of this vibrational mode is found in t8d45-950 crit range for

disordered phase hydroxyapatite [15].

The PCA analysis also indicated that the peak &8t @8* appears to be
asymmetric due to the overlap of several Raman dandsing a peak
deconvolution algorithm, it was possible to sepathe peaks corresponding to the

disordered and crystalline hydroxyapatite.

Figure 5.6A presents the results of the peak deslatign algorithm for a
typical bone nodule and shows that the intensitthefRaman band corresponding
to crystalline hydroxyapatite increases with timempared to the band
corresponding to the amorphous phase. Figure S.é&pts the computed the time
dependence of the ratio between peaks at 958 (cmystalline HA) and 945 cth
(disordered HA) for five bone nodules.
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Figure 5.6 (A) Time evolution of Raman spectra of a typicanb nodule. (B) Spectral
deconvolution of a bone nodule during the earlyesaof mineralisation (days 15-19). (C) The
temporal profiles of the computed ratio betweenititensity of the Raman bands corresponding to
55 crystalline (1958/1948) and amorphous hydroxyaedor 5 bone nodules

The amorphous phase is more abundant in the newty hone nodules and
evolves towards a more crystalline phase. Our tessihow that the overall
crystalline to amorphous ratio for each bone nodldables in approximately 4
days after the start of mineralisation. These tesultained at a single bone-nodule
level confirm the earlier hypothesis proposed bgrieo based X-ray spectroscopy
data obtained from bone nodules analysed at diften@e points [31]. Our results
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support the hypothesis that the amorphous phosjhatereted by osteoblasts and
can be regarded as a transient precursor to thetaiye phase [32] and is
deposited after mineralization in the ECM [13]. Uig) 5.6B confirms the tendency
of amorphous phase to convert into a crystallinesphover time. Despite the fact
that other groups have reported the presence oiti@ud transient calcium
phosphate phases like octalcalcium phosphate (O&#han bands corresponding

to OCP were not present in our spectra.

The acquisition of the spectral maps by rasterisicgnRaman microscopy
combined with the peak deconvolution analysis gfsovides time-resolved
information related to the spatial distribution thie amorphous and crystalline
phases of hydroxyapatite for individual bone nodukegure 5.7 presents the line-
profiles for the peak intensity ratio 1958/1948 aahted at the start of
mineralisation (day 15) and 4 days later for typicaund and irregular shaped

nodules.

The results (figure 5.7B) show that the ratio bemwecrystalline and
disordered phase decreases strongly (2-3 times)a0%e1m distance at the edges
of the bone nodules, regardless of the shape afdHales. The central parts of the
bone nodules have a high contribution of crystallimlydroxyapatite while the
disordered phase is dominant at the edges. Apparthiet amorphous phase tends
to accumulate at the edges, followed by a phassfsemation in the following
days. This finding is in agreement with the oveiatirease in intensity of the

Raman band corresponding to the crystalline HA tivee (see figure 5.6 B).
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Figure 5.7 (A) PC2 maps for two individual bone nodules. (B)éprofiles at days 15 and
19 (sample 1 on the right and sample 2 on the [€fi¢ dash lines in (A) represents the line profile
region.
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5.3 Conclusion

This chapter demonstrates the potential of Ramantsyscopy to perform
non-invasive time course experiments on live stefls @ver periods as long as
four weeks and to measure molecular changes rdiatedvitro mineralisation. For
MSCs cultured in osteogenic medium, spatial ancpteal analysis of the Raman
spectra indicate that initially the bone nodulessist mainly of amorphous HA
that transforms into crystalline HA. A deconvoluticalgorithm allowed the
separation of the spectral contribution from amorsh and crystalline
hydroxyapatite and proved that the crystalline phascreases in time over
amorphous phase for each individual bone noduleordhous HA is detected at
the edges of the bone nodules even at the latesstafgmineralisation, suggesting
that during the development of the bone nodulegrphous hydroxyapatite tends
to form at the edges of the nodules, followed bghase transformation in the
following days. This study highlights the potentélRaman spectroscopy for non-

invasive label-free characterisation of bone noglule
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6.1 Conclusions of the thesis

The research presented in this thesis was motivayeitie need for label-
free methods characterization of cell for tissueimeering applications. The
experimental chapters of this thesis provide stramgdence that Raman
spectroscopy can be used as a non-destructivenmasive, label free tool for cell
discrimination and in-situ monitoring of moleculdynamics. The thesis is divided
into six chapters, with the first chapters dedidate a brief review of existing
methods for chemical analysis of single cells, thgcal overview of Raman

scattering and optical design of Raman micro-spetters.

Chapter 3 focus on the practical aspects of ingniad development of an
optimized Raman micro-spectrometer instrumentaigdesystem characterization
for stability, spectral resolution and optimizatiohthe confocal setup for the best
compromise axial resolution vs Raman signal; iM§R Raman spectral maps of

endothelial cells.

In Chapter 4 Raman spectroscopy was used to igemtlecular markers
that can be used to determine the differentiatiatus of live neural stem cells in
vitro. The nucleic acids are the markers respoasibf discrimination between
neural progenitor and glia cells, with a higher @amration reported in neuro-
progenitor. These results open new doors for anpiatly label free discrimination
of neural stem cells in vitro. The statistical molased on PCA data analysis
probes the high accuracy in discrimination with 489. sensitivity and 96.4%
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specificity. Raman maps associated to nucleic agete compared to fluorescence
images of the same cells to establish the origirtbese differences in the Raman
spectra. Maps corresponding to Raman bands sp&zifldA and RNA indicates
the presence of regions with high concentrationRMA spectral within the

cytoplasmic region.

Chapter 5 reports for the first time the abilityperform Raman time course
experiments to study the mineralisation of boneuhesl formed by mesenchymal

stem cells in-vitro.

Biological processes such as cell proliferation angstallization of bone
nodules were followed and analysed for the same&lro®aman spectra confirmed
the presence of band corresponding to amorphousmgsthlline hydroxipapatite.
Analysis of the time-course spectra indicated ahdrgcontribution of the

crystalline phase over the amorphous phase agadtge of mineralization.

6.2 Future work

Taking advantage of high delivery maximum outputwveo &3W) of
Ti:sapphire laser, further improvement to the Ramaaro-spectrometer can be
achieved by switching from point scanning to lirmarming and changing the
mirror based spectrograph with a lens based spgaph. Holographic imaging
spectrograph from Kaiser optical with high throughy/1.8) and equipped with
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custom NIR transmission gratings optics can prowadsignificant advantage in

acquisition time and spatial integrity in demandieman imaging applications.

Thus a larger area can be scanned in a shortermarabtime preserving the
sensitivity of detection achieved in point scannil®gign with great potential for a
large number of sample measurements such as 8sstien analysis large or cell

sorting.

Page
127



