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Abstract 
Raman spectroscopy imaging presents a sensitive and versatile method to collect biochemical 

information from biomineralised tissues. The goal of this thesis was to comprehensively 

investigate biomineralised tissues by developing chemometrics analysis methods. Raman 

spectroscopy imaging was utilised to compare pathological and physiological calcifications of 

various biomineralised tissues.  

The relationship between atherosclerosis and aging on aortic medial and intimal/plaque 

calcification was interrogated. Cross‐sectional concentration profiles of biochemical 

components were characterised using vertex component analysis (VCA). Significant increases 

were found in apatite and lipids not only in the atherosclerotic plaque but also in the directly 

underlying aortic media, where increased whitlockite was also observed. This study revealed a 

new correlation between atherosclerosis and medial calcification. 

An investigation into alterations due to bisphosphonate treatment in osteoporotic trabecular 

bone was done. Results on the composition of mineral and collagen crosslinks suggest that long 

term bisphosphonate treatment might lead to abnormal bone tissue, which may shed light on 

the reason for the association with atypical fractures. 

Healing capacities of different growth plate zones were compared in an organotypic embryonic 

chick femur model. Immunohistochemistry showed that defects introduced to the resting and 

proliferative zones demonstrated superior healing to pre‐hypertrophic and hypertrophic zones, 

which show perichondrial‐like tissue in the defect site.  

A method to spatially quantify collagen crosslinks was developed using time‐of‐flight secondary 

ion mass spectrometry (ToF‐SIMS) mapping. Neonatal rat femurs were mapped, followed by 

partial least squares‐discriminant analysis (PLS‐DA). Presence of putative ionic fragments in the 

growth plate and epiphyseal tissue was observed. These results suggest ToF‐SIMS could be a 

useful technique to identify collagen crosslink molecules in bioengineered systems. 

Various tissues were successfully characterised using chemometrics methods that were 

developed throughout the thesis. These methods are easily transferable for future studies of 

other native and bioengineered tissues or clinical diagnosis using Raman spectroscopy probes. 
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Scope of the Thesis 
Biomineralisation is a highly complex, tightly regulated process. This complexity is warranted 

considering that interstitial fluid is a supersaturated saline solution with regards to amorphous 

apatite. Organisms face a constant battle to maintain a generally inhibitory environment against 

calcification, only to then create at very specific sites, conducive settings for mineralisation to 

occur, including removal of inhibitory molecules, creation of organised nucleation sites. Once 

laid down, the mineral must work in synchrony with the collagen (in most cases) template to 

confers mechanical strength to the rest of the tissue. Therefore studies on biomineralised tissues 

must not neglect either the mineral or the organic part. 

Spectroscopic imaging tools such as high resolution Raman spectroscopy imaging allow for the 

interrogation of mineral‐organic biomolecule interaction, especially at the early stages of 

calcification. Chapter 1 introduces biomineralisation and the main tools in this thesis, Raman 

spectroscopy and chemometrics. Here, a general literature review of Raman spectroscopy 

imaging on mineralised tissues are also provided. 

Medial calcification that accumulates with age is still an enigma as to where and how it arises. 

This calcification does not seem to have deleterious effects. In atherosclerosis, calcification is 

known to occur in the atherosclerotic lesion however little is known about its initial stages as of 

yet. Chapter 2 and Chapter 3 tackle questions relating to these cardiovascular calcification 

events.  

High resolution Raman spectroscopy imaging is used in Chapter 2 to reveal mineral properties 

in medial and atherosclerotic calcification. Heterogeneous spatial distribution of mineral in 

relation to organic components in the aortic media was revealed. Noting the heterogeneity, in 

Chapter 3, a quantitative and comprehensive characterisation of entire aortic cross‐sections was 

carried out. Changes in aortic tissue that are related to aging and those that are due to 

atherosclerosis delineated.  

To cope with micro‐cracks that arise due to high mechanical loading, trabecular bone is 

maintained by continuously being turned over throughout life. This delicate balance can be 

tipped towards excessive resorption and insufficient formation in diseases such as osteoporosis. 

Bisphosphonates are anti‐resorptive drugs that are currently used to treat patients with 

osteoporosis. Of late there have been reports of abnormal fractures in bisphosphonate users. 
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Effects of bisphosphonate on the micrometre scale on both the mineral and its collagen 

template, including crosslinks, need to be clarified, which will be addressed in Chapter 4.  

Growth plate fractures can sometimes lead to bone bridge formation and premature growth 

arrest. This process is hypothesised to be initiated by the inflammatory response. Chapter 5.2 

compares the differences between healing capacities in each zone of the growth plate in a model 

system without the inflammatory system.  

The growth plate also serves as a convenient time‐lapse of events in endochondral bone 

formation. Distinct collagen crosslink profiles affect the stiffness of each tissue. As Raman 

spectroscopy can only indirectly measure ratios of trivalent to divalent collagen crosslinks, 

Chapter 5.2 explores time‐of‐flight secondary ion mass spectrometry (ToF‐SIMS) mapping as a 

direct characterisation method for collagen crosslink formation. 
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Biomineralisation is a highly complex, tightly regulated process. In vertebrates, minerals work in 

concert with collagen to provide a strong internal framework to withstand mechanical stresses 

and teeth that allow mastication. Dysregulation can result in numerous deleterious effects 

including ectopic calcification in soft tissues or brittle and weak bones and teeth. In order to 

develop prevention and treatment therapies, it is important to characterise and understand the 

erroneous changes to the mineral and surrounding organic matrix that occur in pathologies.  

Work in this thesis encompass studies to reveal the mechanisms that lead to pathological 

processes in mineralised tissues. This includes medial calcification in human aorta and its 

relationship with atherosclerosis. A study was carried out to elucidate previously unknown 

changes to the aortic media that are due to atherosclerosis. Additionally, treatment of 

osteoporosis with bisphosphonates (a class of anti‐resorptive drugs with not fully understood 

downstream mechanisms of action) showed signs of increase in abnormal fractures. Therefore 

micrometre‐scale effects of bisphosphonates in human trabecular bone will be addressed as 

well. Growth plate fracture repair is another poorly understood process. Growth plate fractures 

can lead to bone bridge formation and premature growth arrest. In a simplified (without 

inflammatory system and vasculature) organotypic culture system, the healing capacities of 

each growth plate zone is delineated. Lastly collagen crosslinking has been identified as an 

important factor that defines the mechanical properties of tissues. There is a need for a high 

spatial resolution method for characterisation of collagen crosslinks, which is developed in this 

thesis using Time‐of‐Flight Secondary Ion Mass Spectrometry (ToF‐SIMS).  

Tools that can simultaneously investigate the mineral‐organic biomolecule interaction of tissues 

in a non‐destructive manner are thus highly advantageous to the discovery process, which is 

why Raman spectroscopy imaging is a valuable tool in this field. Great advances are being made 

in the adaptation of Raman spectroscopy imaging for the purposes of biological use, an integral 

part owing to the development of chemometric analysis methods that enable processing of 

large, multidimensional spectral imaging data and identification of specific biochemical 

molecules. The benefits are just beginning to be reaped, with many questions waiting to be 

answered. This chapter will give an overview of biomineralisation and briefly introduce the 

theories of Raman spectroscopy imaging and chemometric analysis. A summary of studies in 

current literature of Raman spectroscopy on biomineralisation will be made at the end of this 

chapter. 
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1.1 Biomineralisation 

In mammals, the main tissues that undergo mineralisation are bones, teeth and cardiovascular 

tissues. The major physiological mineral types found in vertebrates are poorly crystalline, non‐

stoichiometric, carbonated calcium phosphate apatite (Ca5(PO4)3OH) (bones and teeth) and 

calcium carbonates (CaCO3) (eggshells). Besides these, pathological processes can give rise to a 

broader range of mineral phases including calcium oxalate (CaC2O4) in urinary stones1, 

whitlockite (Ca9Mg(HPO4)(PO4)6) in various cardiovascular tissues2,3 and calcium diphosphate 

dihydrate (Ca2P2O7·2H2O) in pseudo‐gout cartilage calcification4. This thesis encompasses the 

study of physiological and pathological mineralisation in the developing and mature bone and 

aortic tissues as described in more detail below. 

1.1.1 Bone 

Physiological mineralisation of hard tissues is a tightly regulated process, with several levels of 

precise hierarchical organisation. Bone is a classic example that will be studied in this thesis. 

Bones are organs that consist of bone tissue (hierarchically organised matrix of mineralised 

collagen), marrow, blood vessels, and nerves. The two types of bone tissue are known as cortical 

(compact) bone and trabecular (spongy) bone, which have different microstructural 

arrangements. In most bones, the more porous and flexible trabecular bone forms the core, 

surrounded by an outer shell of cortical bone that is stronger and stiffer. These are called 

lamellar bone as the collagen fibrils align in a unidirectional fashion to form sheets (lamellae). 

Packets of lamellae form trabecular bone whereas cylinders of lamellae form cortical bone. 

Lamellar bone forms the majority in adults. A more disordered transitory tissue type, woven 

bone is rapidly produced during bone development or fracture, to be subsequently replaced by 

lamellar bone in a slower process.5 

The collagen fibrils in turn are composed of strictly arranged, quarter staggered collagen triple 

helices. The fibrils have diameters of around 80–120 nm. Between the collagen triple helices, 

apatite is nucleated on the collagen molecules, growing into intrafibrillar platelets (plate‐shaped 

crystals) that are tightly interwoven throughout the collagen fibril.5–7 These apatite platelets are 

small, the measurement varies due to sample preparation, tissue origin, maturation and species, 

reportedly (30–100 nm in length, 15–50 nm in width, and 2–10 nm in thickness).6,8–10 As such 

these nano‐crystallites rely on stabilisation by their tight binding to collagen.  
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1.1.2 Ectopic calcification 

Whereas apatite is the predominant mineral species in hard tissues, more diverse in mineral 

species are found in pathological calcifications. Whitlockite has been frequently reported to be 

present in pathological conditions affecting various tissues, including the articular cartilage11,12, 

salivary stones13, dental calculi14, aorta2, lymph nodes15 and urinary stones16.17 Ectopic apatite 

has been found in various tissue as well including diseased blood vessels18, muscles19 and 

articular cartilage11. In some cases, these pathological calcifications have been attributed to 

cellular differentiation into a bone‐like phenotype as in the case of post‐traumatic heterotopic 

ossification and atherosclerosis.  

As with calcification of bone and other hard tissue, the essential nucleation step for the 

formation of ectopic mineral crystals require conducive local microenvironments. This includes 

local supersaturation of ions due to deficiency of inhibitors (pyrophosphate, magnesium and 

citrate ions etc.) and the presence of a suitable organic matrix or other crystals (cholesterol) that 

act as heterogeneous nuclei.20,21 Chronic kidney disease patients requiring haemodialysis have 

poor homeostasis of serum calcium and phosphate ions, exacerbating ectopic calcification of 

various soft tissues including aortic media calcification (Monkeberg’s calcinosis), periarticular 

calcifications (joint arthropathies), visceral calcifications mainly affecting the heart, lung and 

kidney, cutaneous and subcutaneous calcifications, and ocular calcifications.22–24  

It is worth noting that there are increasing evidence indicating that low amounts of minerals in 

soft tissue (including the aorta2 and articular cartilage25) that are often disregarded due to 

inadequate resolution or mistaken as being part of disease are in fact non‐pathogenic. Chapter 

2 and 3 will address such cases of aortic calcifications, as well as their relationship to 

atherosclerosis. 

1.2 Raman scattering 

Raman spectroscopy is an inelastic light scattering technique that detects the vibrational modes 

of molecular bonds. Analysis of Raman spectra gives information about the chemical 

composition of the sample. By coupling to a microscope, it is possible to obtain localised, 

molecular information on a microscopic‐level. A series of localised measurements can be 

collated together to produce a Raman map or Raman image. This has made it possible to collect 

useful information from biological samples, on a scale that is biologically meaningful. 
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When an incident beam of light hits a molecule within an opaque sample, in most cases the 

beam would be scattered elastically, reflecting the beam away, thus producing no net energy 

change. This is known as elastic or Rayleigh scattering (Figure 1‐1(A)). However there is a small 

number of waves that would end up being scattered inelastically, which is a phenomenon 

predicted in 1923 by Adolf Smekal and subsequently observed and discovered in practice by Sir 

Chandrasekhara Venkata Raman in 192826, who then received a Nobel prize for his discovery. 

For about 1 in 108 events of Rayleigh scattering, Raman inelastic scattering occurs. In these 

cases, during excitation and relaxation, the molecules do not fall back to the original energy 

state. This causes a slight shift (difference) in the wavelength of the reflected light relative to 

the incident light called a Raman shift (Figure 1‐1(B)). A detector collects the reflected light, 

which is represented as a spectrum with axes of intensity against Raman shift. Figure 1‐1(C) and 

Figure 1‐1(D) describe events whereby the incident light is absorbed and subsequently released. 

These latter two events differ from the scattering events in that the molecules get excited to a 

real energy level as opposed to a virtual energy level. Molecular vibrations that retain the centre 

of symmetry (or other suitable symmetry elements) are Raman active. These vibrations do not 

necessarily cause changes in the dipole moment (necessary for absorption).  
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Figure 1-1 A diagram of interactions of electromagnetic waves and molecular energy-levels. 

(A) Elastic scattering; (B) inelastic/Raman scattering; (C) absorption and non-radiative 

decay; (D) absorption and luminescence with or without inter-system crossing. For the 

vibration energy levels, S0 is the ground singlet state, S1 is the first excited singlet state and 

T1 is the first excited triplet state. The straight solid arrows represent electromagnetic wave 

conversions: νi is the incident wave, νs is the scattered wave, νL is luminescence. Other energy 

changes: IC is internal conversion or vibrational relaxation. 

Different selectivity rules dictate the occurrence of absorption and inelastic scattering. In 

absorption, there must be a net change in the permanent dipole moment whereas in inelastic 

scattering, there must be a change in polarisability (of the electron cloud) of the molecule.27  

An applied incident electric field, E can induce a dipole moment, P that is proportional to it:  

� = �� 

1-1 
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Where the constant α describes the polarisability, or the ease with which the electron cloud 

around a molecule can be distorted. The incident electric field is governed by: 

� = �� cos 2���� 

1-2 

Where �� is the amplitude and �� is the frequency of the incident light (laser beam). There are 

3N‐6 normal modes of vibration,	� in a molecule with N atoms (or 3N‐5 if linear molecule). The 

vibration can be approximated as harmonic: 

� = �� cos 2���� 

1-3 

Where �� is the amplitude and �� is the frequency of the molecular vibration. Polarisability 

depends on the molecular vibration as described by the Taylor series: 

� = �� + 	�
��

��
� � + ⋯ 

1-4 

Where �� is the polarisability at equilibrium position.  

Substituting equations 1‐2, 1‐3 and 1‐4 into equation 1‐1 (noting that cos � cos � =

[cos(� + �) + cos(� − �)] 2⁄ ): 

� = ���� cos 2���� + ���� �
��

��
� �

cos{2�(�� + ��)�} + cos{2�(�� − ��)�}

2
� 

1-5 

The first term (in blue) proportional to �� corresponds to Rayleigh scattering, elastic scattering 

at the same frequency as the incident light. The second term (in red) at (�� + ��) is anti‐Stokes 

Raman scattering, and the third term (in green) at (�� − ��) is Stokes Raman scattering.28  

However this classical description does not explain the absolute intensities and certain 

selectivity rules observed in experimental Raman spectroscopy. Hence, a rigorous description 

based entirely on quantum mechanics (Kramers‐Heisenberg‐Dirac theory) was developed to 

fully appreciate experimental Raman data, which is beyond the scope of this thesis.29  

Due to different nuclear configurations of molecules, each type of chemical bond can vibrate 

(e.g. stretch, bend) at its unique set of frequencies therefore producing specific Raman spectra 

for each molecular bond. For example, in terms of biological samples, C‐H vibrations are of high 
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frequency, which give rise to large Raman shifts, situated around 3000 cm‐1. The heavier C‐C 

molecule vibrations have Raman shifts of around 800 cm‐1. Stronger bonds give rise to higher 

frequencies. Double bonds are stronger than single bonds, giving rise to higher frequency C=C 

vibrations of around 1600 cm‐1. Aromatic molecules thus also present higher vibrational 

frequencies than aliphatic molecules of the same constituents. Complex molecules produce 

combinations of diatomic vibrations that form characteristic fingerprints. These fingerprint 

spectra can then be used to identify macromolecules.   

1.3 Raman spectroscopy 

In practice, Raman spectroscopy requires a monochromatic excitation light source, which is 

provided by lasers. Scattered light from the sample then needs to pass through bandpass filters 

to filter out all the Rayleigh scattered light, only letting through the Raman scattered light to the 

detector. This Raman scattered light would then be collected by a spectrometer. Charge‐coupled 

device (CCD) detectors can further enhance the sensitivity of the spectrometer, which is 

important for weak Raman scattering biomolecules. 

Raman spectroscopy can utilise a wide range of excitation wavelengths to probe a sample, 

ranging from near UV to visible to near infrared (NIR). UV and visible incident light are close in 

energy to electronic transition levels of organic molecules, causing resonant excitation. This is 

useful as it results in enhancement of Raman scattering, but it increases the risk of fluorescence 

as well. NIR excitation does not cause resonant excitation (Figure 1‐2). Thus depending on the 

intensity of the fluorescence (especially for tissue samples), which can interfere with the signal, 

one would opt for another more suitable laser wavelength. Therefore NIR lasers are often 

chosen for tissue studies for this reason.30 

Raman spectroscopy imaging can be done with the addition of a microscope and a motorised 

stage by mapping consecutive points and stitching in silico. A shorter excitation wavelength 

would result in higher spatial resolution. Lateral spatial resolution of Raman microscopes are 

determined by the wavelength and the numerical aperture of the objective used. Theoretically 

the diffraction limited spatial resolution is defined as: 

0.61 �
���  

1-6 

Where λ is the excitation laser wavelength and NA is the numerical aperture of the microscope 

objective. Hence initial studies on cells and chromosomes had utilised excitation beams in the 
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visible region (514.5 nm) using an Argon ion laser.31,32 However photodegradation of the samples 

was observed, which had manifested as a decrease in Raman signal and paling of the samples 

due to photochemical reactions initiated. Raman mapping can take a couple of hours for single 

cell mapping, up to and beyond 12 hours for tissue mapping. Thus to avoid photodegradation 

over such a long period, NIR wavelengths (785 nm) can be used in preference over the 

wavelengths in the visible region. It was demonstrated that there were no detrimental effects 

on murine lung epithelial cell viability and morphology when exposed for up to 40 minutes of 

irradiation at 785 nm under a laser power of 115 mW, whereas the cells were clearly 

compromised with just 5 mW power at 514.5 nm for a few minutes.33 Therefore, overall NIR 

excitation lasers are favoured in cell, in vivo and ex vivo tissue studies. 

 

Figure 1-2 Raman excitation wavelengths. νi is the excitation wave, νs is the Raman scattered 

wave, and νF is the fluorescence. The dashed lines are non-radiative decay and vibrational 

relaxation. 

A major advantage of Raman spectroscopy is that samples do not have to be fixed, stained, dried 

or modified. Essentially a fresh piece of tissue can be observed straight away under Raman 

microscope, given that the surfaces are flat and level enough (for imaging). Even live cell cultures 

can be studied without being fixed. Bonifacio et al.34 had taken Raman maps of porcine articular 

cartilage sections that were cut to approximately 100 µm after formalin fixing, but without 

embedding.  
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1.4 Univariate mineral analysis 

Raman spectroscopy is a powerful method for mineral analysis as seen in many studies on bone 

tissue. This is because the phosphate ν1 peak at around 960 cm‐1 is known to be affected by the 

structure and composition of calcium phosphate minerals. The general structure of 

stoichiometric hydroxyapatite (Ca5(PO4)3OH)35 is described in Figure 1‐3 however this perfect 

crystal is not found in animals. Instead, there are non‐stoichiometric ionic substitutions within 

the lattice, causing lattice deformation. This in turn causes a more heterogeneous spread of the 

phosphate vibration energies, which is detected by a broadening of the phosphate ν1 peak. 

Therefore there is an inversely proportional relationship between crystallinity and the full width 

at half maximum (FWHM).36,37 This measure of crystallinity is also taken as an inverse measure 

of crystal size. 

 

Figure 1-3 Crystal lattice of hydroxyapatite. In biological tissues, commonly occurring forms 

of apatite include substitutions and impurities. Other cations such as magnesium can replace 

calcium and carbonate can replace phosphate. Image adapted from 

http://www.iupui.edu/~bbml/boneintro.shtml. 

External mechanical loading was reported by Morris et al. to cause lattice deformation of apatite 

in femoral bones, correlated to the centre of gravity (CG) of the phosphate ν1 band.38 The CG 

can be calculated with the formula below: 
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∑ (� × �̅)���
�� �

∑ ����
�� �

�  

1-7 

Where I is intensity, and �̅ is Raman shift. The CG reduces as mechanical load (compression) 

increases.38 

Degree of carbonate substitution in bone apatite was reported decrease with mineral maturity, 

at the same time causing a corresponding increase in crystallinity. This is frequently 

measurement as the carbonate to phosphate ratio, by taking the ratio of Raman bands of the 

carbonate ν1 (1070 cm‐1) against phosphate ν1 (960 cm‐1). 

Two main mineral species have been reported in cardiovascular calcification, apatite and 

whitlockite.2,39 The phosphate ν1 peak maximum position is sensitive to magnesium substitution 

in calcium phosphate lattice in whitlockite. Magnesium substitution cause tighter phosphate 

bonds and thus a higher vibrational energy, causing a shift in the maxima to 970 cm‐1 compared 

to 960 cm‐1 in apatite.40  

1.5 Chemometrics 

The wealth of information obtainable from Raman spectroscopy imaging is beyond the 

deciphering capabilities of the human eye if one is to fully utilise the data. Chemometrics is a 

powerful tool to process and compress the data to fewer dimensions. Majority of studies in the 

current literature apply univariate analysis on a select few high intensity Raman bands. This can 

sometimes be misleading as biological organic macromolecules generally have spectra that 

would overlap with some other compounds. Hence it is beneficial to analyse the whole Raman 

spectrum at once with the help of chemometric analysis tools.41,42  

1.5.1 Data pre-processing methods 

The raw spectral data from Raman spectroscopy can be noisy and need to be pre‐processed 

before classification or further analysis methods are applied. Interference of high frequency is 

typically called noise whereas low frequency interference is typically known as background. A 

few of the common steps in pre‐processing spectral data include smoothing, baseline correction, 

normalisation, and mean centering.  

Smoothing (Savitzky-Golay) 

The peaks in raw spectroscopic data can be hard to differentiate from noise so filters are often 

applied to smooth Raman and Fourier transform infrared (FTIR) spectra. Variables adjacent to 
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each other are assumed to contain similar information and can thus be averaged with minimal 

loss of information. A basic way to smooth the data is to employ a linear function of the raw 

data to obtain moving averages, which replaces values of each data point with a local average. 

The user dictates the number of points to smooth over. However, this function is too simplistic 

in that it gives straight line approximations for the data. Instead, the Savitzky‐Golay filter, which 

fits a polynomial curve over a user‐defined window of points is more commonly used for Raman 

data.43 

Polynomial Baseline Correction 

To correct the baseline of a spectrum to approach zero using Polynomial Baseline Correction, 

the user defines a number of minima points to which an nth order polynomial is fitted. This is 

then subtracted from the data to achieve a flat baseline. However, prior knowledge of the 

number of minima is needed for this method. 

Weighted Least Squares Polynomial Baseline Correction 

An automated approach of the Polynomial Baseline Correction is the Weighted Least Squares 

Polynomial Baseline Correction. As its name suggests, it also fits a polynomial curve to the 

baseline of the spectrum. However, the least squares approach avoids the need for the user to 

define the number of minima points. This not only saves time, but also removes subjectivity and 

variability in the pre‐processing of each data set. By iteratively fitting a baseline to each 

spectrum for 20‐200 iterations or more, signals would appear markedly above the fitted baseline 

and thus would be unambiguously differentiated from noise. Besides that, points that appear 

beneath the fitted baseline are also important in that they would be considered as significant 

values for fitting to a new baseline. The final polynomial fit would be subtracted from the 

baseline. This method allows for a baseline fit with minimal negative peaks. However there is 

still the need for user specification of the order of the polynomial and caution has to be taken 

so as to not introduce a false background shape thus distorting the spectral data. Although it 

does not always show the same baseline correcting abilities, it retains the signal to noise ratios 

of the data.44 In addition to that, this method results in data that are more straightforward to 

interpret compared to derivatives.  

Normalisation 

Normalisation is another major preprocessing that is carried out on datasets. Intensities can vary 

depending on environmental conditions which are not related to the sample so in order to 
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compare between datasets, these differences need to be removed so that the only differences 

in intensities are due to chemical composition of the sample.  

Vector normalisation 

Vector normalisation considers each spectrum as a vector and takes the unit vector of the 

sample. Hence when there is a collection of spectra, all of the spectra have the same length and 

can be compared with each other. This preserves the information in the raw data. A caveat in 

this method is that, commonly in Raman spectroscopy, high baselines or offsets can dominate 

over the actual signal thus in such cases, either the averages or the background need to be 

subtracted before vector normalisation is carried out. 

Multiplicative scatter correction 

There are many sources of spectroscopic selectivity problems, such as absorbance effects and 

chemical interference, which are additive in nature, however, others such as variations in light 

scattering and optical path lengths are multiplicative, and would highly inhibit further 

chemometric analysis of the data. Hence in 1983, Martens et al.45 developed multiplicative 

scatter correction (MSC) for the correction of NIR and IR absorption data. MSC corrects baseline 

offsets and scaling through regression of the sample spectrum to a reference spectrum, which 

is usually the mean spectrum of a dataset. The equation below describes the regression fit: 

� = � + �� + � 

1-8 

Where x is the sample spectrum, r is the reference spectrum, a is the offset, b is the slope, and 

e is the chemical information. This method thus overcomes the shortcomings of vector 

normalisation. When applied onto mean centred data, the offset value a can be omitted from 

the calculations. Firstly, the mean centred data are obtained as below: 

�� = � − x�� 

1-9 

�� = � − r̅� 

1-10 

Where xc and rc are mean centred spectral vector, 1 is a vector of ones and x� and r̅ are the 

means. Then the slope, b is calculated by: 

��� = �� 

1-11 
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� = (��
���)����

��� 

1-12 

Taking the slope b, the spectrum is then corrected accordingly: 

�� =
��

�
+ r̅� 

1-13 

MSC is applied to spectroscopic data in many studies and has achieved better correction than 

vector normalisation in many cases.45,46 In fact, due to its ability to correct noise of many kinds 

of spectra, MSC is also generalised and termed multiplicative signal correction. 

Extended multiplicative scatter correction (EMSC) 

A further development of MSC in 1989 by Stark and Martens47 resulted in extended 

multiplicative scatter correction (EMSC), which takes into account the non‐linearity of scattering 

signals. EMSC uses prior knowledge about the sample spectra and interference effects to 

improve the estimation of path length. A smooth polynomial to account for wavelength 

dependent spectral variation is also included in the estimation: 

� = � + �� + �� + ��� 

1-14 

Where x is the sample spectrum, r is the reference spectrum, a is the offset, b is the slope, e is 

the chemical information, and λ is the wavelength. EMSC can also be applied using information 

about the sample (good spectra) and the background interferents (bad spectra), which removes 

the need for empirical calibration data. 

Mean centering 

Offsets in data can be removed by performing mean centering. This subtracts the average of all 

the intensities at all wavelengths in a raw spectrum from the intensity at each point in the 

spectrum to produce a spectrum that is centred around the y=0 axis. In this study, mean 

centering is always performed before classification of a dataset using principal component 

analysis (PCA) and partial least squares‐discriminant analysis (PLS‐DA). 

1.5.2 Multivariate data analysis 

Chemometrics methods employed can be categorized into three purposes: 

 factor methods – extraction of spectral information 

 cluster methods – dividing and grouping a data set  
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 classification methods ‐ modelling group differences 

Factor methods are useful for analysing major constituents within a sample such as the 

application of PCA in determining the major differences in ECM constituents of tissue between 

two different zones.48 Of these methods, the following were employed in this thesis: PCA, 

multivariate curve resolution (MCR) and vertex component analysis (VCA). 

In the analysis of mapping data, cluster methods are often applied to separate different regions 

of the map to divide the spectral data into different components such as separating the nucleus 

from the cytoplasm and the membrane, or separating the cells from scaffold etc. with k‐means 

cluster analysis. However these methods are not used in this thesis. 

Classification methods can be used to create a collection of reference spectra that are classed 

into relevant groups, then subsequently analyse unknown samples, using the classified 

reference spectra to class these new data. These are useful as diagnostic tools.49 PLS‐DA is a 

classification method used in this thesis.  

A combination of a few of these is employed usually. The methods that were used in the 

experiments described in this thesis are discussed in this section. 

Principal component analysis 

PCA was first formulated by Pearson50, who geometrically described the analysis as finding “lines 

and planes of closest fit to systems of points in space”. Raman spectroscopy generates data with 

vast numbers of variables. PCA is a factor analysis tool that is used to generate a reduced dataset 

with only a subset of the variables. This reduction in variables could be desired in a few cases 

such as for the purpose of noise reduction, or to separate out the main components of a dataset 

in a classification study. Most of the variance within the dataset should be able to be explained 

by the small number of principal components (artificial variables). 

The PCA algorithm used in this study first seeks a vector of variables that best describes most of 

the variation in the dataset, termed the first loading vector or principle component (the longest 

cross‐section of the data forms an axis, the first principle component whereby the largest 

variation is explained) (Figure 1‐4). Each spectrum in the dataset can be described as an 

orthogonal projection of this loading vector, whereby the distance from the loading vector is the 

score. The remaining variations within the dataset that were unaccounted for by the first 

principal component would then be computed to determine the subsequent principal 
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component that explains the next largest variation and so on. This iterative procedure continues 

until all the variations are explained.  

 

Figure 1-4 Geometrical representation of PCA. A hypothetical system with only two Raman 

bands, i and j, with two identified principle components, PC1 and PC2. 

The dataset matrix containing rows of spectra, X can be explained as a linear combination of the 

scores matrix, T, loadings or principle components matrix, P	and the	residual or system additive 

noise, E: 

� = ��� + � 

1-15 

Multivariate curve resolution - alternating least squares 

Within a dataset, it is assumed that each spectrum consists of linear combinations of the spectra 

of a few pure components in various proportions. MCR computes and synthesises the factors 

(pure spectra) based on the given dataset. It is based on the factor model: 

� = ��� + � 

1-16 

MCR does not assume the presence of pure spectra within the dataset. It computes a number 

of pure spectra, N specified by the user. An initial estimate of the list of pure spectra is made by 

taking the outer points of the normalised data plotted in the Euclidian space such as the 

endmembers in Figure 1‐5. After that, continuous iterations to solve the equation below with 

alternating least squares (ALS) optimisation would then be carried out until convergence is 

achieved51: 
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�(��)� = �(��)����
�

= � 

1-17 

Where (��)� is the pseudoinverse matrix of the transposed pure spectra matrix, ��. 

Finally the pure spectra, M are determined. 

 

Figure 1-5 Spectral unmixing model identifying three endmembers (pure spectra). For 

demonstration this is a case whereby the Raman spectrum only consists of two Raman shift 

wavenumbers, i and j. 

Vertex component analysis 

VCA is a linear unmixing algorithm that identifies pure spectra that form the eigenvectors of the 

dataset. In contrast to MCR, it assumes that spectra of pure components can be found within 

the dataset itself. As with MCR, the data can be viewed in a Euclidean space in which simplexes 

are calculated in order to identify endmembers within the dataset (Figure 1‐5). The linear 

unmixing assumption starts the similarly to equation 1‐17 in MCR above. However to account 

for differences in illumination intensities due to focussing artefacts here an additional scale 

factor, � is included in the model:  

� = ���� + � 

1-18 

There are a few strategies used in different methods to find the endmembers of a dataset, each 

using slightly different approaches. Identification of endmembers in VCA utilises the fact that 

the affine transformation of the simplex is also a simplex. A visual diagram is presented here to 

aid the explanation (Figure 1‐6). 
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Figure 1-6 Geometric fundamentals of vertex component analysis (VCA). For demonstration 

this is a case whereby the Raman spectrum only consists of two Raman shift wavenumbers, i 

and j and the model only looks for two endmembers (pure spectra). VCA identifies a 

simplex, SX along which the endmembers lie, and then calculates its affine transformation,	

Sp, along the convex cone, Cp. 

To reduce computational complexity, VCA relies on PCA to first reduce the dimensions of the 

dataset from the number of Raman bands (typically around 1000) to a subspace equal in 

dimensions to the number of user‐specified endmembers, N. The simplex SX and the convex 

cone Cp connecting the endmembers mA and mB are then defined. For simplex	 SX, γ	 = 1. A 

projective projection of the convex cone Cp onto the plane XTu = 1 results in Sp. 

To identify the first endmember, the data are projected onto a random direction, f1. The most 

extreme data point, mA along f1	would then be determined as the first endmember. A search for 

the next endmember would be done by projecting the data onto a direction orthogonal to the 

mA vector, f2. In this case, the next endmember is determined to be mB. The following projection 

of data would then be made in a direction orthogonal to the subspace spanned by all the 

previous endmembers, mA	and	mB. This process is iterated until all endmembers are identified.  

Partial Least Squares-Discriminant Analysis 

PLS‐DA is a supervised classification method that can also be used to explain differences 

between classes of data. It is favoured over PCA in classification problems as the rotational 

freedom of PCA causes it to always provide results that explain the greatest variance regardless 
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of where the variance occurs (within or between experimental groups). This means that the 

differences between classes of data are not always well explained. 

In PLS‐DA, a reference model dataset matrix, X is first produced to predict the variations in the 

test matrix with unknown classes, Y: 

� = ��� + � 

1-19 

� = ��� + � 

1-20 

Where T is the scores matrix, P and q are the loadings matrices, and E and f are residual matrices 

containing the unexplained variations.52 PLS‐DA attempts to maximise the covariance between 

X and Y so that classification information contained in X can be used to assign classes to data in 

Y. Software such as PLS Toolbox 7.0 (Eigenvector Research, Wenatchee, WA, U.S.A.) can provide 

visual and graphical output of the PLS‐DA results, so that classification of the Y data can be 

interpreted. 

1.6 Raman spectroscopy on mineralised biological tissue 

Raman spectroscopy is one of the few techniques that is able to simultaneously provide 

molecular information of both organic and mineral components. Furthermore, Raman 

spectroscopy can be carried out on both hydrated and dry samples, as water molecules are weak 

Raman scatterers. As such, it is well suited for studying biological tissue. Mineralised tissues have 

been studied with Raman spectroscopy using probe (in vivo) and microscope (ex vivo) setups, 

demonstrating its versatility.30,53,54  

Studies in literature on mineralised tissues are summarised in Table 1‐1. Early studies of 

mineralised tissues using Raman spectroscopy focus on the strongest scatterers, which are the 

minerals and lipids. Mineral characterisation by analysis of the phosphate ν1 band gives in‐depth 

information about mineral properties, including changes in the crystallinity and molecular 

substitution of apatite.36,37 The FWHM of this band is inversely proportional to crystallinity.36–38 

The degree of carbonate (type‐B) substitution is calculated by taking the intensity ratio of the 

carbonate band to that of phosphate.55,56 Similarly mineral to matrix ratio is calculated by taking 

the intensity ratio of the phosphate band to that of the amide I (a measure of protein), which 

shows how mineralised is the matrix (especially bone studies).57 Due to overlapping Raman 
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bands, different research groups showed variations in preferences for assignment and 

measurement method. 

In studies of bone tissues, majority of the characterisation methods used are the above 

mentioned univariate mineral analyses and analysis of collagen crosslink ratio (ratio of sub‐

bands in the broad amide I band), which was adapted from the analogous FTIR ratio of collagen 

crosslinks. As the amide I band arises due to C=O vibrations that changes based on the secondary 

structure of any peptide molecule, the measurement of collagen crosslink ratio using the amide 

I band assumes that only a negligible amount of other proteins and no lipids are present. This 

ratio is a measure of trivalent to divalent crosslinks58,59 that has been reported to affect bone 

fracture toughness and strength58,59. These will be discussed in more detail in Chapter 5. 

Raman spectroscopy can detect cellular lipid membranes, proteins, and nucleic acids, and 

extracellular macromolecular proteins, glycosaminoglycans, lipids and carotenoids among other 

organic molecules. By using a microscope setup, and using lasers with NIR wavelengths and 

above to reduce tissue autofluorescence and laser damage, Raman spectroscopy is well suited 

to probe the spatial distribution of these molecules at a relevant lateral resolution of around 1 

µm. Raman spectroscopy imaging has been done on various mineralised tissues, including bone, 

breast and various blood vessels. Due to the non‐destructive nature of Raman spectroscopy, 

correlative studies with atomic force microscopy (AFM) could be done.60 

As bone tissue is primarily comprised of collagen and mineral (especially cortical bone where 

there is no bone marrow), current studies in literature on bone (as well as dentin and urinary 

stones) tend to just use the univariate analyses described above. In other tissues, multivariate 

analysis becomes almost imperative as overlapping Raman bands can cause erroneous 

assignment of biochemical components. Multivariate analysis reveals the main components of 

tissues and key differences between experimental groups, enabling not just 

characterisation54,56,60,61 but also the development of classification and diagnostic tools53,62–64.  

A few multivariate analysis tools are more commonly used in the current literature of Raman 

spectroscopy on mineralised tissues. These are PCA56,61,64, K‐means cluster analysis54,60, and least 

squares fitting53,62,63. Using these methods, different lipids as well as the proteins elastin and 

collagen were identified to be present in arteries and aortic valves and tissues. In these studies, 

apatite was the only mineral type that was reported. These studies demonstrate the potential 

of Raman spectroscopy to be used in this field.  
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There are still many biologically significant questions that can be answered by Raman 

spectroscopy. Raman spectroscopy combined with multivariate analysis methods can 

comprehensively characterise mineralised tissues, revealing subtle differences between disease 

and healthy states. 

Table 1-1 Raman spectroscopy studies on mineralised tissues. 

Tissue Species Point 

spectra / 

imaging 

Data 

analysis 

method 

Results Year Ref 

Bone Human Point 

spectra 

Univariate Increased crystallinity was 

correlated with increased tissue 

strength and stiffness and reduced 

ductility. 

2008 65 

Polarised 

imaging 

Univariate Presented a method of using the 

polarisation effect of the amide I 

and phosphate ν1 bands of 

mineralised collagen to obtain 

heatmaps of both orientation and 

composition lamellar bone matrix. 

2007 66 

Polarised 

imaging 

Univariate The amide I and phosphate ν1 bands 

are orientation‐dependent but not 

the amide III and phosphate ν2 and 

ν4 bands. 

2006 67 

Bovine Line 

spectra 

PCA‐factor 

analysis and 

univariate 

analysis 

Regions affected by micro‐damage 

induced by cyclic loading showed 

shift in phosphate band maxima and 

reduced carbonate content 

compared to regions without micro‐

damage. 

2000 61 

Mouse Point 

spectra 

Univariate Short‐term crosslinking inhibition 

can alter bone collagen crosslink 

profile, which correlates with bone 

fracture toughness and strength. 

2015 58 



  
 

Chapter 1 Introduction 

40 
 

Mouse Point 

spectra 

Univariate Abnormalities due to radiation‐

induced changes were observed for 

both mineral (mineral/matrix, 

crystallinity and carbonate content) 

and collagen crosslinks. 

2013 59 

Mouse Point 

spectra 

Univariate Mineral deformation under 

mechanical loading. 

2004 38 

Sclerotic 

dentin 

Human Point 

spectra 

Univariate Hypermineralisation, increase in 

crystallinity, shift in the phosphate 

maxima position, reduction in 

carbonate content and reduction in 

collagen crosslink ratio were 

observed in the sclerotic dentin. 

2009 57 

Breast Human Point 

spectra 

PCA Compared to benign ducts, 

microcalcifications formed in 

malignant ducts contain decreased 

carbonate content and increased 

amount of protein. 

2002 56 

Human Imaging Least‐

squares 

fitting, PCA 

A model was developed that 

explains spectral features of normal 

and diseased breast tissue. 

2002 62 

Coronary 

artery 

and 

aorta 

Human On‐line 

real time 

catheter 

Least 

squares 

fitting 

Demonstrated correlation with 

histology in the detection of 

cholesterol and calcification 

in human coronary artery and aorta 

specimens ex vivo. 

2003 53 

Coronary 

artery 

Human Point 

spectra 

Least 

squares 

fitting 

Developed and tested an algorithm 

to diagnose atherosclerosis. 

1998 63 

Aorta Human Point 

spectra 

Univariate First detection of the apatite 960 

cm‐1 band in untreated aortic tissue. 

1992 68 
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Aortic 

valve 

Human Imaging K‐means 

cluster 

analysis 

Increase in cholesterol levels were 

observed in stenotic valves. 

2015 54 

Human Point 

spectra 

PCA A diagnostic algorithm was 

developed to classify the presence 

or absence of aortic valve 

calcification. 

2004 64 

Brachio‐

cephalic 

artery 

ApoE/ 

LDLR‐/‐ 

mouse 

model 

Imaging K‐means 

cluster 

analysis 

Demonstration of correlative AFM‐

Raman spectroscopy imaging of 

cholesterol, cholesteryl esters, 

internal elastic lamina, fibrous cap 

and calcification. 

2014 60 

Urinary 

stone 

Human Point 

spectra 

Univariate Different mineral species were 

identified in urinary stones. 

1997 1 
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2.1 Introduction 

Cardiovascular diseases represent the most common cause of mortality globally (31%), affecting 

both developed and developing countries, taking the lives of an estimated 17.5 million people 

in 2012.69–71 Among the predictors for cardiovascular morbidity and mortality, cardiovascular 

calcification is an independent risk factor. Many cardiovascular pathologies, including diseases 

such as atherosclerosis, or other conditions including, diabetes mellitus and chronic kidney 

disease are often associated with cardiovascular calcification72,73, which can occur in blood 

vessels, the myocardium, and cardiac valves. In blood vessels, calcification typically occurs in 

intimal atherosclerotic plaques, or in the tunica media deep inside the blood vessel wall.18,72,74,75  

In the past two decades, increased attention in literature highlighted the active inflammatory 

and/or osteogenic signalling and regulatory processes that play a role in pathological 

cardiovascular calcification, shifting the paradigm away from just passive accumulation of 

minerals.76,77 On the other hand, even less is known about the mechanism of non‐pathological 

mineral accumulation in the aortic media with age, a phenomenon that has been known for a 

long time.2,78,79 In 2013, Bertazzo et al. reported that the first detectable calcified species in 

cardiovascular tissues is spherical particles of highly crystalline hydroxyapatite.80 This is 

regardless of the presence or absence of disease. This emphasises the need to delineate the 

complexity given that there could be multiple mechanisms that are at play at any one time. 

Therefore this chapter and Chapter 3 address this crucial question by studying the aorta of 

atherosclerotic and non‐atherosclerotic donors.  

As certain conditions cause calcification in specific zones of the aortic tissue, a brief description 

of its basic structure is illustrated in Figure 2‐1. Three concentric layers, tunica intima, tunica 

media and tunica adventitia form the aortic wall. The tunica media forms the majority of the 

thickness of the aortic wall and is predominantly composed of circularly oriented smooth muscle 

cells (30% to 50% of volume), long elastin fibres (25% of volume), and collagen (35% of volume), 

of which type‐I and III form the majority (80‐90%) and a small amount of type‐IV. Elastin, 

provides the elasticity whereas collagen maintains vascular integrity.81 The tunica intima is 

composed of a thin layer of endothelial cells whereas the tunica adventitia is the collagenous 

outer layer of the aortic wall that has the vasa vasorum, (the vessels of the vessels) that supply 

the walls of large blood vessels, including the aorta and the vena cava. This layer is not dense 

and has varying thickness (wavy). 



  
 

Chapter 2 High resolution characterisation of medial and intimal aortic calcification with 

Raman spectroscopy imaging 

44 
 

 

Figure 2-1 The aorta is anatomically divided into three main layers: tunica intima, tunica 

media and tunica adventitia. Image adapted from literature82. 

2.1.1 Age-related changes in the aorta 

Arteriosclerosis (not atherosclerosis) is a condition whereby the lumen is enlarged, accompanied 

by thickened walls and reduced elasticity. Aging is a good predictor of arteriosclerosis in large 

arteries, including the aorta but not in distal muscular arteries.81 The ordered aortic media is 

altered during aging, whereby smooth muscle cells are reduced, presenting collagen fibrotic 

scars in place of apoptosed cells. The individual cells also become larger and increasingly 

encapsulated by the surrounding collagen matrix, indicating a transformation from contractile 

to synthetic phenotype.83 During aging, apart from increasing in content, collagen in the aortic 

media also changes in spatial distribution, from being aligned with elastin fibres to being spread 

diffusely in between elastin fibres. 

A prominent change in the aortic media with age is elastin fragmentation. It was reported that 

elastin is predominantly synthesised during early development and has a slow turnover, thus 

being vulnerable to damage due to repetitive stretching.84 Besides these changes, an 

accumulation of advanced glycation end products (AGEs) with age is also found in the aorta. 

These are non‐enzymatic crosslinks arising from adventitious reactions with metabolic 

derivatives of sugars. AGEs render tissues stiffer and can initiate adverse receptor‐mediated 

downstream signalling pathways in cells.85  

In the aortic intima, diffuse intimal thickening occurs in aging, consequently cholesterol ester is 

also found to increase with age.78,86 
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Medial calcification  

Medial artery calcification is calcification in the tunica media of large arteries, generally 

composed of both poorly crystalline apatite and whitlockite.2 There is a known correlation of 

increasing medial artery calcification with age.78 More advanced medial artery calcification is 

also known as Monckeberg’s arteriosclerosis. It has recently been shown by our group 

(unpublished data) that low levels of medial artery calcification are in fact present in every 

human being in small amounts, with no apparent deleterious effects. In such cases, medial 

artery calcification is not considered to be pathological. This calcification is sometimes described 

as medial elastocalcinosis due to the tight association of the minerals with elastin. 87–90 In fact, 

patients with syphilis that had a loss of elastin showed reduced calcification.91 This increase in 

medial calcification can cause an increase in aortic stiffness, which contributes to the increasing 

trend with age.81,91,92  

The mechanism and origin of the minerals of this is form of calcification is completely unknown. 

It is believed to involve an active process due to the specific localisation of the calcification in 

the tunica media.81 Mice knockout models of bone‐related proteins such as matrix gla protein 

(MGP), osteoprotegerin (OPG), smad6 etc. show medial calcification however there are crucial 

differences compared to medial calcification in aging.93 

Moreover, most in vitro and in vivo studies on this topic have focussed on advanced stages of 

medial artery calcification.22,94–98  In these studies it has been shown that the smooth muscle 

cells tend to exhibit synthetic or osteogenic tendencies upon exposure to large amounts of 

calcification. Meanwhile a recent (unpublished) study in our group on healthy human aortic 

tissues has provided evidence to the fact that platelet dense granules are the source of the 

whitlockite particles in the medial artery calcification. It remains to be determined if these 

whitlockite particles play a role in the initiation of pathological processes, the threshold that 

leads to these changes, as well as the cause of excessive accumulation or production of these 

calcifications. 

Regardless of age, aortic medial calcification is greatly exacerbated in patients with diabetes 

mellitus or chronic kidney disease and those undergoing haemodialysis.22,99 Diabetes mellitus is 

hypothesised to affect medial calcification by accelerating AGE formation whereas in 

haemodialysis patients, loss of serum ion homeostasis was reported to be the cause.74 However 

it is important to note the distinction of these types of medial calcification from the age‐related 
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medial calcification as in these cases, apart from possible mechanistic differences, mineral 

accumulation is manifolds higher and might have triggered more cellular responses than in the 

initial stages.  

2.1.2 Atherosclerotic calcification 

Atherosclerosis presents itself in the intima of arteries as the deposition and development of a 

focal intimal plaque, mainly composed of lipoproteins, oxidised lipoproteins, cellular debris, 

inflammatory cells, and subsequently apatite mineral deposition. Atherosclerotic plaque 

calcification is promoted by a number of factors. These include cell death in the necrotic core 

forming debris that serve as nucleation sites, matrix vesicle secretion by smooth muscle cells 

and macrophage, decreased levels of mineralisation inhibitors and osteogenic differentiation of 

smooth muscle cells.100 

Combinations of the above factors have been reported. Oxidative stress and an inflammatory 

environment within the plaque, which includes oxidised lipids and inflammatory cytokines 

induces osteogenic differentiation of vascular cells.76,101,102 Of relevance to this work, synthetic 

calcium phosphate has been shown to elicit an inflammatory response in vitro. This suggests the 

presence of a positive feedback loop caused by the accumulation of mineral deposits in aortae 

that would encourage further atherosclerotic plaque calcification.103 

Microcalcification and macrocalcification 

Atherosclerotic plaque rupture can cause myocardial infarction due to the consequent cascade 

of events that include platelet activation, thrombosis, embolism and coronary occlusion.104 The 

concept of microcalcification being the cause of plaque rupture in atherosclerosis was 

introduced by Vengrenyuk et al. in 2006.105 This was an important study that has furthered the 

establishment of a good prediction for plaque instability and rupture.  

Morphologically, microcalcifications are typically particles of 50 nm to 15 µm in diameter, and 

less frequently up to 5 mm (on par with the mineral particles identified earlier by Bertazzo et 

al.).80,106 Macrocalcifications are typically sheet‐like diffuse calcifications with surfaces larger 

than 5 mm across. Compared to macrocalcification, microcalcification is more strongly 

correlated to plaque rupture.107  

A proposed series of events is that pro‐inflammatory stimuli trigger matrix vesicle secretion. 

Calcium phosphate deposition then occurs within these matrix vesicles, forming 
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microcalcification, which elicits further inflammation, creating a vicious cycle away from tissue 

homeostasis. The ensuing enlargement of the plaque increases the chance of rupture due to 

increase in local mechanical stress caused by microcalcification and the progressive thinning of 

the fibrous cap (leading to the rupture‐prone thin‐cap fibroatheroma).100,105,108 

Under certain circumstances, inflammation can be controlled, breaking the positive feedback 

loop. In such cases, fibrosis is increased and the plaque is stabilised. Under continued pro‐

osteogenic stimuli, the smooth muscle cells would then differentiate into a mature osteoblast‐

like phenotype. A regulated mineralization process can then happen, which forms a stable 

calcified fibrous acellular plaque, or macrocalcification.100 

Dyslipidemia, a metabolic syndrome clinically identified by elevated serum triglyceride levels, 

increased levels of small dense low‐density lipoprotein (sdLDL) particles, and decreased levels 

of HDL‐C109, is clinically associated with the progression of atherosclerotic calcification.73,110 

However clinical studies on statins, which inhibit the rate‐limiting step in cholesterol 

biosynthesis have shown conflicting results on their efficacy to prevent atherosclerotic 

calcification.111,112  

Biomechanics and plaque stability 

Besides the biochemical perspective of the disease, one must also take into account that after 

the skeletal system, the cardiovascular system also constantly experiences high amounts of 

mechanical stress due to the need to supply blood throughout the whole body. Hemodynamics 

(blood pressure and flow) apply external loads on the arteries. Therefore lesions in the lumen of 

blood vessels that change the surface topology and mechanical properties of the tunica intima 

cause irregular stresses on the underlying tissue.108  

A mechanism proposed by Pedrigi et al. in 2014 for the formation and rupture of thin‐cap 

fibroatheroma is that of an interplay between shear stress (external) and wall stress (internal). 

When there are high lipid levels and perturbations in the uniformity of the tunica intima, 

hemodynamics are altered, which causes regions of low, high and oscillatory shear stress. 

Simultaneously, the lipid accumulation compromises the structural integrity of the vessel wall, 

again leading to both regions with low and high wall stress. Specifically at areas with low, or low 

and oscillatory shear stress and high wall stress, through mechanical sensing of the cells, this will 

result in endothelial cell dysfunction, uptake of inflammatory cells, and lipid accumulation. 
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Sustained by the mechanical stress environment in addition to inflammatory signals, continuous 

outward remodelling then perpetuates the cycle of plaque enlargement and inflammation, 

favouring thin‐cap fibroatheroma rupture.108  

Interestingly, Cheng et al. reported that while lowered shear stress and oscillatory shear stress 

caused atherosclerotic plaque formation, increased shear stress had a protective effect. 

Moreover, lowered shear stress promoted vulnerable plaque formation whereas oscillatory 

shear stress encouraged the formation of stable fibrotic lesions.113 To tie this with 

microcalcification and macrocalcification, this suggests that where there is increased lipid 

deposition, external mechanical stress plays a big role in promoting either pro‐inflammatory or 

pro‐osteogenic downstream signalling, potentially determining the accumulation of micro‐ or 

macrocalcification. 

Although rarely considered together, diabetes mellitus has been reported to not only increase 

medial calcification but also accelerate atherosclerosis. Since studies of atherosclerosis do not 

tend to look for medial calcification and are often limited by spatial resolution, this presented 

an interesting question that would be tackled in this thesis. Traditional analytical methods 

usually employed for the study of biomolecular composition in atherosclerosis, such as histology 

and immunohistochemistry are labour‐intensive and inherently semi‐quantitative. Moreover 

not all biomolecules can be specifically labelled and only a few molecules can be imaged 

simultaneously. A certain level of bias is also introduced since the techniques require prior 

decision on the choice of molecules to be investigated. Electron microscopy has also been 

applied to study atherosclerotic calcification.114 Although this technique provides high spatial 

resolution images and can be combined with energy‐dispersive X‐ray spectroscopy (EDS) and 

selected area electron diffraction to provide elemental and crystal structure information, these 

techniques do not provide molecular information. All the above‐mentioned techniques are also 

inherently destructive. Hence information cannot be compounded to yield concurrent 

information to comprehensively characterise calcified cardiovascular tissue. 

The submicron resolution of Raman microspectroscopy is relevant in the study of cardiovascular 

or any biological tissue containing mineral particles of roughly 50 nm to 5 µm in diameter. Raman 

microspectroscopy has previously been used to study atherosclerotic plaques, using an en face 

characterisation approach for the plaque alone.54,68,115–123 Lattermann et al. imaged the cross‐

section of atherosclerotic plaques in rabbit models ex vivo with Raman and FTIR spectroscopy, 
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focusing on detailed characterisation of the lipid components in the plaques.124 Further, multiple 

groups have developed fibre‐optic techniques using miniaturized Raman probes mainly 

designed to aid in diagnosis of atherosclerosis in vivo.115,123 Thus far there has been no 

quantitative Raman microspectroscopy imaging studies on cross‐sections of human aorta. Due 

to the recent advances in understanding the onset of cardiovascular calcification there is a 

fundamental need to characterise and quantify the spatial distribution of biochemical 

components throughout the depth of diseased and healthy aortic tissue in order to gain a better 

understanding of the pathology.  

2.1.3 Aims 

The aim of this study was to take full advantage of the ability of Raman microspectroscopy to 

reveal the differences in spatial distribution, composition and crystallinity of both the mineral 

and the surrounding aortic tissue in the aortic media and intima of human donors. 

Atherosclerotic tissues were compared to non‐atherosclerotic tissues. Significant changes were 

found in relative apatite and whitlockite contents in the aortic media and intima associated with 

atherosclerosis. The results of this chapter prompted the study of whole cross‐sections of the 

aortic tissues in the next chapter to better characterise changes in matrix and mineral 

components. 

2.2 Materials and methods 

2.2.1 Tissue harvest and fixation  

Human aortic valve specimens (n=10), composed of aortic and mitral valves, coronary arteries 

and aorta, were obtained from implants that had been rejected for use as homografts. The 

samples were supplied by Oxford Heart Valve Bank at John Radcliffe Hospital – Oxford. Tissue 

samples were kept at ‐80 °C. Approved ethical guidelines were conformed to in the acquisition 

of all specimens, and informed consent that allowed us to analyse the tissues anonymously 

obtained for all donors.  

An aortic tissue sample from each frozen specimen was excised. Samples spanned the entire 

aortic cross‐section, and had an area of approximately 10 mm by 10 mm. The samples were 

thawed and fixed in 4% (w/v) formaldehyde (Sigma, BioReagent, ≥36.0%) in phosphate buffered 

saline solution (PBS; Gibco), overnight at 4 °C. Next, the samples were cut across the cross‐

section in a cryostat (Bright Instrument Co., Huntingdon, United Kingdom) at ‐20 °C to achieve a 
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smooth surface for Raman spectroscopy imaging. Sample harvest was done with the assistance 

of Dr. Sergio Bertazzo, Dr. Jean‐Philippe St‐Pierre and Miss Shweta Agarwal. 

2.2.2 Scanning electron microscopy (SEM) 

Human aortic tissue samples (1 cm × 1 cm) were incubated overnight at 37 °C in 0.1% w/v 

collagenase (Sigma) solution in 0.45 ml PBS. The tissues were then homogenized using a tapered 

tissue grinder (Electron Microscopy Sciences). To isolate the calcified particles, the homogenized 

solutions were centrifuged at 5000 g for 5 min, then the supernatant and the soft matrix pellet 

were removed, which left only the pellet of calcified material in the tube. The particles were 

washed 2 times in 1 ml PBS and incubated in 67% hydrazine at 55 oC for 2 hours, to remove 

remaining organic material, then washed once with water and once with ethanol (Sigma, ACS 

reagent 99.5 %). Finally, the sample was centrifuged at 5000 g and was dehydrated for electron 

microscopy. For dehydration, samples were treated with graded ethanol series (20, 30, 40, 50, 

70, 80, 90, 100 and 100% (v/v)) solution for 1 hour each. From the ethanol particle suspension, 

5 µL was added onto a glass cover slip. The glass cover slip was fixed onto an aluminium sample 

holder with carbon tape. Silver paint was applied to the area immediately surrounding each 

sample, which was then coated with 5 nm chromium in a Q150T S sputter coater (Quorum 

Technologies). This method was performed by Miss Shweta Agarwal. 

Following the chromium coating procedure, samples were imaged by SEM (Leo Gemini 1525 

FEGSEM), operated at 7kV. Imaging of the isolated calcified particles was performed using the 

in‐lens secondary electrons detector. The stage height was adjusted to 6 mm. Carried out with 

the assistance of Miss Shweta Agarwal. 

2.2.3 Raman spectroscopy imaging of paraffin sections 

Fixed aorta samples were embedded in paraffin and sectioned to 5 µm thickness by Dr. Joseph 

Steele. The paraffin sections were then measured with a Renishaw InVia Raman microscope 

system (Wotton‐under‐Edge, UK) with a 785nm excitation laser at 8 mW power. A Leica 50x/0.75 

objective was used. A representative image was mapped with 1 accumulation, 2 seconds 

exposure time and 3 µm by 3 µm step size. Data for mineral analysis in Figure 2‐3 were acquired 

by measuring 5 cross‐sectional lines of spectra at 0.8 µm intervals with 4 accumulation, 2 

seconds exposure time for each of the n=9 aorta samples. 
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Data analysis 

All pre‐processing and analysis were performed using Matlab version R2013a‐R2015a 

(MathWorks, Natick, MA, USA) and PLS Toolbox 7.0 (Eigenvector Research, Wenatchee, WA, 

USA), unless stated otherwise. The raw Raman spectra were pre‐processed by Savitzky‐Golay 

smoothing (3 points), Weighted Least Squares Polynomial Baseline Correction (3rd order) and 

MSC and normalised to the area under the curve on Matlab. The univariate Raman image was 

plotted using the Renishaw WiRE 3.4 software. 

2.2.4 Raman spectroscopy imaging of hydrated samples 

Fixed aorta samples covered by a water droplet were trimmed across the cross‐section in a 

cryostat (Bright Instrument Co., Huntingdon, United Kingdom) at ‐20 °C to achieve a smooth 

surface for Raman micro‐spectroscopy mapping. 

Then, 50 µm by 50 µm Raman maps were measured while the sample was immersed in PBS. The 

WITec Alpha 300R+ Confocal Raman Microscope System (Ulm, Germany) with a 785 nm laser 

was used to collect the spectra. The high confocality of this system ensures that highly resolved 

biochemical components can be obtained following spectral unmixing. Spectral resolution of the 

spectrometer was 9 cm‐1. The step size was set to 1 µm by 1 µm and the Raman maps were 

acquired with a Zeiss W Plan‐Apochromat 63x/1.0 objective, with 1 s integration time, under 

100 mW of laser power at objective. Sample degradation using this laser power was not 

observed.  

Data analysis 

The raw Raman spectra were pre‐processed by Weighted Least Squares Polynomial Baseline 

Correction (4th order) and normalisation of area under the curve to 1. Chemical components 

were then analysed using MCR to produce loadings that approximate to the pure components 

and scores that describe the relative fit to each pure component spectra. Bar graphs of each 

chemical component were calculated by taking the sum of the scores of each component for 

each Raman map. The average was calculated for each experimental group. 

Spectra containing mineral phosphate peak were selected by thresholding the ratio of the 

phosphate ν1 band at 960‐970 cm‐1 to the phenylalanine band at 1003 cm‐1. Ratios above 1.3 

were deemed mineral‐containing spectra. Analysis of the phosphate ν1 peak in these spectra 

was carried out using peakfit on Matlab to find the FWHM and the peak maxima position. CG 

was calculated as described in equation 1‐7. 
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2.3 Results 

2.3.1 Scanning electron microscopy on mineral particles from aortic valve tissue 

Mineral particles isolated from bulk aortic valve tissue by Miss Shweta Agarwal were imaged 

using an SEM (Figure 2‐2). This demonstrates that the particles range in sizes of around 250 nm 

to 1 µm. With our Raman spectroscopy setup, larger particles and clusters of smaller mineral 

particles can be resolved. Smaller, non‐clustered mineral particles may not be individually 

resolved or detected. 

 

Figure 2-2 SEM image of calcified particles isolated from a human aortic valve. Image 

acquired with the assistance of Miss Shweta Agarwal. 

2.3.2 Raman spectroscopy imaging of paraffin sections 

Raman spectroscopy images of paraffin aorta sections of 10 healthy donors were acquired. The 

Raman image of a representative sample is shown in Figure 2‐3(A). Calcification was primarily 

localised in the media of the 10 aorta tissue samples. In comparison, the phenylalanine peak 

intensity characteristic of protein was uniform across the cross‐section. A measure of mineral 

crystallinity was calculated by taking the FWHM of the phosphate ν1 peak. Using a crystalline 

and an amorphous commercial hydroxyapatite powders as reference (Figure 2‐3(B‐C)), the 

aortic mineral was found to be poorly crystalline. Whereas both of the commercial powders had 

their maxima position at around 961 cm‐1, the aorta minerals exhibited an average maxima 

position of around 969 cm‐1. Synthetic whitlockite is not available commercially. However in 

studies of dentin and geological samples, the phosphate ν1 peak at 970 cm‐1 has been reported 

as whitlockite.40,57 
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Figure 2-3 Raman spectroscopy imaging of human aorta. Univariate intensity heatmaps of the 

mineral phosphate and phenylalanine peaks and the corresponding bright field image of a 

representative aortic cross-section (A). The phosphate ν1 peak of the aortic calcified 

particles compared to crystalline and amorphous hydroxyapatite spectra (B). Analysis of the 

full width at half maxima (FWHM) and maxima position of the phosphate ν1 peak for the aortic 

calcified particles and commercially available hydroxyapatite (HAp) powders (C). Scale bar 

is 100 µm. 

2.3.3 Optimisation of sample preparation for Raman spectroscopy under hydrated 

conditions 

To enable a more thorough investigation of the relative distribution of organic biomolecules 

within the aortic cross‐section, different sample preparation methods were explored, including 

cryo‐sectioning in OCT embedding medium. Paraffin and OCT embedding media show spectra 

that overlap with the fingerprint region of organic molecules, thus preventing accurate 

identification and quantification of organic compounds (Figure 2‐4). To obtain maximum 

chemical information without interference from embedding media, aorta sample preparation 

was optimised. 
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Figure 2-4 Raman spectrum of paraffin and OCT embedding medium. Arrows show strong 

peaks derived from paraffin and OCT embedding medium signal. 

A new method was thus developed that uses water to embed the tissue samples, followed by 

trimming the top of the samples with a cryostat to achieve an even surface for Raman 

spectroscopy imaging (Figure 2‐5). This method has proven to be versatile and has since been 

applied to aorta, cartilage and engineered cartilage scaffolds.  

 

Figure 2-5 Trimming an aorta sample on a cryostat. 

2.3.4 Raman spectroscopy imaging 

Aorta samples from 9 healthy donors (controls) and 5 donors with significant atherosclerotic 

lesions were mapped. Duplicate Raman spectroscopy maps were collected for each donor at the 

aortic media and intima. The classification of the samples as having significant atheroma was 

based on the rejection of the aorta for transplantation. Although there is frequently some 

amount of atherosclerotic lesion present in aortic tissues from donors above 50 years of age, 

the samples classified as healthy do not present a high amount of atherosclerotic lesions such 
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that they were still accepted as transplant donors. Donor information based on patient records 

is shown in Table 2‐1.  

Table 2-1 Patient information. Tissues from 5 atherosclerotic donors and 9 non-

atherosclerotic donors were tested. The donor code is an anonymised arbitrary code 

designated to a particular donor. Both males and females were included in this study. 

Donor Age Gender Atherosclerotic 

O22 59 M Y 

O25 57 M Y 

O31 64 F Y 

O33 65 M Y 

O34 59 F Y 

O43 65 F N 

O45 39 F N 

O46 55 F N 

O49 32 F N 

O66 70 F N 

O67 38 F N 

O69 35 F N 

O70 45 F N 

O75 22 M N 

MCR was used to analyse the Raman spectroscopy images of the aortic media and intima. 

However delineation of the intima‐media interface was complicated by the absence of staining, 

the variability in aortic wall thickness between samples even within the same donor and the lack 

of a strong internal elastic lamina. Therefore intima Raman spectroscopy images are not shown 

here (the next chapter overcomes this issue). MCR loadings (pure component spectra) showed 

presence of mineral‐rich spectra with the strong phosphate ν1 band at 970 cm‐1, β‐carotene with 

strong 1518 cm−1 C=C ν1 and 1158 cm−1 C−C ν2 polyene bands, elastin, cholesterol, actin‐rich 

smooth muscle cells, and collagen spectra. Two other unidentified spectra were found that 

appear to be artefacts of focussing (Figure 2‐6(A)).  

MCR images of the aortic media showed the lamellar structure of the elastin fibers with smooth 

muscle cells and collagen sandwiched between (Figure 2‐6(B‐C)). Mineral and β‐carotene are 
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observed between elastin fibres in certain samples. A higher occurrence of mineral is seen in the 

atherosclerotic samples compared to samples from healthy donors. Cholesterol is also found 

between the elastin fibres, close to the smooth muscle cells in both diffused quantities and in 

clusters. Due to the high confocality of the Raman system used, focussing artefact are observed 

in a few MCR images. 

 

Figure 2-6 MCR analysis on Raman spectroscopy images was carried out to identify and 

visualise the major biochemical components of the aortic media. The main pure biochemical 

components were identified from the dataset by their endmember spectra (A). Colour-coded 

heatmap images were then plotted to visualise the spatial distribution of each component. 

For visual clarity of the composite images, heatmaps of the components were plotted in two 

separate composite images (B-D, B’-D’) for each Raman spectroscopy map. MCR images 

showing mineral in red, collagen in green, elastin in blue and smooth muscle cell in yellow 

(B-D). MCR images showing β-carotene in red, and cholesterol in green (B’-D’). Scale bar 10 

µm. Panels B-D and B’-D’ are shown on the next page. 
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2.3.5 Quantification of chemical components 

By combining all the maps and simultaneously pre‐processing and analysing them with one MCR 

model as in Figure 2‐6, quantities of chemical components between different Raman 

spectroscopy images can be compared. Quantification of the MCR scores was carried out for the 

two experimental groups: healthy and atherosclerotic to determine the amount of a certain 

component in each experimental group (Figure 2‐7). All of the biochemical components showed 

large standard deviations, likely due to spatial heterogeneity in the biochemical components 

within a same sample. Strategies to overcome this limitation were developed for the work 

presented in Chapter 3.  

 

Figure 2-7 Quantification of biochemical components in the aortic media of healthy and 

atherosclerotic human donors. Average content of each biochemical component for each 

group was determined from the Raman spectroscopy images based on MCR analysis for each 

component. 

PCA, PLS and PLS‐DA were applied to the Raman image data to correlate Raman spectra to 

atherosclerosis, age and mineral content (ICP results) however models with good R2
CV values 

above 0.6 could not be formed. A good model also could not be achieved for correlation of MCR 

scores to atherosclerosis, age and mineral content (ICP results) (Data not shown). These data 
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suggest that there is a lot of inter‐ and intra‐sample heterogeneity in both the mineral and the 

organic tissue, which is an interesting observation in itself.  

2.3.6 Mineral properties 

Individual Raman maps show the presence of two mineral species, with two distinct phosphate 

ν1 maxima position i.e. approximately 960 cm‐1 and 970 cm‐1. However when the whole dataset 

including all Raman maps were analysed all at once with the atherosclerotic samples, the two 

mineral species were no longer identified by MCR as two separate pure components. When the 

MCR components were increased, various lipid‐related spectra were found but still only one 

mineral species was identified in the list of pure components. Therefore univariate analysis was 

applied to the phosphate ν1 band of the spectra to first select the spectra that contained mineral, 

and then analyse the CG, FWHM and maxima position (Figure 2‐8(A‐C)).  

CG and maxima position of the phosphate ν1 band both showed significantly higher values for 

the aortic media compared to aortic intima (p<0.001), indicating more whitlockite in the media 

and more apatite in the intima. Comparison of zone‐specific tissue (media or intima) between 

healthy and atherosclerotic tissues showed no significant difference in CG. Higher average 

maxima position was observed in the aortic media of the healthy group compared to 

atherosclerotic whereas the opposite correlation was found in the aortic intima (p<0.05). This 

suggests there is more apatite in the aortic media of the atherosclerotic group compared to the 

healthy group and more apatite in the aortic intima of the healthy group compared to the 

atherosclerotic group. The wider spread of the maxima position data suggests high mineral 

species heterogeneity in the intima for both healthy and atherosclerotic aortic tissues whereas 

the narrow spread for the healthy aortic media suggests high homogeneity, consisting 

predominantly of whitlockite (it has a maxima position of 970 cm‐1). 

FWHM gives a measure of crystallinity in terms of crystal size and lattice deformation. Highest 

crystallinity (lowest FWHM) was observed in the healthy aortic intima (p<0.0001) at 15 cm‐1. 

Higher crystallinity in the aortic intima compared to the aortic media was observed in both the 

healthy (p<0.0001) and the diseased (p<0.05) tissue. The spread of the data indicates more 

heterogeneity in the FWHM (crystallinity) of the mineral phosphate peak in the healthy intima.  
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Figure 2-8 Analysis of the phosphate ν1 band for healthy and atherosclerotic donors. Centre 

of gravity (CG) (A), full width at half maxima (FWHM), which is inversely correlated with 
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crystallinity (B), and the Raman shift of the phosphate ν1 peak maxima (C).  Abundance of 

whitlockite (maxima 970 cm-1) and apatite (maxima 960 cm-1) normalised to the total of both 

mineral species (D) and normalised to the sample area (E). MEDH: aortic media of healthy 

donor; MEDD: aortic media of atherosclerotic donor; INTH: aortic intima of healthy donor; 

INTD: aortic intima of atherosclerotic donor; * p<0.05; ** p<0.01; *** p<0.001; **** p<0.0001. 

In general, mineral in the aortic media showed higher CG, FWHM and maxima position than that 

in the aortic intima, with the mineral found in healthy intima showing the lowest values for all 

three measurements. 

The two different mineral types, with 960 cm‐1 and 970 cm‐1 maxima positions were then 

quantified (Figure 2‐8(D‐E)). For both healthy and atherosclerotic, in the aortic media, there are 

at least four times more 970 cm‐1 mineral species (whitlockite) than 960 cm‐1 (apatite) whereas 

in the aortic intima, the relative amounts are much more comparable (Figure 2‐8(D)). 

Interestingly, total amount of mineral per tissue area is the highest for the atherosclerotic aortic 

media (Figure 2‐8(E)). In general, these results indicate higher mineral heterogeneity in the 

intima and that atherosclerosis does affect the aortic media mineral content. 

2.4 Discussion 

In this study, Raman spectroscopy imaging was used to characterise the aortic media and intima 

of healthy and atherosclerotic human donors. Our results confirmed the presence of two 

mineral phases, apatite and whitlockite in all samples as well as elastin, collagen, actin‐rich 

smooth muscle cells, β‐carotene and cholesterol.  

2.4.1 Sample preparation 

Tissue sample preparation (except bone and dentin) for Raman spectroscopy imaging in 

literature commonly involve embedding the samples in OCT. This approach holds advantages 

over paraffin embedding in that the sample is not dehydrated and that it does not require xylene 

washes that are known to remove lipids. OCT also has a less intense Raman signature than 

paraffin. However, in thin (<5 mm) or porous tissue where there is more OCT infiltration, the 

OCT spectrum still poses a problem. Cropping the Raman spectroscopy images where OCT 

spectra are found essentially sacrifices the majority of the image and is thus not an adequate 

option. Subtracting the spectra by taking a signature peak or by least squares fitting is also not 

ideal as the spectral signatures of the tissue and OCT overlap. Furthermore due to the other 

baseline correction steps already needed, any additional estimated subtractions of baseline 

would reduce the quantitative nature of Raman spectroscopy. The sample preparation method 
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described in this chapter has proven to be versatile and simple. It also enables the sample to be 

kept and imaged in hydrated state after trimming, which is important to preserve chemical 

structures.  

2.4.2 Spatial characterisation of Raman spectroscopy images 

The aortic media is composed of elastin fibres with smooth muscle cells and collagen in 

between.125 Here, Raman spectroscopy images of the human aortic media that highlights this 

distribution at a high spatial resolution (1µm) are shown. In addition to the elastin, collagen and 

actin‐rich smooth muscle cells, cholesterol in the vicinity of the smooth muscle cells and mineral 

around the elastin fibres were also simultaneously identified. This comprehensive 

characterisation has not been conducted before in non‐embedded, non‐labelled aorta. The 

observation of cholesterol clusters could be explained by the presence of foam cells in the aortic 

media (Figure 2‐6).126 It was not possible to distinguish whether the mineral observed are 

intracellular or extracellular. However, mineral has been previously reported to be present both 

intracellularly and extracellularly.80,127  

2.4.3 Mineral characterisation 

Previous studies have reported the presence of medial calcification composed of whitlockite in 

healthy human aortic tissue and its increase with age.2,79 Others have also shown, notably with 

Raman spectroscopy, that atherosclerosis plaque contains hydroxyapatite calcification.63 It was 

shown that while whitlockite is the main mineral type in the aortic media, apatite is also present. 

Conversely, comparable amounts of the two types of mineral were present in the intima. No 

previous studies reporting the simultaneous presence of two mineral types in the two tissue 

locations were found, as these were generally conducted with digestion of the bulk tissue or 

were imaged at a lower spatial resolution and/or with less sensitive methods.2,128 Further 

experiments to quantify the mineral types are reported in the following chapter. 

The mineral observed here by Raman spectroscopy appeared to be poorly crystalline based on 

their average FWHM of 15‐20 cm‐1, which is between the FWHM values for crystalline and 

amorphous commercial hydroxyapatite. Compared to the carbonated apatite of trabecular bone 

(Chapter 4), aortic minerals are more crystalline.55 Cortical bone FWHM have also been reported 

to be 16.8 cm‐1.129 However as whitlockite is magnesium substituted into a hydroxyapatite 

lattice, this inherently creates unequal strain on different phosphate bonds, which could 

contribute to a broader FWHM value. In the future, reference compounds would aid in the 
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clarification of the crystallinity measurements of whitlockite. It should also be noted that the 

aortic mineral particles range in size from 50 nm to 5 µm. Therefore compared to the spatial 

resolution of our setup (1 µm), this value cannot be taken as absolute as certain spectra would 

have arisen from clusters of mineral particles. Other methods such as X‐ray diffraction are more 

suited to in‐depth analysis of mineral crystallinity. 

Diabetes is known not only to cause medial calcification, it has also been shown to aggravate 

atherosclerosis.130–134 The increase in medial calcification in the atherosclerotic plaque group 

suggests that there is a diabetes‐independent relationship between the atherosclerosis and 

medial calcification that has not been previously described (Figure 2‐8(E)). Further study (in the 

following chapter) is needed to determine the significance of this increase. 

2.5 Conclusion 

A versatile sample preparation method was developed to image tissue samples without the 

influence of embedding media. Using this methodology, and subsequent high resolution Raman 

spectroscopy imaging, it was revealed for the first time the coexistence of whitlockite and 

apatite in the aortic media and the aortic intima in healthy and atherosclerotic tissues, where 

whitlockite was the predominant mineral type in the aortic media and a comparable amount of 

whitlockite and apatite was found in the aortic intima. Findings in this study suggest that 

atherosclerosis affects the mineral composition of aorta. Prominent spatial heterogeneity in the 

organic components observed in the aortic tissues was also found. This prompted further 

investigation with an increase in imaging area, which will be described in the following chapter. 
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3.1 Introduction 

In the last chapter, a set of Raman spectroscopy maps were acquired with dimensions of 50 by 

50 µm2. However it was determined that there was heterogeneity in the dataset, which requires 

the sampled area to be increased. Therefore in this chapter, Raman spectroscopy images were 

made across the full cross‐section of the aorta, with a wider objective to achieve maximum area 

coverage at a slightly lower resolution. Multivariate analysis was also improved with the use of 

a server, which enabled large scale analysis of all Raman spectroscopy images simultaneously 

and consequently the ability to identify the maximum amount of pure biochemical components 

from the dataset.  

In this chapter two groups of atherosclerotic tissues were assigned to identify differences 

between plaque region and non‐plaque region tissue of atherosclerotic aortae. Atherosclerotic 

tissues were compared to age‐matched non‐atherosclerotic tissues. Furthermore, a comparison 

between healthy samples from donors above and below the age of 50, all containing medial 

calcification was also performed for the first time. Four experimental groups were defined to 

compare mineral and organic molecules in atherosclerosis and aging.  

 

Figure 3-1 Schematic of the four experimental groups. Two atherosclerotic groups were 

defined as samples obtained from atherosclerotic donors (50 years of age) at sites at and 

away from a plaque respectively, whereas two non-atherosclerotic (control) groups were 
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defined as samples obtained from non-atherosclerotic donors above and below 50 years of 

age. 

A comprehensive multivariate model based on spectral unmixing was developed that enabled 

quantification of the relative biochemical distributions across the depth of the aortic tissue of 

both disease and healthy tissues. Significant changes were identified in relative apatite and 

whitlockite distributions associated with atherosclerosis. Further quantitative analysis revealed 

the distributions of organic components throughout aortic tissue that can contribute to a better 

understanding of pathophysiological tissue calcification processes. 

3.2 Materials and methods 

3.2.1 Aorta sample preparation 

Human aortic valve specimens (n=10), composed of aortic and mitral valves, coronary arteries 

and aorta, were obtained from implants that had been rejected for use as homografts. The 

samples were supplied by Oxford Heart Valve Bank at John Radcliffe Hospital – Oxford. Tissue 

samples were kept at ‐80 °C. Approved ethical guidelines were conformed to in the acquisition 

of all specimens, and informed consent that allowed us to analyse the tissues anonymously 

obtained for all donors.  

An aortic tissue sample from each frozen specimen was excised. Samples spanned the entire 

aortic cross‐section, and had an area of approximately 10 mm by 10 mm. The samples were 

thawed and fixed in 4% (w/v) formaldehyde (Sigma, BioReagent, ≥36.0%) in PBS solution (Gibco), 

overnight at 4 °C. Next, the samples were cut across the cross‐section in a cryostat (Bright 

Instrument Co., Huntingdon, United Kingdom) at ‐20 °C to achieve a smooth surface for Raman 

spectroscopy imaging. Sample harvest was done with the assistance of Dr. Sergio Bertazzo, Dr. 

Jean‐Philippe St‐Pierre and Miss Shweta Agarwal. 

3.2.2 Pure reference biochemicals 

A reference library of biochemicals was measured for comparison with the Raman spectral 

signatures obtained from tissues. All reference Raman spectra were measured using a WITec 

Alpha 300R+ Confocal Raman Microscope System (Ulm, Germany) with a 785 nm laser. A Zeiss 

EC Epiplan 50×/0.75 HD objective was used. Commercially available powders from Sigma 

Aldrich, UK were used as pure reference. The powders measured were: collagen from chicken 

sternal cartilage, elastin from bovine neck ligament, actin from bovine muscle, β‐carotene, 
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cholesterol, cholesteryl linoleate, and synthetic hydroxyapatite. Pure triglyceride mix in liquid 

form from Sigma Aldrich, UK was also measured. To achieve a high signal to noise ratio all spectra 

were acquired with an integration time of 15 s. 

3.2.3 Raman spectroscopy imaging 

All spectra from the aorta samples were measured while immersed in PBS. The WITec Alpha 

300R+ Confocal Raman Microscope System (Ulm, Germany) with a 785 nm laser was used to 

collect the spectra. The high confocality of this system ensures that highly resolved biochemical 

components can be identified following spectral unmixing. Spectral resolution of the 

spectrometer was 9 cm‐1. Raman spectroscopy images of 200 µm by 200 µm with a 0.8 µm by 

0.8 µm step‐size were acquired with a Zeiss W Plan‐Apochromat 63x/1.0 objective, with 1 s 

integration time, under 100 mW of laser power at objective. Sample degradation was not 

observed using this laser power. Full cross‐sectional images with a 3 µm by 3 µm step‐size were 

acquired with a Zeiss W N‐Achroplan 10x/0.3 objective, with 1 s integration time. The Raman 

spectra were corrected for the instrument response of the system using a traceable Raman 

standard (STM‐2245, National Institute of Standards and Technology (NIST)).  

3.2.4 Area quantification 

The raw Raman spectra were baseline corrected with a 3rd order polynomial curve using the 

Project FOUR software (version 4.0, WITec), and normalised to the area under the curve on 

Matlab. Univariate intensity heatmaps were plotted on the Project FOUR software, using a Sum 

Filter, with background subtraction. Cosmic rays were found by calculating the second derivative 

of the each spectrum. These spectra containing cosmic rays were removed for VCA analysis for 

endmember identification. 

Univariate area quantification (ratios) of mineral phases in the tissue was calculated by counting 

the number of spectra containing the mineral peak at 960 cm‐1 for apatite and 970 cm‐1 for 

whitlockite. The ratio was calculated by taking the sums of apatite‐containing spectra over the 

sums of all mineral‐containing spectra.   

3.2.5 Multivariate analysis and quantification 

Multivariate analysis of the Raman spectroscopic data was performed on a Linux Ubuntu v15.04 

multicore server (12 core, i7 3.3Ghz processors, 64Gb memory) on Matlab version R2015a 

(MathWorks, Natick, MA, USA), unless stated otherwise. The raw Raman spectra were baseline 

corrected with a 3rd order polynomial curve using the Project FOUR software (version 4.0, 
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WITec), and then normalised to the area under the curve on Matlab, which reduces signal 

intensity variability and enables comparisons between different images.   

VCA, an unmixing algorithm was then applied to the dataset comprising n=10 Raman 

spectroscopy images using techniques previously described.135 Spectral unmixing was used to 

reduce the dimensionality of the data into 9 pure components called endmembers. Each of 

these endmembers represents pixels with very high concentration of one specific biochemical 

component. The number of endmember was chosen based on supervised analysis and 

correlation with the pure biochemical reference database. Nonnegative least‐squares curve 

fitting was then performed on each spectrum in the dataset against the VCA endmembers. This 

yielded the relative contributions of each endmember for each spectrum. The nonnegative 

least‐squares regression was computed for each spectrum relative to selected VCA endmembers 

to generate Raman signal contribution values of each component represented by the 

endmember. To ensure that the endmember provided meaningful biochemical information the 

R2 was calculated with the respective laboratory grade reference biochemical measured. 

All depth profile graphs were depth‐normalised for each map whereby 0 is assigned as the edge 

between the aortic wall and the lumen and 1 is assigned as the border between the media and 

the adventitia of the aorta, which is denoted by a high collagen content.136,137 This depth‐

normalization was performed by interpolating the matrix of abundances for each component 

with cubic interpolation. The means and standard deviations (SDs) were calculated for each 

point across the normalised depth.  

P‐values were calculated by one‐way ANOVA, followed by a post hoc Fisher’s least significant 

differences (LSD) test. 

3.2.6 Histology 

Following Raman spectroscopy imaging, the aorta samples were embedded in Tissue‐Tek O.C.T. 

compound (Sakura Finetek, USA) and frozen in liquid nitrogen cooled‐isopentane. Tissue 

sections were cut to 10 µm with a cryostat (Bright Instrument Co., Huntingdon, United Kingdom) 

set at ‐20 °C. The sections were air‐dried at room temperature overnight and then kept at ‐20 

°C. The frozen sections were rehydrated in PBS before staining.  

Alizarin red S, a histologic stain for calcium and magnesium (Sigma) was used at pH 4.5 for 2 

minutes. Picrosirius red, a histologic stain for fibrillar collagen was applied for 1 hour. Verhoeff 



  
 
Chapter 3 Quantitative comparison of human aortic tissue in atherosclerosis and aging with 

Raman spectroscopy imaging 

69 
 

trichrome stained elastin and nuclei black, smooth muscle cytoplasm red, and collagen blue. 

Verhoeff trichrome was carried out using the Abcam elastic stain kit and the Polysciences 

Masson’s Trichrome Stain Kit.138 The slides were mounted with Histomount (National 

Diagnostics). Nile Red, a fluorescent lipophilic dye (Sigma) was used at 1 µg/mL in PBS, diluted 

from a 1 mg/mL in dimethyl sulfoxide (DMSO) stock solution, and applied for 10 minutes. The 

slides were mounted with Vectashield Mounting Medium with the fluorescent nuclear stain, 

DAPI (Vector Labs).  

The stained slides were imaged with a Zeiss Observer microscope under a 20x/0.4 objective with 

bright field and fluorescence channels (DAPI and Nile Red). Images were stitched using the ZEN 

software (Zeiss microscopy) and the white balance for the background was adjusted using Fiji. 

3.3 Results  

3.3.1 Univariate analysis 

Raman spectroscopy of the entire aortic cross‐section was performed on 8 atherosclerotic 

samples in areas including a plaque, 6 atherosclerotic samples adjacent to plaque areas, 6 non‐

atherosclerotic samples from donors older than 50 years of age, and 6 non‐atherosclerotic 

samples from donors younger than 50 years of age (Table 3‐1). Typical Raman spectroscopy 

images of a non‐atherosclerotic aorta cross‐section from the intima to the adventitia is shown 

in Figure 3‐2. Representative spectra rich in specific components of the tissue were identified, 

including elastin, collagen, lipid (cholesterol), β‐carotene, apatite and whitlockite (Figure 3‐2(A)). 

Characteristic bands for proteins were observed at 1003, 1031, 1258, 1450, and 1665 cm‐1, 

which correspond to, phenylalanine, Amide III, CH2 and CH3 deformations, and Amide I 

respectively.139 Bands distinctive of the unique amino acids of elastin, desmosine and 

isodesmosine were observed at 527 and 1105 cm‐1.139 Characteristic collagen proline and 

hydroxyproline bands were observed at 855 and 877 cm‐1 respectively.140 A specific peak at 701 

cm‐1 arises from the steroid ring vibration of cholesterol and cholesterol esters.139 The CH2 and 

CH3 deformations for lipids at 1440 cm‐1 were observed to be slightly offset from that of proteins. 

Bands specific to β‐carotene were observed at 1157 and 1526 cm‐1.115 Calcium phosphate bands 

at 960 and 970 cm‐1 are attributed to apatite and whitlockite phosphate ν1 stretching 

respectively. The position of whitlockite phosphate ν1 has been reported in previous literature 

on biological, geological and synthetic whitlockite.40,57,141  
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Table 3-1 Experimental groups information. Tissues from 3 of the atherosclerotic donors 

were used for both plaque and non-plaque samples.  

Experimental groups Abbreviation Donors Tissue 

samples 

Age range Average 

age 

Non-atherosclerotic <50 yrs NAth<50 3 6 22-38 31 

Non-atherosclerotic >50 yrs NAth>50 3 6 55-65 59 

Atherosclerotic non-

plaque >50 yrs 

Athnp 3 6 57-64 60 

Atherosclerotic plaque >50 

yrs 

Athp 4 8 57-64 60 

Characteristic bands were used to image the distribution of elastin, collagen, lipid, β‐carotene, 

apatite and whitlockite (Figure 3‐2(B)). These images allow us to appreciate the general 

structure of the aorta based on biochemical landmarks. High‐resolution Raman spectroscopy 

images (spatial resolution of 0.8 m) were also collected to visualize the spatial distribution of 

the various components in additional detail, (Figure 3‐2(C‐D)). These clearly depict the elongated 

strands of elastin fibers with interspersed mineral (predominantly whitlockite) and collagen in 

the media. It is also evident that whitlockite and apatite show different distribution patterns. 
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Figure 3-2 Univariate Raman spectroscopy images of a representative non-atherosclerotic 

aorta. Representative spectra rich in specific aortic components (a). Concentrations of each 

component across the cross-section were visualised by univariate heatmaps corresponding 

to normalised intensities of the signature Raman bands listed (b). Univariate heatmaps of 

high resolution images taken from the intima-media interface (c) and within the media (d) 

were also plotted using the same Raman bands. Merge1 is a composite image of elastin, 
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whitlockite and apatite. Merge2 is a composite image of all the univariate heatmaps. Scale 

bars (b) 100 µm, (c-d) 50 µm. 

3.3.2 Ratios of apatite and whitlockite 

Both whitlockite and apatite were present in the aortic samples tested. To evaluate the relative 

distribution of apatite and whitlockite, the amount and ratio of apatite to total mineral (apatite 

and whitlockite) were plotted along the depth of the intima and media (Figure 3‐3(A,C)). The 

average amounts and ratios  1SD for the intima and media were presented in Figure 3‐3(B,D). 

The two main areas of calcification along the cross‐section are normalised depths 0.3‐0.8 

(media) and 0‐0.2 (intima). The NAth>50 group showed a similar mineral depth distribution 

(Figure 3‐3) to the Athnp group. In the 0‐0.3 and 0.8‐1 normalised depth region the apatite ratio 

is above 0.5, indicating that there is more apatite relative to whitlockite in the intima and in the 

deeper aspect of the media, whereas in the 0.3‐0.8 normalised depth region, the apatite ratio 

dips below 0.5, indicating a larger amount of whitlockite. In the Athp group, the 0‐0.3 normalised 

depth region (plaque) consists almost exclusively of apatite, as observed in the apatite ratio that 

is above 0.8. (Figure 3‐3(A)). The apatite ratio in the 0.3‐0.8 normalised depth region of the Athp 

group is also increased relative to the Athnp and NAth>50 groups. Figure 3‐3(B,D) also highlights 

an increase in the apatite ratio for the Athp group in both the intima/plaque and media regions 

compared to the age matched non‐atherosclerotic (NAth>50) group. Interestingly, the NAth<50 

group shows a significantly higher apatite ratio in the media compared to the NAth>50 and Athnp 

groups (p<0.05) and no difference in the intima (Figure 3‐3(B)). These results indicate that there 

is significant increase of whitlockite relative to apatite in the aortic media with age, which is 

reversed by the presence of atherosclerotic plaque in the directly underlying intima. 
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Figure 3-3 Univariate comparison of apatite and whitlockite. Ratio of apatite to total mineral 

(apatite and whitlockite) from univariate quantification of the phosphate ν1 Raman band. 

The number of spectra containing peaks of apatite and whitlockite were counted and plotted 

along the normalised depth of the aorta from the beginning of the intima, assigned 0 to the 

end of the media, assigned 1 (A). Average content of apatite and whitlockite within the intima 
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and the media was calculated by counting the number of spectra containing the peaks of 

apatite and whitlockite within each region (B). Then the ratio of apatite spectra over total 

mineral spectra was plotted along the normalised depth of the aorta from the beginning of 

the intima, assigned 0 to the end of the media, assigned 1 (C). Average ratios of apatite over 

total mineral within the intima and the media (D). * p<0.05; ** p<0.01. 

3.3.3 Vertex component analysis 

Due to difficulties in obtaining precise univariate Raman spectral images for organic biochemical 

constituents as a result of overlapping peaks in the spectra, next pure spectral unmixing of the 

data was performed using VCA (Figure 3‐4). A total of 9 main components (i.e. collagen, elastin, 

actin, cholesterol ester, cholesterol, triglycerides, β‐carotene, whitlockite‐rich, and apatite‐rich) 

were extracted as endmembers (Figure 3‐4(A)). Where pure chemicals were available, 

endmember spectra were validated by comparison to laboratory grade commercial biochemical 

powders (Figure 3‐5). The R2 values show good correlation for β‐carotene (0.7448), cholesterol 

(0.7198), cholesterol ester (0.9381), triglyceride (0.8585), elastin (0.9806), collagen (0.9007), 

and actin (0.9352). The pure hydroxyapatite spectrum in Figure 3‐5 had a low R2 value (0.1096) 

against the apatite‐rich VCA endmember spectrum, which is attributed to the contribution of 

the surrounding organic molecules to the endmember spectrum. Nevertheless, the apatite 

showed a clear peak at 960 cm‐1. Synthetic whitlockite is not available commercially however in 

studies of dentin and geological, synthetic and biological samples, the phosphate ν1 peak at 970 

cm‐1 has been reported as whitlockite.40,57  

Relative concentrations of biochemicals relating to each endmember were calculated for each 

spectrum with non‐negative least squares regression, which were used to generate 

representative images for each experimental group (Figure 3‐4(B)). The major extracellular 

matrix components of the media (elastin) and adventitia (collagen) were observed, which is also 

evident in the Verhoeff trichrome and picrosirius red histology images. Actin‐rich cell spectra 

were also distinguishable across the tissues and concentrated in the media, which was 

corroborated by DAPI staining and Verheoff trichrome. Cholesterol ester was observed in the 

intima of all experimental groups whereas triglyceride and cholesterol lipid droplets of around 

10 µm in diameter were only observed in the intima/plaque of atherosclerotic tissues. 

Occasionally high amounts of triglyceride were observed in certain areas of the aortic adventitia. 

Nile red images highlighted the high lipid content of the plaque and the very low lipid content 

in the aortic cross‐section of the non‐atherosclerotic 32‐year‐old donor. Low amounts of β‐

carotene were observed in the intima. However due to its sparse distribution, β‐carotene cannot 
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be visualized clearly in whole cross‐sectional images. Apatite and whitlockite were found in all 

experimental groups above 50 years of age. Whitlockite was localized predominantly in the 

media whereas apatite was observed in both the media and the atherosclerotic plaque. Alizarin 

red histology images indicating calcium and magnesium cation content were in agreement with 

the Raman results. Taken together, these results show that Raman spectroscopy in conjunction 

with spectral unmixing can be used to achieve an unprecedented biomolecular characterisation 

of healthy and diseased aortic tissues.   

 

Figure 3-4 Visualisation of the major biochemical components across the cross-section of the 

aortic tissues was done via vertex component analysis (VCA) on Raman spectroscopy images. 

Relevant histology was also carried out as an independent method to validate the Raman 

spectroscopy findings. VCA endmember spectra for the 9 major biochemical components of 

aortic tissues were identified (A). Representative VCA images were plotted by least squares 
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regression of each Raman spectrum (each pixel in the Raman spectroscopy map) to the 9 

endmember spectra, as well as relevant histology (B) for aortic tissues from healthy donors 

(32 and 65 years old) and a donor with atherosclerosis (non-plaque region and plaque 

region) (64 years old). Scale bars 100 µm. Panel B shown on the next page. 
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Figure 3-5 Validation of the VCA endmembers was performed by comparison to appropriate 

pure commercial compounds. Least squares regression of the Raman spectra of pure 

commercial compounds (blue) and VCA endmembers (orange). R2 values: apatite (0.1096), β-

carotene (0.7448), cholesterol (0.7198), cholesterol ester (0.9381), triglyceride (0.8585), 

elastin (0.9806), collagen (0.9007), and actin (0.9352).  

3.3.4 Depth-profiles of biochemical components 

Next, depth distribution profiles for the each component were plotted, ranging from the intima 

to the media‐adventitia interface (Figure 3‐6). To obtain zone‐specific information in the intima 

(or plaque for the atherosclerotic plaque experimental group) and media, the border between 

cholesterol ester and elastin was selected as zonal separation for each Raman image (Figure 

3‐6). In contrast to Figure 3‐3, the relative concentration of each component in Figure 3‐6 was 

determined using VCA multivariate‐based results instead of univariate Raman band intensities 

so as to increase the specificity towards the components measured. In non‐atherosclerotic 
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groups, our results indicate an increase in both types of mineral in the media with age whereas 

in the intima, a decrease in whitlockite content is observed. In the NAth>50 and Athnp groups, 

apatite and whitlockite depth profiles were very similar. Significantly increased apatite (p<0.001) 

were found in the atherosclerotic plaque compared to the intima of all other experimental 

groups. In the media, both apatite and whitlockite were significantly increased in the Athp group 

compared to both of the non‐atherosclerotic experimental groups, NAth<50 (p<0.001) and 

NAth>50 (p<0.05). These results indicate that in atherosclerosis, mineral changes occurs in the 

immediate tissue area only, whereby apatite content increases in the plaque and both apatite 

and whitlockite content increase in the aortic media. 

Significant changes in organic components between groups were also found. Higher relative 

levels of elastin and actin in the media were observed compared to the intima for all 

experimental groups (Figure 3‐6(C,D)). The NAth<50 experimental group showed significantly 

higher relative levels of elastin compared to other experimental groups in both the intima 

(p<0.001 for NAth>50 and Athnp, p<0.0001 for Athp) and media (p<0.05 for Athp and Athnp, p<0.01 

for NAth>50). Significant increases were observed in actin in the intima (p<0.01) and the media 

(p<0.05) with age. Relative actin levels were significantly lower in both intima/plaque (p<0.01 

for NAth>50 and p<0.05 for Athnp) and media (p<0.05) of the Athp group compared to the age‐

matched NAth>50 and Athnp groups. Levels of collagen were found to be similar between all 

experimental groups except for a lower relative level in the plaque of the Athp group, compared 

to the intima of the NAth<50 group. These results suggest that the relative elastin levels are not 

affected by atherosclerosis whereas relative actin‐rich cell levels decrease in the plaque itself 

and the local underlying aortic media.  

β‐carotene was observed to be preferentially located in the intima of all samples (Figure 3‐6). In 

both atherosclerotic experimental groups, only low amounts of β‐carotene were observed in the 

intima compared to the age‐matched NAth>50 group (p<0.05). In the media, the Athp group 

contained significantly higher β‐carotene content than the atherosclerotic non‐plaque samples 

(p<0.05). These results suggest that atherosclerosis may correlate with an overall reduction in 

β‐carotene levels in the aortic intima.  
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Figure 3-6 Depth-dependent relative concentration profiles of major components in the 

aortic intima and media based on VCA results (instead of univariate Raman band intensities), 

normalised to the maximum for each component. The relative concentration or Raman signal 

contribution (RSC) was summed along the normalised depth of the aorta from the surface of 

the intima, assigned 0 to the media-adventitia interface, assigned 1 (A). Averages of the RSC 

within the intima and the media, normalised to area of the Raman spectroscopy images (B). 

* p<0.05; ** p<0.01; *** p<0.001; **** p<0.0001. 

In atherosclerotic plaques, all three lipidic components, cholesterol, cholesterol ester and 

triglyceride were significantly increased relative to the intima content all other experimental 

groups (at least p<0.05). This increase was restricted to the plaque area for cholesterol and 

cholesterol ester however triglyceride was also significantly increased in the Athnp group 

compared to both non‐atherosclerotic groups (p<0.05). Interestingly cholesterol and cholesterol 

ester were also found to be significantly increased in the aortic media of the Athp group 

compared to the non‐atherosclerotic groups (at least p<0.01). Triglyceride was significantly 

increased in the media of Athnp group compared to both non‐atherosclerotic groups (p<0.01). 

No significant difference was observed in cholesterol and triglyceride concentration between 

the NAth<50 and NAth>50 groups. An increase in cholesterol ester in the NAth>50 group compared 
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to the NAth<50 group was observed, however the difference was not significant. While cholesterol 

and cholesterol ester were only locally increased in the atherosclerotic plaque and the directly 

underlying media, our results indicate that relative triglyceride content increases in the overall 

intima and media as well as the plaque of atherosclerotic tissue. 

3.4 Discussion 

In this study, Raman spectroscopy was used to characterise the depth‐dependent composition 

of human aortic tissues. The experimental design was aimed at identifying the changes occurring 

during disease and aging by evaluating tissues classified as atherosclerotic (Raman spectroscopy 

imaging performed at the site of plaque accumulation and away from the lesion) and in that of 

age‐matched, as well as from younger individuals devoid of observable atherosclerotic disease. 

Our results highlighted important differences in the accumulation of two mineral phases, apatite 

and whitlockite, as well as in the distribution of the major matrix components, β‐carotene and 

lipidic compounds between these different groups. 

3.4.1 Medial calcification is locally increased in atherosclerosis 

Two mineral phases have mainly been associated with aortic tissue, apatite and whitlockite.2,3 

Apatite is generally associated with atherosclerotic plaques and arteriosclerosis in the tunica 

media resulting in hardening of the aorta.74,142 On the other hand, whitlockite (and apatite) 

nano‐ and micro‐scale particles have been observed in healthy human aortic tissue and their 

density has been shown to increase with age.2,79 Here a more complex situation was described 

whereby both apatite and whitlockite signatures are present in the intima and the tunica media, 

albeit at varying concentrations. To the best of our knowledge, this is the first study reporting 

the presence of both whitlockite and apatite in the aortic plaque and the tunica media.2,128 

Interestingly, our Raman spectroscopy analysis revealed a significant increase in apatite signal 

in both the media and the plaque region of the atherosclerotic plaque group compared to the 3 

other groups, including that corresponding to Raman spectroscopy images taken from regions 

away from the atherosclerotic plaques in diseased samples. Whitlockite was also observed to 

significantly increase in the tunica media of atherosclerotic tissue in the plaque region compared 

to the 3 other groups. This increase in medial calcification in the atherosclerotic plaque 

experimental group suggests that there may be a relationship between atherosclerosis and 

medial calcification, although the nature of this relationship remains to be resolved. This could 

be due to locally increased mechanical stress and its downstream effects on cell signalling. 
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Diseases such as diabetes mellitus have been associated with medial calcification and the 

aggravation of atherosclerosis.130–134 As such these may provide insight into the mechanism by 

which this relationship develops. 

The significant increase in medial calcification in the atherosclerotic plaque group indicates that 

there is a positive correlation between medial and atherosclerotic calcification. Whether 

atherosclerosis or excessive medial calcification occurs first, is not known. Diabetes causes 

medial calcification. Furthermore, it is has been shown to aggravate atherosclerosis. Both medial 

and atherosclerotic calcification in diabetes were shown to be AGE‐dependent.85,143–148 This 

suggests that AGEs are responsible for the excessive increase in aortic medial calcification in 

atherosclerotic compared to age‐matched non‐atherosclerotic samples by inducing calcification 

of through the activation of the RAGE/p38 MAPK pathway in vascular smooth muscle cells.149 

Mean platelet volume, indicative of platelet activity has been said to be an independent 

predictor of atherosclerosis.150 Therefore in combination with the change towards a calcific 

phenotype in the smooth muscle cells caused by the AGEs151, excessive medial calcification 

associated to atherosclerotic plaques might be alternatively or in conjunction due to more 

platelet dense granules entering the aortic wall. The change in ratio of hydroxyapatite to 

whitlockite in both the media and the plaque in atherosclerotic plaque samples suggest there 

might be a combination of mineral origins for both medial and atherosclerotic plaque 

calcification and that atherosclerotic plaques push the equilibrium towards the mechanism that 

favours hydroxyapatite formation or accumulation.  

3.4.2 Changes in lipid components 

As was expected, a much higher relative lipid content spread over a larger area in the 

atherosclerotic plaque group compared to all other groups was observed. Specifically, increases 

in both cholesterol and cholesterol ester were found in the plaque region compared to the 

intima of all other groups, which is in agreement with previous gas chromatography‐mass 

spectrometry studies comparing cholesterol to fatty acid content of the plaque/intima.152,153 

Increases in cholesterol and cholesterol ester in the aortic media directly underlying a plaque 

compared to normal tissue have also been reported in previous literature.154 A greater 

proportion of this increase has been attributed to intracellular lipids. Taking into account the 

drop in actin concentration in the atherosclerotic plaque group in both the plaque and the 

underlying media, these findings emphasize the effects of atherosclerosis that are not only 
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confined to the plaque itself. Deeper in the aortic media, there may be cellular changes as well 

involving the actin‐rich smooth muscle cells and lipid‐rich foam cells. 

Another component of the aorta observed in this study is triglycerides. Hypertriglyceridemia is 

a prevalent risk factor for atherosclerosis.155 Although triglycerides are usually found in the 

adventitia63, our study revealed that very low levels of triglyceride are present in the intima and 

media of aorta of all experimental groups (Figure 3‐6). Here, a significant increase in relative 

levels of triglycerides in the intima/plaque of both atherosclerotic groups compared to non‐

atherosclerotic groups was also identified. This is in disagreement with a previous study that 

showed with tissue digestion followed by scanning densitometry, no difference in triglyceride 

levels.154 This discrepancy might be due to inaccuracy of the lipid identification method or the 

extensive multi‐step digestion process. Although more work is required to validate this finding, 

it may be interesting to further evaluate the potential of triglycerides as an intimal marker in the 

diagnosis of atherosclerosis. 

3.4.3 Intimal accumulation of β-carotene in atherosclerosis 

Raman spectroscopy is particularly sensitive to carotenoid, making it a powerful tool to 

investigate these molecules. In this study, β‐carotene, which is transported in the cardiovascular 

system by lipoproteins156, was found to be present in significantly lower relative concentration 

in the intima/plaque of both atherosclerotic experimental groups compared to the age‐matched 

non‐atherosclerotic group. This is in disagreement with a previous Raman en face study, which 

claimed a non‐significant increase in carotenoid contribution in atherosclerotic plaque 

compared to normal tissue intima.63 This discrepancy might be explained by an evaluation of the 

surface of the tissue in this previous study compared to the cross‐section in the present work 

and this possibility should be evaluated further. It is interesting to ponder on the fact that the 

levels of β‐carotene, an antioxidant, are not only decreased in the tissue below atherosclerotic 

plaques, but also in that adjacent to the lesion compared to healthy tissue. While β‐carotene 

bio‐availability in humans is through diet, it remains unclear if dietary differences or changes in 

the tissue that affect accumulation are at cause for this finding since studies on β‐carotene 

supplementation and of the relationship between β‐carotene serum levels and atherosclerosis 

have been contradictory or inconclusive.157  
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3.4.4 Potential mechanisms of interaction 

The increases in medial concentrations of cholesterol, cholesterol ester and β‐carotene in the 

atherosclerotic aorta could be attributed to macrophages or foam cells as they engulf these 

molecules,115 and are known to be present throughout the intima and media of atherosclerotic 

tissues.158 It is well established that inflammation response is upregulated in atherosclerotic 

plaque calcification, part of which is mediated by macrophages.159 Besides that AGEs, shown to 

be increased in atherosclerosis, have also been shown to independently increase vascular 

permeability towards blood molecules such as plasma proteins, lipoproteins and lipids and to 

promote monocyte subendothelial infiltration.160,161 Considering the simultaneous increase in 

apatite ratio, cholesterol and cholesterol ester, all of which are plaque components, in the aortic 

media, this combined insight suggests macrophages might have a role in aggravating medial 

calcification in atherosclerosis. The relationship between atherosclerosis and medial 

calcification may have arisen via a similar (but more localised) mechanism to the acceleration of 

atherosclerosis and increase in medial calcification in diabetes mellitus.  

3.4.5 Limitations 

The relative quantification of 9 major components of human aortic tissues performed here using 

Raman spectroscopy combined with VCA analysis provides important insights into the makeup 

of healthy versus diseased aortic tissues and the effect of aging. However, it is important to 

highlight the limitations associated with this approach in order to aid in the interpretation of 

results. As it is not possible to include all biochemicals present in the aorta in the least squares 

regression, there is a certain degree of lack of fit. This is exacerbated by the coexisting of diverse 

components that include minerals, proteins and lipids. Besides that, the different abilities of 

compounds to scatter light may be misleading if not taken into account for example β‐carotene 

and minerals are strong Raman scatterers. Thus the quantities of these compounds should not 

be compared relative to each other. 

Despite these limitations, significant new information obtained through the use of Raman 

spectroscopy in the characterisation of aortic tissue was highlighted. All of the major 

extracellular matrix macromolecules of the aorta are included in the study, in addition to the 

two mineral phases, different lipid types, and β‐carotene, thus making it comprehensive. Taken 

together, the results of this study open new avenues that could lead to an improved 
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understanding of cardiovascular biology and pathology, potentially leading to the development 

of novel prevention and therapeutic approaches for cardiovascular diseases. 

3.5 Conclusion 

In this study it was shown for the first time that Raman spectroscopy can be used to quantify 

the spatial distribution of not only specific proteins and lipids, but also specific minerals across 

an aortic cross‐section. Differences in aortic tissue composition that are due to atherosclerosis 

and those that are due to aging were delineated, and indications of increased medial 

calcification in atherosclerosis were found. These results revealed locally increased apatite and 

whitlockite accompanied by cholesterol and cholesterol ester in the atherosclerotic plaque and 

directly underlying aortic media with a subtle increase in apatite to whitlockite ratio, whereas in 

healthy aging, medial apatite and whitlockite increase with a reduced apatite to whitlockite 

ratio. Differences in atherosclerotic tissue that were local and away from the plaque area were 

also presented. The observed changes in atherosclerotic tissues compared to non‐

atherosclerotic tissues contribute to the knowledge of the field of cardiovascular calcification. 
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4.1 Introduction 

4.1.1 Prevalence 

In 2010, osteoporosis was estimated to affect 9 to 39 % of women and 1 to 8 % of men 50 years 

of age and older in North America162, Europe163, East Asia164–166 and Australia167, forming the 

most common bone disease.168 Afflicted patients are more prone to bone insufficiency or 

fragility fractures, with 3.5 million fractures caused by osteoporosis in the European Union 

alone169, costing an estimated 37 billion EUR. This figure is set to rise by 25 % in 2025, which 

places a heavy toll on the economy.170  

The most susceptible bones to fracture are that of the vertebrae (spine), the proximal femur 

(hip), and the distal forearm (wrist),171 which are sites with high trabecular bone content where 

physiological remodelling is most active.172 Fractures can substantially reduce the quality of life 

due to chronic pain and disability.173 Moreover, hip fractures are associated with 8.4 to 36 % 

increase in mortality rate compared to non‐hip fracture populations within the first year of 

injury.174 Subsequently to the first fracture, there is a 2.5‐fold increase in risk of future 

fractures.175  

4.1.2 Pathogenesis of osteoporosis 

Bone remodelling occurs throughout life to maintain our bones in a healthy state. This 

remodelling is a delicate balance of bone resorption by osteoclasts and bone formation by 

osteoblasts. Osteoporosis is a skeletal disease in which this balance is disturbed, creating a 

situation whereby the overall bone mass and bone density is decreased and bone architecture 

is disrupted due to excessive resorption, resulting in an increased tendency of bone fracture.  

The interplay of mechanisms that govern the balance of bone resorption and formation are 

complex and not fully understood. However the predominant reason for this imbalance in 

osteoporosis is loss of oestrogen production post‐menopause. Oestrogen directly inhibits bone‐

resorbing activities of terminally differentiated osteoclasts and osteoclast formation from 

progenitor cells. It also stimulates the anabolic activities of osteoblasts and suppresses 

activation of osteoclast by osteoblasts.172 As oestrogen receptors are present on a wide range 

of cells, oestrogen indirectly affects bone remodelling through other cell types including immune 

cells and their cytokines as well. These processes are still being studied. 
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As hormones such as oestrogen and testosterone affect osteoblasts and osteoclasts, other 

incidences of oestrogen deprivation due to various causes can also lead to osteoporosis.176 

Besides post‐menopausal loss of oestrogen, another major cause of osteoporosis is breast 

cancer. Breast cancer can directly increase osteoclastic activity through an increase in release of 

transforming growth factors. Additionally, chemotherapy and aromatase inhibitors for also 

reduce oestrogen levels in patients, thus leading to drug‐induced osteoporosis. 

4.1.3 Osteoporotic changes in mineral and collagen 

Bone mineral consists of poorly crystalline apatite. The amount and size of each apatite crystal 

is important to confer the appropriate amount of mechanical strength and stiffness. 

Osteoporosis affects both cortical and trabecular bone. In osteoporosis, increased fracture risk 

has been associated with decreased bone mineral density177 and increased mineral crystal size 

and uniformity178. Excessively large crystals render the bone too brittle whereas uniform 

distribution of crystals facilitates microcrack (fracture) propagation. The cause of this 

phenomenon is attributed to the increase in bone resorption rate relative to bone formation. 

This unbalance results in reduced amounts of newly formed smaller crystals and thus a shift 

towards an increase in larger crystals.178 

Collagen is another essential component that confers tensile strength and ductility to bone. 

Collagen fibrils are held together by enzymatic crosslinks that are important for mechanical 

strength. Interestingly, in trabecular bone, compressive strength is correlated with pyridinoline 

crosslinks, whereas pyrrole crosslinks have been shown to be correlated with tensile strength 

but only in the cortical bone, not the trabecular bone.179,180 In osteoporosis, there is a higher 

amount of lysyl hydroxylation, thus less pyrrole in the trabecular bone. Consequently, bone 

strength decreases in osteoporosis.180  

Interestingly, mineralisation has been hypothesised to partially inhibit the conversion of divalent 

(immature) crosslinks to trivalent (mature) pyridinium crosslinks. As compared to non‐

mineralized tissues such as the skin, bone tissue does not lose divalent crosslinks with age. 

Although this is said to be due to the continuous turnover of bone181, evidence in current 

literature show that in poorly mineralised osteoporotic bone, there is an increased ratio of 

trivalent to divalent crosslinks. These enzymatic crosslinks ratios were able to be restored similar 

to that of normal bone after bisphosphonate treatment and subsequent recovery of mineral 

density.182 



  
 

Chapter 4 Effects of bisphosphonate treatment on mineral properties and collagen 

crosslinking in human trabecular hip bones 

90 
 

With age, there is an accumulation of non‐enzymatic crosslinks in bone, which is reported to be 

further accelerated by osteoporosis, as well as increase in serum and urine levels.183,184 This 

accumulation is observed in both high‐ and low‐turnover osteoporosis, prompting the 

hypothesis that oxidative stress in the osteoporotic bone increases the accumulation of non‐

enzymatic crosslinks.183 Osteoclasts are able to internalise and remove AGEs during remodelling. 

In fact, osteoclast activity has been reported to be increased in vitro by introduction of non‐

enzymatic crosslink molecules.185  

4.1.4 Adipogenic changes in osteoporosis 

Trabecular bone contains large areas of bone marrow, which contains adipose tissue. Thus large 

quantities of lipids are found in trabecular bone (28% ‐ 84% wet weight), of which triglyceride 

forms the majority (97%).186 During osteoporosis, there is a decrease in bone volume, and an 

increase in bone marrow adipose tissue.187,188 A balance between osteogenesis and adipogenesis 

is required as the bone marrow is a production site for not only bone but adipose tissue and red 

blood cells. In fact, upregulation of osteogenesis and suppression of adipogenesis has been 

shown to reduce osteoporotic phenotypes in an ovariectomy rat in vivo model.189 These facts 

are not often highlighted in literature. 

4.1.5 Bisphosphonate treatment 

Treatments to prevent the progression of osteoporosis, to avoid fractures include dietary 

supplementation of calcium and vitamin D, bisphosphonates, calcitonin and oestrogen hormone 

therapy. Alendronate is one of the commonly prescribed bisphosphonates.173 By 12 months of 

treatment, it has been reported to significantly reduce the risk of fractures and after 3‐4 years, 

risk of fractures in the spine and hip were reduced by 50 % in patients with a previous vertebral 

fracture or in patients who presented osteoporosis in the femoral neck.190,191 However new 

evidence indicates potentially adverse effects whereby usage of bisphosphonates leads to 

increase in risk of atypical or stress fractures, which increases with years of use and decreases 

again upon cessation of use.192–197 Therefore more work is required to understand the effects of 

bisphosphonate on the microstructure and composition of bone. 



  
 

Chapter 4 Effects of bisphosphonate treatment on mineral properties and collagen 

crosslinking in human trabecular hip bones 

91 
 

 

Figure 4-1 Chemical structures of pyrophosphate and bisphosphonate. R’ and R” are amide 

side chains that are different for each bisphosphonate drug. 

Bisphosphonates are a major class of approved antiresorptive drugs for treatment of 

osteoporosis. This class of drugs are stable derivatives of the endogenous pyrophosphate, with 

different side chains that affect their function (Figure 4‐1).198 Like pyrophosphate, 

bisphosphonates function by adsorption to bone apatite (showing higher preference for actively 

remodelling sites), thus inhibiting osteoclast‐mediated bone resorption. Upon uptake by 

osteoclasts, nitrogen‐containing bisphosphonates in particular also trigger cellular apoptosis 

and reduce their bone resorptive ability.199 In vitro studies suggest that both of these effects are 

due to inhibition of protein prenylation in osteoclasts.198,199 

Alendronate, a potent and widely used bisphosphonate has been reported to promote an 

increase in mineral density in both cortical and trabecular bone in human patients and animal 

studies, leading to an increase in mechanical strength.200,201 Alendronate treatment produces a 

more spatially homogenous distribution of mineral on a micrometer‐scale in the trabecular bone 

compared to healthy bone.200,202,203 In studies on mini pigs and dogs, no change was observed in 

carbonate or apatite crystal size in bisphosphonate‐treated animals compared to normal 

controls.204,205 However studies in the current literature that describe these properties in 

trabecular or cortical bone of human origin have not been identified. Long‐term suppression of 

bone remodelling by bisphosphonate in dogs was reported to increase pentosidine content and 

collagen non‐enzymatic to enzymatic crosslink ratio.181,206 

Cohort study reports, albeit inconsistent has since arisen showing correlation of an increase in 

atypical fractures associated with long‐term bisphosphonate treatment.192,207–210 One of the 

causes is hypothesised to be due to the suppression of bone turnover. Although 

bisphosphonates increase the bone formation versus resorption rate, they might be blocking 

the crucial resorptive action of osteoclasts at sites of microfracture, inhibiting local repair of the 

tissue, which leads to gradual amplification and aggravation of the microfracture as the site of 

the microfracture is not able to be remodelled. Besides this effect, compared to healthy bones, 

bones of patients under bisphosphonate treatment are claimed to have reduced heterogeneity 
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in the mineral crystallinity and organic matrix, and a higher non‐enzymatic to enzymatic ratio of 

collagen crosslinking due to the suppressed remodelling. The decrease in bone turnover with 

bisphosphonates allows the majority of the bone collagen to achieve maturity, and results in 

homogeneous mineral crystallinity, which promotes crack propagation.211,212 In fact, hip fracture 

in patients without bisphosphonate therapy was previously reported to be associated to 

increased homogeneity of mineral to matrix ratio and carbonate to phosphate ratio.211 Using 

micro‐CT, unpublished data from the group of Dr. Richard Abel showed that osteoporotic and 

bisphosphonate‐treated hip fracture patients show reduced bone tissue per volume compared 

to non‐fracture healthy donors (Figure 4‐2). However no significant difference was found 

between bisphosphonate‐treated and non‐treated osteoporotic hip fracture patients. 

 

Figure 4-2 The bone volume fraction calculated using micro-CT. Unpublished data from the 

group of Dr. Richard Abel. 

4.1.6 Current diagnostic and monitoring strategies 

Regular and improved monitoring strategies are needed for patients under bisphosphonate 

treatment to reduce the risk of atypical fractures related to long term usage of bisphosphonate 

beyond the duration of that which is necessary. Current clinical modalities include dual energy 

X‐ray absorptiometry (DXA), ultrasound, and assays for biochemical markers. 

Currently, DXA is considered as the “gold standard” and is the most common method of 

assessing bone mineral density. It calculates bone mineral density within an order of minutes by 

measuring the X‐ray absorption in bones. The spine, hip, wrist or any other sites can be 

measured. Alternatively a total body measurement is also possible. The radiation exposure is 

relatively low, approximately 10 % of that of a chest X‐ray.213 False elevation in detected bone 

mineral density due to osteoarthritis and sclerotic lesions can cause misinterpretation by 
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inexperienced operators.214 Quantitative Computed Tomography (QCT) is another X‐ray based 

method that is more sensitive than DXA, reducing such overestimation of bone mineral density. 

However QCT is expensive and the radiation exposure is high.214 Ultrasound is also commonly 

used to measure bone mineral density in the heel, shin or finger by calculating the speed at 

which the waves propagate through the body part.215 It is cheap, rapid and safe. However a 

meta‐analysis has revealed that bone mineral density alone cannot identify individual patients’ 

risk of fracture.177 

A different approach that is currently being used involves screening for biochemical markers of 

bone turnover in blood and urine. Markers for bone resorption include collagen crosslink 

molecules in the N‐ and C‐telopeptide, and markers for bone formation include alkaline 

phosphatase and osteocalcin. These tests are useful for providing a rough indication of response 

to antiresorptive treatment the correlation between levels of these markers with bone loss and 

bone density is unclear.216 Similar to bone mineral density tests, these do not effectively predict 

fracture risk.216 

The world health organisation (WHO) developed a tool calculating the 10‐year probability of a 

major osteoporotic fracture, termed FRAX (Fracture Risk Assessment Tool). FRAX combines 

scores of bone mineral density, and other risk factors: age, sex, height, weight, previous fragility 

fracture as an adult, parental history of hip fracture, current smoking, heavy alcohol use, 

glucocorticoid use for more than three months, rheumatoid arthritis and secondary 

osteoporosis (not due to physiological aging and not post‐menopausal).217 However, FRAX was 

designed as a tool to decide who should receive therapy and it is not recommended as a tool to 

assess patients who are already receiving treatment as it is not calibrated for that purpose. This 

prevents the use of FRAX as a monitoring tool to assess for atypical fractures. Besides this 

limitation, dose and duration of each factor are not taken into account in FRAX even though they 

are known to affect fracture risk. FRAX also has only 70‐80 % of accuracy in fracture risk.218 

Raman spectroscopy is able to characterise bone tissue ex vivo, providing a more comprehensive 

understanding of mineral and organic compositions in bisphosphonate treated bone compared 

to untreated osteoporotic and healthy bone. Furthermore, this result can be translated into 

clinical use by in vivo Raman probes or the identification of diagnostic markers of fracture. 
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4.1.7 Aims 

In light of the evidence of adverse outcomes of patients treated with bisphosphonates, the 

unknown mechanisms and effects of bisphosphonates in human bone have to be solved. The 

ability of Raman spectroscopy imaging to distinguish between healthy, osteoporotic and 

bisphosphonate treated bone was tested. These three groups were successfully differentiated 

according to the mineral composition and crosslink ratio.  

Based on indications in current literature of increase in atypical fracture with long‐term 

bisphosphonate treatment, this study hypothesised that the over suppression of bone turnover 

with bisphosphonate treatment causes an overall increase in old bone compared to untreated 

osteoporotic and healthy bone. This is manifested by increases in mineral maturity and collagen 

crosslink ratio. Mineral maturity can be measured by the FWHM of the phosphate ν1 band and 

the carbonate to phosphate ratio. 

4.2 Materials and methods 

4.2.1 Tissue harvest  

Tissues were harvested at Charing Cross Hospital. Trabecular bone cores from femoral heads of 

patients with fatigue fracture in the hip were obtained from: 10 osteoporotic patients under 

bisphosphonate (alendronate) treatment and 11 osteoporotic patients without bisphosphonate 

treatment. Additionally, trabecular bone cores from femoral heads of 10 non‐osteoporotic, age‐

matched cadavers were also harvested. The bone cores were cylindrical, with a diameter of 8 

mm and a height of 10 mm. This was performed by Mr Shaocheng Ma from the group of Dr 

Richard Abel. The bone cores from untreated osteoporotic and healthy donors form controls of 

this study. 

4.2.2 Sample preparation 

Removal of oil with detergent 

The bone cores were washed in 0.05 % (w/v) CHAPS detergent (Sigma) solution at room 

temperature for 40 minutes with constant agitation. Then CHAPS solution was poured away and 

the bone cores were washed 3 times with distilled water. 
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Without removal of oil with detergent 

PDMS holders were casted with the SYLGARD® 184 silicone elastomer kit, in a 10 to 1 ratio of 

base to curing agent. After curing, the bone cores were placed in the holders. Grinding of the 

tops of the bone cores was performed by Mr Shaocheng Ma from Dr Richard Abel’s group to 

achieve a flat surface for Raman measurements. 

4.2.3 Raman spectroscopy imaging 

2 mm by 2 mm Raman spectroscopy images were measured while immersed in PBS. The WITec 

Alpha 300R+ Confocal Raman Microscope System (Ulm, Germany) with a 785 nm laser was used 

to collect the spectra. Spectral resolution of the spectrometer was 9 cm‐1. The step size was set 

to 50 µm by 50 µm and the Raman spectroscopy images were acquired with a Zeiss W N‐

Achroplan 10x/0.3 objective, with 1.5 s integration time, under 100 mW of laser power at 

objective. Sample degradation was not observed using this laser power.  

4.2.4 Data preprocessing and analysis 

The raw Raman spectra were baseline corrected with a 3rd order polynomial curve using the 

Project FOUR software (version 4.0, WITec). Representative Raman spectroscopy images were 

plotted using the WITec Project FOUR software. The mineral heatmap was plotted by taking the 

sum of area to baseline from 947 to 972 cm‐1 and for triglyceride, the sum of area to baseline 

from 1651 to 1663 cm‐1. 

Multivariate analysis of the Raman spectroscopic data was performed on a Linux Ubuntu v15.04 

multicore server (12 core, i7 3.3Ghz processors, 64Gb memory) on Matlab version R2015a 

(MathWorks, Natick, MA, USA), unless stated otherwise. The baseline‐corrected data was 

normalised to the area under the curve on Matlab, which reduces signal intensity variability and 

enables comparisons between different images. 

VCA was then applied to the dataset comprising n=31 Raman spectroscopy images using 

techniques previously described.135 Spectral unmixing was used to reduce the dimensionality of 

the data into 3 pure components called endmembers. Each of these endmembers represents 

pixels with very high concentration of one specific biochemical component. Nonnegative least‐

squares curve fitting was then performed on each spectrum in the dataset against the VCA 

endmembers. This yielded the relative contributions of each endmember for each spectrum.  
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4.2.5 Boxplot quantification 

Marrow to bone ratio for each Raman image was calculated by taking the sum of the relative 

contributions from above (VCA analysis) for triglyceride (marrow) and mineral/collagen (bone). 

To calculate and quantify mineral and collagen properties, data for triglyceride and low signal to 

noise data from the trabecular holes were removed based on VCA relative contributions for 

those two components (removed if above 0.15). 

P‐values of statistical significance were calculated by a one‐way ANOVA followed by a post‐hoc 

Fisher's LSD test.  

4.2.6 Discriminant analysis 

Mean centering was applied to the normalised data to ensure that the differences between the 

three experimental groups were centred around zero. A five component PLS‐DA model was 

fitted and cross‐validated by excluding random samples (patients) from the dataset to reduce 

the risk of overfitting. The PLS‐DA classification model and variable importance in projection 

(VIP) scores were determined to identify important and unique markers for each group of 

samples. 

4.3 Results 

4.3.1 Optimisation of sample preparation for Raman spectroscopy  

Raman spectroscopy was performed on human trabecular bone cores harvested from the 

femoral head by biopsy punching. On half of the bone cores, triglyceride lipid signal covered all 

usable (flat) surfaces, which had hindered the collection of any underlying collagen and mineral 

signal. Similar problems were encountered in other studies as reported in literature of Raman 

on trabecular bone.219 

Based on a literature comparison, it was determined that CHAPS is a relatively mild detergent.220 

Therefore it was used to prepare the samples before performing Raman spectroscopy. However 

the triglyceride Raman signal was still hindering acquisition of collagen and mineral spectra.    

4.3.2 Raman spectroscopy imaging 

Due to the inability of CHAPS to remove the excess lipid sufficiently, Raman spectroscopy 

imaging was instead performed on the bone cores without treatment of any detergent so as not 

to introduce any artefacts caused by harsher detergents. In order to do so, the bone cores were 
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ground to achieve a smooth and flat top surface amenable to Raman spectroscopy imaging. 

(Grinding performed by Mr. Shaocheng Ma) Sample holders were fabricated which were used 

to secure the bone cores for machine grinding.  

Raman spectroscopy images of trabecular bone cores from healthy (n=10), osteoporotic (n=11), 

and bisphosphonate‐treated (n=10) donors were acquired. The mean spectra of the Raman 

spectroscopy images of all three groups of bone cores showed typical bands originating from 

apatite mineral phosphate (960 cm‐1), apatite phosphate/carbonate (1073 cm‐1), protein 

phenylalanine (1003 cm‐1) and triglycerides (1303, 1442, 1657, and 1744 cm‐1) (Figure 4‐3(A)). 

From each Raman image, spectra of collagen, mineral and triglyceride could be identified based 

on their characteristic bands (Figure 4‐3(B)). Using characteristic apatite phosphate ν1 (960 cm‐

1) and triglyceride (1657 cm‐1) bands, univariate heatmaps were plotted for each sample (Figure 

4‐3(C)). These heatmaps reflect the trabecular morphology of the bone cores apparent in their 

respective brightfield images. These spectra showed good signal to noise ratio. Overall, the 

mean spectra looked very similar between the samples from healthy, osteoporotic and 

bisphosphonate treated donors. 
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Figure 4-3 Raman spectroscopy imaging of proximal femur trabecular bone cores from human 

donors. Mean spectra of all the experimental groups (A). Representative collagen, mineral 

and triglyceride spectra taken from the dataset (B). Brightfield images with marked Raman 

spectroscopy imaging area and representative univariate heatmaps of mineral and 

triglyceride plotted using Raman band intensities at 960 and 1657 cm-1 respectively (C). HY: 

healthy, OP: osteoporotic, BP: bisphosphonate-treated donors. 

4.3.3 Vertex component analysis 

To determine the number of chemical components distinguishable in the trabecular bone 

Raman spectroscopy images, spectral unmixing with VCA analysis was carried out. Three distinct 

endmembers were found in the dataset, which were identified to be collagen and mineral, 

triglycerides, and low signal to noise spectra that corresponded to mostly PBS solution in the 

holes of the trabeculae (Figure 4‐4(A)). Using least squares regression, it was possible to assign 

similarity scores to each spectrum, which were used to plot VCA images (Figure 4‐4(B)). As with 

the univariate images (Figure 4‐3), the VCA images successfully portrayed the spongy structure 

of the trabecular bone. Triglycerides from bone marrow were seen to coat the surfaces of the 

mineral‐collagen matrix (Figure 4‐4(B)).  
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Figure 4-4 Vertex component analysis (VCA) on Raman spectroscopy images of proximal 

femur trabecular bone cores from human donors. Major biochemical components of the 

dataset were identified as endmember spectra (A). Representative VCA images were plotted 

by least squares regression of each Raman spectrum (each pixel in the Raman spectroscopy 

map) to the 3 endmember spectra, for healthy (HY), osteoporotic (OP), and bisphosphonate-

treated donors (BP) (B). Scale bars 400 µm. 

4.3.4 Mineral analysis 

To compare the properties of apatite within trabecular bone of healthy, osteoporotic and 

bisphosphonate treated donors, the phosphate ν1 band was analysed. To filter out triglyceride‐

rich and low signal to noise spectra that could mislead calculations, spectra that showed high 

similarity to the triglyceride and “holes” endmembers in the VCA analysis were excluded. 

Marrow to bone ratio was analysed by taking the sum of the VCA score for triglyceride (marrow) 

over the sum of that for mineral and collagen (bone) for each donor. No significant difference 

was observed however the osteoporotic and bisphosphonate groups showed higher marrow to 

bone ratios compared to the healthy control (Table 4‐1, Figure 4‐5).  

Mineral to matrix ratio gives a measure of the degree of mineralisation of the collagenous 

matrix. This was analysed by taking the Raman intensity ratio of the 960 (phosphate ν1) to 1003 

(phenylalanine) cm‐1 bands. Carbonate to phosphate ratio was analysed by taking the Raman 

intensity ratio of the 1073 (carbonate) to 960 cm‐1 bands.55 Ratios of mineral to matrix and 
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carbonate to phosphate show similar trends, with the bisphosphonate group having significantly 

(p<0.0001) the lowest value. The osteoporotic group had the highest ratios of mineral to matrix 

(p<0.0001) and carbonate to phosphate. This indicates that mineral density is increased in 

osteoporosis, which is then reduced with bisphosphonate treatment.  

The FWHM of the phosphate ν1 band gives an indication of mineral crystallinity (crystal size and 

lattice disorder). High crystallinity would result in a narrow band, and hence a low FWHM value. 

The osteoporotic group showed significantly higher crystallinity compared to the healthy group 

(p<0.05). Bisphosphonate treatment significantly reduced the average crystallinity of the 

trabecular bone compared to both the osteoporotic (p<0.0001) and healthy (p<0.001) groups. 

Similarly to the trend in mineral density, mineral crystallinity is also increased in osteoporosis, 

which is then reduced with bisphosphonate treatment. However the mineral density and 

crystallinity in bisphosphonate treated patients are both reduced to a value that is lower than 

those of healthy patients. 

The phosphate ν1 maxima position is an indication of apatite composition. All groups showed 

means around 960.9 cm‐1, which is typical of bone apatite. CG of the phosphate ν1 showed was 

significantly highest in the healthy group, followed by osteoporotic, and lowest in the 

bisphosphonate group (p<0.0001).  

Table 4-1 Average values of means and standard errors for mineral analyses of healthy (HY), 

osteoporotic (OP), and bisphosphonate-treated donors (BP). 

 Marrow 

to bone 

ratio 

Mineral to 

matrix ratio 

Carbonate to 

phosphate 

ratio 

FWHM Phosphate 

ν1 peak 

maxima 

Phosphate 

ν1 centre of 

gravity 

HY 0.81±0.34 12.73±0.035 0.2142±0.0003 19.74±0.01 960.87±0.02 955.90±0.01 

OP 1.41±0.33 13.08±0.04 0.2152±0.0004 19.71±0.01 960.92±0.03 955.85±0.01 

BP 1.37±0.34 12.21±0.04 0.2098±0.0004 19.78±0.01 960.85±0.03 955.67±0.01 
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Figure 4-5 Mineral analysis for healthy, osteoporotic and bisphosphonate groups using 

univariate Raman bands from the Raman spectroscopy image dataset. Marrow to bone ratio 

is the ratio of VCA scores for triglyceride to mineral and collagen. Mineral to matrix ratio is 

the intensity ratio of the 960 to 1003 cm-1 bands. Carbonate to phosphate ratio is the intensity 

ratio of the 1073 to 960 cm-1 bands. Full width at half maximum (FWHM), maxima position 

and centre of gravity analysis were done on the phosphate ν1 960 cm-1 band. HY: healthy; OP: 

osteoporotic; BP: bisphosphonate-treated donors; * p<0.05; ** p<0.01; *** p<0.001; **** 

p<0.0001. 

4.3.5 Amide I collagen crosslink ratio analysis 

Next the trivalent (mature) to divalent (immature) collagen crosslink ratio was measured using 

bands reported in literature, 1660 to 1683 cm‐1 and 1660 to 1690cm‐1. The Amide I band was 

analysed in the collagen spectra of the trabecular bone cores. These collagen spectra were 

selected using VCA results as per the mineral analyses. De‐convolution of the amide I band has 

been used to study collagen crosslinking ratios however it is controversial due to the complexity 

of the amide I band and the lack of reproducibility of the method.221 Reproducible de‐

convolution of the amide I band could not be achieved. Therefore a straight comparison of the 

intensity ratios was performed. 
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Both ratios indicate that bisphosphonate has the lowest trivalent to divalent crosslink ratio 

(p<0.0001) (Figure 4‐6). The osteoporotic group showed a significantly lower I1660/I1690 ratio 

compared to the healthy group (p<0.0001).  

Table 4-2 Average values of means and standard errors for amide I ratios.  

 I1660/I1683 I1660/I1690 

Healthy 1.393±0.005 1.822±0.007 

Osteoporotic 1.405±0.006 1.769±0.008 

Bisphosphonate 1.339±0.006 1.685±0.008 

 

 

Figure 4-6 Analysis of the collagen crosslink ratios for healthy, osteoporotic and 

bisphosphonate groups using univariate Raman bands from the Raman spectroscopy image 

dataset. Ratios of trivalent (1660 cm-1) to divalent (1683 and 1690 cm-1) crosslinks were 

calculated using the intensities of the respective Raman bands. HY: healthy; OP: osteoporotic; 

BP: bisphosphonate-treated donors; **** p<0.0001. 

4.3.6 Discriminant analysis  

To identify the important Raman bands that separate the healthy, osteoporotic and 

bisphosphonate groups, PCA and PLS‐DA were conducted. The PCA model could not separate 

the different groups of samples. Our PLS model matching spectra to the years of bisphosphonate 

treatment showed low sensitivity and specificity. Therefore the Raman spectroscopy images 

could not be matched to the years of bisphosphonate treatment. 

PLS‐DA models can be used to predict and classify unknown samples. Then VIP scores from 

cross‐validated PLS‐DA models identify key Raman bands that differentiate each class from the 

others. A PLS‐DA model based on the whole dataset containing all spectra of the Raman 
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spectroscopy images showed low sensitivity and specificity. However taking the n=1148 mineral 

and collagen spectra from the VCA analysis, a cross‐validated PLS‐DA model that defined the 

healthy, osteoporotic and bisphosphonate groups of data with high cross‐validated specificity 

(>84%) and sensitivity (>90%) and R2
CV of 0.55 to 0.67 was achieved. This model resulted in 88% 

correctly classified samples (Figure 4‐7(A‐C)). 

VIP scores show the important Raman shift positions that contributed to the model for each 

class. As evident from the VIP scores (Figure 4‐7 (D)), the apatite phosphate peak at 960 cm‐1 is 

the most prominent band. Other important peaks identified are the phenylalanine 1001 cm‐1 

band, the C‐C lipid or carbonate 1066 cm‐1 band, the collagen amide III 1248 and 1334 cm‐1 

bands, and the C=C amide I and lipid 1671 cm‐1 band. The phosphate band in the VIP scores can 

be separated into three peaks, i.e. 957.1, 962.4, and 967.7 cm‐1, which could be due subtle 

differences in apatite composition. Previous literature reported bands around 955 cm‐1 to be 

octacalcium phosphate. 
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Figure 4-7 Results of PLS-DA regression model classifying healthy, osteoporotic and 

bisphosphonate-treated donors based on the Raman spectra of mineral-collagen extracted 

from VCA analysis. Cross-validated classification plots show each spectrum as a data point 

that is classified by the model (A-C). The model showed high sensitivity and specificity, with 

88.5% being classified correctly. Spectra that are above the 0.5 Y-discriminator line are 

designated as belonging to Class 1 (healthy) (A), Class 2 (osteoporotic) (B) or Class 3 



  
 

Chapter 4 Effects of bisphosphonate treatment on mineral properties and collagen 

crosslinking in human trabecular hip bones 

105 
 

(bisphosphonate) (C). Variable Importance in Projection (VIP) scores for each class with 

significance threshold = 1, which demarcates important variables for each class (D). VIP 

scores in the phosphate ν1 region (E) and the Amide I region (F) are shown for clarity. 

4.4 Discussion 

Bisphosphonates are used to treat osteoporosis by inhibiting bone resorption. However bone 

turnover is crucial for maintenance of bone mechanical function to repair microfractures from 

daily wear and tear. This study aimed to elucidate changes in the mineral and matrix that occur 

in trabecular bones of bisphosphonate‐treated donors as compared to osteoporotic non‐treated 

and healthy controls. 

4.4.1 Bone mineral density 

Alendronate treatment has been reported to increase bone mineral density in female 

osteoporotic patients200,222,223. However these measurements using DXA are affected by the ratio 

of bone tissue to marrow volume and not just the degree of mineralisation of the bone tissue 

itself. Moreover, DXA is conducted through bulk layers of soft tissue and the cortical bone, which 

reduces the resolution of the analysis. Paschalis et al. found no significant difference in mineral 

to matrix ratio in osteoporotic compared to normal cortical bone using FTIR.223,224 An increase in 

mineral to matrix ratio in the osteoporotic group and decrease in this ratio in the 

bisphosphonate group was observed. Taking into account the bone volume fraction data from 

Figure 4‐2, this indicates that in osteoporosis, there is reduced bone tissue with a higher mineral 

density per bone tissue whereas with bisphosphonate treatment, while bone tissue amounts 

are still low (compared to non‐fractured donors), the trabecular matrix became less mineralised 

overall. It could be postulated that in osteoporosis, the increased bone resorption tends to 

resorb non‐mineralised or poorly mineralised bone tissue over more highly mineralised bone. 

Whereas bisphosphonate treatment is able to block bone resorption and reinitiate the 

formation of new matrix which are still poorly mineralised. However lower bone density has 

been associated with an increase in hip fracture risk in osteoporotic and non‐osteoporotic 

subjects.177,225 In view of the fact that our samples of all groups originate from hip fracture 

patients, discrepancy between our results compared to literature might be due to this. High‐ 

and low‐turnover osteoporosis is also known to have different effects on bone that might have 

led to unaccounted variances.178 
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4.4.2 Mineral crystallinity and carbonate content 

Pertinent to this study, mature bone can be differentiated by spectroscopic methods from newly 

formed bone in that mature bone is more crystalline as the mineral is more stoichiometric (to 

hydroxyapatite), and contains less carbonate.224 In normal bone growth, carbonate content over 

time shows a biphasic trend, with a rapid initial increase, followed by a decrease over time 

during secondary mineralisation as the mineral crystallinity increases.226 In osteoporosis 

compared to normal bone, increased mineral crystallinity and no significant difference in 

carbonate content were reported in literature.178 Our results are in agreement with these 

findings. Interestingly, in the bisphosphonate group, the results of this study show a decrease in 

carbonate content and crystallinity, which indicates that while bisphosphonate treatment allows 

for the formation of new apatite crystals that were detected by their low crystallinity (small 

crystal size), the low carbonate content indicates that these apatite mineral are mature. Thus it 

is possible to speculate that bisphosphonate molecules bind to apatite crystals, preventing 

further growth to form larger crystals, and at the same time, also preventing osteoclast 

resorption of the bone, resulting in more mature, yet smaller crystals.  

In this study, the larger spread of data for carbonate to phosphate ratio for the bisphosphonate 

group also suggests that there is a larger variation of mineral maturity in the trabecular bone, 

enabled by the suppression of bone resorption. A further implication of this study of over‐

protracted use of bisphosphonates could lead to weaker and more ductile bones as a result of 

smaller crystal size. 

4.4.3 Collagen crosslink ratio 

A previous FTIR study by Paschalis et al. on collagen crosslinking showed correlation of 

intensities in the Amide I band in relation to changes in crosslinks whereby the trivalent 

pyridinoline was shown to contribute to the 1660 cm‐1 band whereas the divalent DHLNL (an 

acid reduction stabilised form of HLKNL) was shown to contribute to the 1690 cm‐1 band.227 

However no Raman or FTIR studies were found that accounted for the pyrrole crosslinks 

specifically. 

Increased trivalent to divalent collagen crosslink ratios have been reported for osteoporotic 

tissue in literature.182,228 These results showed either no significant difference or a decrease in 

crosslink ratio in the osteoporotic group. In the bisphosphonate group, the lowest crosslink 

ratios were observed. This indicates that the suppression of bone turnover by bisphosphonates 
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increase the relative amounts of divalent crosslinks. Disparity of the results in this study with 

literature could be due to sample processing differences. In literature, it is common practice to 

dry, embed and section samples, which might change the structure of proteins. As the amide I 

band is a direct measure of protein secondary structure221, the results in Figure 4‐6 and Figure 

4‐7(F) thus highlight that the secondary structure of collagen, the most abundant protein in 

bone, is significantly different compared to normal healthy bone. 

4.4.4 Marrow to bone ratio 

No significant changes in marrow to bone ratio, a measure of the amount of bone per volume 

was observed. However this is due to small sampling size for this measurement. Both 

bisphosphonate and osteoporotic groups showed higher marrow to bone ratios compared to 

healthy controls, indicating that adipogenicity may not be improved by bisphosphonate 

treatment. However alendronate was reported to reduce serum cholesterol and triglyceride 

levels in osteoporotic, hyperlipidemic patients.229 

4.4.5 Limitations 

One has to take into account that the trabecular bone samples in the bisphosphonate and the 

osteoporotic group originate from patients who have had hip fractures and thus require hip 

transplants. Given that the inherent bone composition might be different between fracture and 

non‐fracture patients, this data needs to be interpreted as a comparison of the effects of 

bisphosphonate in bones with fatigue fracture. These results highlighted that in the 

bisphosphonate group, the trabecular bone properties were not just reflecting the underlying 

severity of osteoporosis (that had potentially warranted the prescription of bisphosphonates in 

the first place). On the contrary, significant differences in the data suggest that bisphosphonate 

treatment lowers the mineral to matrix ratio, the crystallinity and carbonation of the mineral 

that were elevated by osteoporosis. 

4.5 Conclusion 

There is a current need to clarify the optimal treatment duration of bisphosphonate treatment 

in osteoporotic human tissue. In this study, changes in the mineral and collagen properties of 

trabecular hip bones from healthy, osteoporotic and bisphosphonate‐treated donors were 

revealed using Raman spectroscopy imaging. A sample preparation method was optimised that 

avoided the use of embedding media and washing steps with organic solvents. This combined 

with imaging in hydrated conditions allowed preservation of protein secondary structure and 
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lipid components within the tissue. Results in this study indicate that bisphosphonate treatment 

reduces crystal size but increases overall maturity of trabecular bone apatite. While this reverses 

the effects of osteoporosis, prolonged use of bisphosphonates could compromise bone fracture 

risk not only through the accumulation of micro‐cracks due to over‐suppressed bone resorption, 

but also through weaker bone due to smaller apatite crystal size as suggested by these results.  
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5.1 Growth plate repair in embryonic chick femurs 

5.1.1 Introduction 

Embryonic limb development 

Embryonic limb development is often categorised into two different phases termed joint 

development and endochondral ossification. Initially, the limb bud elongates as a single 

continuous, rod‐shaped mesenchymal tissue that condenses to form embryonic cartilage tissue, 

defined as an avascular tissue that expresses collagen type‐II, but importantly, it is completely 

different from the mature articular cartilage.  

Subsequently joint development takes place, (subdivided into two phases: limb patterning 

followed by joint formation and cavitation) forming joints in the positions of the presumptive 

knee, elbow and knuckles, sectioning off the limb so that it is composed of discontinuous long 

bones and digits at the extremities, separated by joints. This process begins with the 

condensation of mesenchymal cells towards the middle of the rod shaped tissue to form 

cartilage anlagen at presumptive joint sites, called limb patterning. After these events, the joint 

cavity forms and joint morphogenesis takes place, in which cells in the joint region undergo 

differentiation to form tissues such as the articular cartilage and the synovium. These latter 

processes are complex and still poorly understood. It had been long believed that the articular 

cartilage is a remnant of the embryonic cartilage however strong evidences have been found 

that the articular cartilage is distinct from the embryonic cartilage and that it is derived from 

differentiation of the mesenchymal cells. Joint cavitation is followed by endochondral 

ossification. A schematic diagram in Figure 5‐1 illustrates the series of events involved in 

endochondral ossification of the diaphyses and epiphyses during which the embryonic cartilage 

is finally replaced by bone tissue.230,231 
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Figure 5-1 Schematic diagram of the endochondral ossification process. Images were 

modified from Horton and Degnin.232  
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Growth plate structure 

The growth plate is the site of longitudinal bone growth and is located between the epiphysis 

and diaphysis. The growth plate is typically subdivided into four zones. In the order of 

maturation, they are the resting, proliferative, pre‐hypertrophic and hypertrophic zones. 

Chondrocytes in the resting zone have low mitotic activity, serving as a source of chondrocytes 

for the underlying zones. The cells are small, and round. In the proliferative zone, the cells divide 

rapidly and assume a flattened disk shape, arranged in longitudinal columns. The chondrocytes 

then enlarge in the pre‐hypertrophic zone. Hypertrophy is followed by calcification of the 

cartilage, vascularisation and remodelling.233 

Work on extracellular matrix in the growth plate have found that the main constituents in all 

zones are collagen type‐IIB, IX and XI and aggrecan. Cells in the condensing mesenchyme 

produce collagen type‐IIA, and upon chondroblastic differentiation in the resting zone, collagen 

type‐IIB and aggrecan begin to be produced (Table 5‐1). Cells in the proliferative zone more 

actively secrete collagen type‐II and aggrecan. Once these cells start to hypertrophy, they begin 

to synthesise collagen type‐X, whereas collagen type‐II and IX are denatured by collagenase and 

selectively removed.234,235 As aggrecan content is retained throughout the growth plate, this 

results in an increase in proteoglycan to matrix ratio.236 Furthermore, due to the increase in cell 

size, matrix per unit volume of tissue is reduced. Collagen type‐X is found only in the 

hypertrophic zone and thus serves as a convenient marker for hypertrophy.237 Following an 

increase in Ca2+ and inorganic phosphate, collagen type‐II and IX are degraded in the 

hypertrophic zone.234 Collagen type‐I then becomes the predominant collagen type in bone. 

Endochondral ossification is highly regulated by tightly controlled signalling gradients and gene 

regulation that are crucial to the development and maintenance of bone and cartilage tissue.  
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Table 5-1 Progression of extracellular matrix expression in endochondral ossification. Based 

on data in literature.234,235  

Developmental stage Extracellular matrix expression 

Mesenchyme Collagen type‐I 

Condensing mesenchyme Collagen type‐IIA 

Resting and proliferative zone Collagen type‐IIB, aggrecan 

Prehypertrophic zone Collagen type‐IIB, X and IX 

Hypertrophic zone Collagen type‐X 

Primary spongiosa Collagen type‐I 

 

Growth plate fracture 

An estimated 6‐30 % of all fractures in children occur at the growth plate, in which 15 % result 

in growth disturbances including premature growth arrest or angular limb deformity.238–240 

Fracture to growth plates can be described according to the widely accepted Salter‐Harris 

classification system, consisting of types 1‐5, as depicted in Figure 5‐2. Type 1 injuries involve a 

transverse fracture across mainly the hypertrophic zone and primary spongiosa and sometimes 

the resting zone and physis due to the natural undulations of the growth plate and fractures. 

Type 2 injuries have an additional fracture line into the metaphysis. Instead of the metaphysis, 

Type 3 injuries have an additional fracture line into the epiphysis, separating a fragment of the 

long bone. Type 4 injuries have fracture lines that extend into both the metaphysis and the 

epiphysis. Type 5 is a crushing injury that compresses the growth plate.241 The most common is 

Type 2. In general, Type 1 and 2 injuries have good prognosis.  

 

Figure 5-2 Salter-Harris classification of growth plate injuries types 1-5. Image adapted from 

Green et al.242 
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Growth plate repair 

The four phases of growth plate repair are: inflammatory (days 1‐3), fibrogenic (days 4‐8), 

osteogenic (days 8 onwards) and remodelling (days 8 onwards). In the fibrogenic phase, 

mesenchymal cells, MSC‐like cells, osteoprogenitors, pre‐osteoblasts, and pre‐chondroblasts 

have been shown to infiltrate the defect site.243  

During inflammatory phase, an inflammatory response is elicited, with inflammatory cell 

infiltration and inflammatory cytokine upregulation. An increase in expression of pro‐

inflammatory cytokines such as p38 kinase, tumour necrosis factor alpha (Tnf) and interleukin 1 

beta (Il1b) have also been reported.244 Neutrophil‐mediated inflammatory response is essential 

to prevent excessive osteogenic differentiation and to promote chondrogenic expression 

phenotype.245 TNF‐α has also been shown to be necessary in recruiting MSC and regulating their 

proliferation and differentiation.246 Inhibition studies found other inflammatory mediators that 

are vital for chondrogenic differentiation of the mesenchymal infiltrate, including 

cyclooxygenase 2 enzyme and inducible nitric oxide synthase.247 

During the fibrogenic phase, mesenchymal cell infiltration occurs. It is possible that osteo‐

progenitors, pre‐osteoblasts and pre‐chondroblasts are also included in the population of 

infiltrating cells.243 Platelet‐derived growth factor (PDGF) and FGF2 are highly upregulated 

during this phase. Inhibition of PDGF has been shown to reduce the amount of mesenchymal 

infiltrate, repair tissues, effectively delaying bony repair.248 

The osteogenic phase involves the formation of trabeculae. Cells at the repair site express Runx2 

and alkaline phosphatase.243 The remodelling phase subsequently commences, and continues 

to take place together with osteogenic processes. Osteocalcin and collagen type‐I are expressed 

and osteoclasts invade the tissue.247,249 TNF‐α and VEGF expression also increase, leading to 

osteoclast recruitment and differentiation, osteoblast recruitment and angiogenesis.250 It was 

demonstrated in a rat model that VEGF signalling is a necessary factor for osteogenic 

differentiation of the mesenchymal infiltrate.251 Overall, results from various studies suggest 

that bony bridge formation in growth plate lesions is not entirely intramembranous or 

endochondral ossification but a combination of the two. 

Animal disruption models of growth plate fracture repair include mouse, rat, rabbit, miniature 

pig and sheep. The defects were either central or peripheral disruption. These models have 
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shown bony bridge formation to mimic human growth plate fractures and the four phases of 

growth plate fracture repair.243 

Embryonic chick femurs have been shown to provide a convenient and simplified ex vivo model 

system to study skeletal development as they are cheap and well characterised.252,253 The ex vivo 

embryonic chick femur culture model provides a system for studying the entire growth plate 

while surrounded by the perichondrium and the epiphyseal cartilage without the technical and 

ethical complication of an in vivo system. Besides that, unlike mammals embryonic chick femurs 

have long growth plates and thus long zones that facilitate zone‐specific manipulation.  

It is noteworthy that avian and mammalian growth plates and limb development differ in that 

mammalians have a secondary ossification centre in the epiphysis that is absent in avians and 

the avian growth plate shows a more disordered distribution of chondrocytes especially in the 

proliferative zones in chick femurs.252 The predominant manner in which the growth plate 

elongates also differs between avian and mammals. Mammalian growth plate elongate by an 

equal combination of proliferative zone cell proliferation, hypertrophic cell enlargement and 

extracellular matrix synthesis whereas avian chondrocytes rely mainly on proliferation to rapidly 

achieve elongation.254 However cellular signalling throughout the growth plates is similar 

between the two classes.252 The embryonic chick femur is not vascularised before E12.252 While 

this is different from mammalians, it provides an opportunity to study growth plate fracture 

repair as an isolated system, without any confusion of cell and chemokine sources. 

The healing capabilities of organotypic chick embryo femurs were studied by introducing growth 

plate defects (most similar to Salter‐Harris Type 1) ex vivo in the resting, proliferative, pre‐

hypertrophic and hypertrophic zones. No previous studies were found that show this 

comparison. The results of this study indicate that the resting and proliferative zones are able 

to heal completely without a trace of scar tissue whereas defects of the pre‐hypertrophic and 

hypertrophic zones either remained completely disjointed or infiltrated with fibrous tissue. 

Raman spectroscopy imaging was done on the intact control. However due to the small diameter 

of the femur and the difficulty in identifying the perichondrium and the zones without staining, 

the samples for the growth plate defects were not able to be analysed with Raman spectroscopy 

imaging. 
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5.1.2 Materials and methods 

Tissue harvest 

Embryonic chick femurs were harvested from E11 chicks with a scalpel and the surrounding soft 

tissue was mechanically removed, under sterile conditions with the assistance of Dr. Emma 

Smith at University of Southampton. 

Defect and ex vivo organotypic culture of embryonic chick femurs 

Cuts were made in the appropriate growth plate zones (resting zone, proliferative zone, pre‐

hypertrophic zone and hypertrophic zone) of the E11 harvested femurs by estimation of zone 

positions in the distal femur (N=3 femurs for each zone). After cutting, the femurs were cultured 

for 10 days in α‐MEM (Lonza BioWhittaker) with penicillin (100 U/ml), streptomycin (100 μg/ml), 

and ascorbic acid 2‐phosphate (100 μM) (Sigma). An uncut control group was also cultured for 

10 days whereas another uncut control group was not cultured. This was carried out by Dr. 

Emma Smith at University of Southampton. 

Tissue fixation 

Then the femurs were fixed in 4% (w/v) formaldehyde (Sigma, BioReagent, ≥36.0%) in phosphate 

buffered saline solution (PBS; Gibco), overnight at 4 °C. This was carried out by Dr. Emma Smith 

at University of Southampton. 

Histology and immunohistochemistry 

The fixed neonatal chick femurs were embedded in paraffin and cut to 4 µm by Miss Lorraine 

Lawrence. Picrosirius red was applied for 1 hour with Alcian blue counterstain. The slides were 

mounted with Histomount (National Diagnostics). 

For immunohistochemistry, the sections were first permeabilised with 0.5% Triton‐X in PBS and 

treated with heat‐mediated Dako Antigen Retrieval (Cambridge, UK). 3% hydrogen peroxide was 

then used to quench endogenous peroxidase activity. Primary antibodies collagen type‐X and 

Stro‐1 were applied to separate slides. Biotinylated secondary antibodies were then applied at 

a 1:100 dilution in 1% BSA (w/v) in PBS. ExtrAvidin Peroxidase (Sigma) was applied in a 1:50 

dilution in 1% BSA (w/v) in PBS. After washing the slides were mounted with Hydromount 

(National Diagnostics). This was done with the assistance of Dr. Emma Smith at University of 

Southampton. 
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The stained slides were imaged with a Zeiss Observer microscope under a 20x/0.4 objective in 

bright field. Images were stitched using the ZEN software (Zeiss microscopy). 

Raman spectroscopy mapping 

Embryonic chick femurs for Raman spectroscopy imaging were trimmed longitudinally in a 

cryostat (Bright Instrument Co., Huntingdon, United Kingdom) at ‐20 °C to achieve a smooth 

surface for Raman spectroscopy imaging. The sample was then mapped with a Renishaw InVia 

Raman microscope system (Wotton‐under‐Edge, UK) with a 785nm excitation laser. A Leica 

63x/0.9 water immersion objective was used.  Spectra were acquired with 2 accumulations and 

2 second integration time and mapped with a 2.4 µm by 2.4 µm step size. 

Raman data analysis 

All analysis of the Raman spectroscopic data was performed on Matlab version R2015a 

(MathWorks, Natick, MA, USA) and PLS Toolbox 7.0 (Eigenvector Research, Wenatchee, WA, 

USA) unless stated otherwise. The raw Raman spectra were smoothed with Savitzky‐Golay 

smoothing (3 points), baseline corrected with a 4th order polynomial curve and then normalised 

with MSC. MCR and PLS‐DA was then applied to the pre‐processed data.  

5.1.3 Results 

Histology and immunohistochemistry 

Bone bridge formation occurs in certain injuries to the growth plate. To investigate the 

mechanism of bone bridge formation, ex vivo embryonic chick femurs were used in this study. 

In each sample, a cut was made in one of the four zones of the growth plate in the distal (knee) 

end. Following that, the femur was cultured in a petri dish for 10 days. Controls were intact 

samples and intact uncultured samples. N=2 for each condition. 

The cells in the zones of the growth plate have different cell cycle activity and experience 

different external cues, which might affect the healing capacity. Representative histology images 

are shown in Figure 5‐3. It was observed that while all the resting zone defect (DRZ) and 

proliferative zone defect (DPZ) femurs were fully joined, with the defect site being unidentifiable, 

the two ends of the pre‐hypertrophic zone defect (DPHZ) and hypertrophic zone defect (DHZ) 

femurs were either completely unattached, or attached by a narrow bridge. To observe whether 

the tissue had undergone hypertrophy and formed a bone bridge, AlcianAlcian blue, picrosirius 

red and collagen type‐X immunostaining were performed. The controls, DRZ and DPZ femurs 



  
 

Chapter 5 Characterisation of growth plate repair and development with Raman 

spectroscopy and ToF-SIMS 

118 
 

showed that the entire femur, excluding the perichondrium comprised of continuous 

cartilaginous tissue, shown by the Alcian blue staining. Collagen type‐X is a marker for the 

hypertrophic zone, which also stained the perichondrium of all samples. Within the growth plate 

cartilage, staining was observed in the pre‐hypertrophic and hypertrophic zones in all femurs. 

Staining intensity was found to be similar to the perichondrium within the defect site of the DPHZ 

and DPZ femurs. STRO‐1 is a proliferation marker. Staining was observed in the proliferative zone 

and the perichondrium of all samples. Additionally in the DPHZ and DHZ samples, positive staining 

was also seen in the defect site.  

 

Figure 5-3 Representative histology and immunohistochemistry images of the E11 chick 

embryo femur after defect and the subsequent 10 days in culture. For immunohistochemistry, 

biotinylated secondary antibody was used (brown staining), with Alcian blue as counter 

stain. The experimental groups were: DRZ (resting zone defect), DPZ (proliferative zone 

defect), DPHZ (pre-hypertrophic zone defect) and DHZ (hypertrophic zone defect), as well as 
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two control groups, uncut cultured and non-cultured femurs. The defect sites were not 

identifiable after culture in samples of the DRZ and DPZ groups. Arrows indicate identifiable 

defect sites. These are oriented such that top to bottom of the image corresponds to proximal 

to distal ends of the femur. 

Higher magnification images of the Alcian blue staining are shown in Figure 5‐4. Cell 

morphologies appeared to be similar to the uncut control for all samples except for the 

immediate vicinity of the DHZ femur. This indicates that the cuts in the resting and proliferative 

zones did not disrupt cellular and extracellular morphologies of the femur whereas cuts in the 

pre‐hypertrophic and hypertrophic zone caused disruption to further growth of the femur. 

 

Figure 5-4 Alcian blue staining of each zone of the growth plate in the E11 chick embryo 

femurs after defect introduction and ten days of organotypic culture at higher magnification. 

Zones of the growth plates were determined based on characteristic chondrocyte 

morphologies. The experimental groups were: DRZ (resting zone defect), DPZ (proliferative 

zone defect), DPHZ (pre-hypertrophic zone defect) and DHZ (hypertrophic zone defect), as well 

as an uncut, cultured control.  
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The lengths of the resting, proliferative, pre‐hypertrophic and the hypertrophic zones were 

measured. The zones were determined by cell and nuclear size. The full length and width of the 

femurs varied less than 15% from the control femur Figure 5‐5(A). Each zone was measured 

three times and the average was taken. In both the distal and the proximal ends, the defect 

hypertrophic zones were longer than the control femur whereas the defect pre‐hypertrophic 

zones were shorter than the control femur. In the proliferative zone, all defect femurs showed 

decreased length compared to control in the proximal end but an increase in the distal end for 

all defect femurs except DPHZ. In the resting zone, all defect femurs showed increased length 

compared to control in the proximal end but a decrease in the distal end for all defect femurs 

except for DRZ (Figure 5‐5(B)). This indicates that both ends of the femurs are affected by 

introduction of a defect and that the hypertrophic zones increase with all defects. 

 

Figure 5-5 Lengths of distal and proximal growth plate zones in the chick embryo femurs. 

Zones of the growth plates were determined based on characteristic chondrocyte 

morphologies. The experimental groups were: DRZ (resting zone defect), DPZ (proliferative 
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zone defect), DPHZ (pre-hypertrophic zone defect) and DHZ (hypertrophic zone defect), as well 

as an uncut, cultured control. RZ: resting zone; PZ: proliferative zone; PHZ: pre-hypertrophic 

zone, HZ: hypertrophic zone. 

Raman spectroscopy imaging 

A Raman spectroscopy image across an embryonic chick femur including the perichondrium was 

made (Figure 5‐6(A)), showing the ability of Raman spectroscopy to differentiate between 

perichondrial tissue, cartilage matrix and chondrocytes. Raman spectroscopy images of the 

embryonic chick femur growth plate were then made in each zone. The characteristic cell 

morphologies of each zone were able to be identified. MCR spectra and images of the 

proteoglycan and cell are shown (Figure 5‐6(B‐C)). Relative intensities of the proteoglycan matrix 

spectra indicate an increase in concentration from the resting zone to the hypertrophic zone. 

 

Figure 5-6 Raman spectroscopy images of the growth plate zones show characteristic zonal 

cell morphologies. A Raman spectroscopy image of the cross-section of the growth plate, 

including the perichondrium shows differentiation between cell, growth plate extracellular 

matrix and the perichondrium (A). MCR pure component spectra of the cytoplasm and 

proteoglycan were identified to be the major components of growth plate tissue (B). MCR 

images showing the distribution of chondrocyte cytoplasm and proteoglycan of the resting 
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zone (RZ), proliferative zone (PZ), pre-hypertrophic zone (PHZ) and hypertrophic zone (HZ) 

of the embryonic chick femur growth plate, scale bars 20 µm (C). 

The Raman spectroscopy images were analysed with PLS‐DA to separate each zone of the 

growth plate. A PLS‐DA model to distinguish the zones was developed (Figure 5‐7(A)). The VIP 

scores of each of the zones were then computed, showing that the proteoglycan content (peak 

at 1062 cm‐1) was of significance in differentiating one zone from the next (Figure 5‐7(B)). The 

average spectra of the zones showed increasing proteoglycan content from the resting, 

proliferative, pre‐hypertrophic, to hypertrophic zone. Further studies were not conducted on 

the cut samples as the defect sites in the DRZ and DPZ were unidentifiable whereas the tissue of 

the defect sites were too thin in the DPHZ and DHZ samples hindering sample preparation efforts. 

Collagen crosslinking were calculated with the Raman results according to the method published 

by Morris et al. by taking the ratio of the two bands corresponding to divalent enzymatic (1683 

cm‐1) and trivalent crosslinks (1660 cm‐1)58,59 (Data not shown). No significant difference was 

observed.  
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Figure 5-7 PLS-DA model for classification of Raman spectra of the growth plate zones.  A PLS-

DA model was developed showing cross-validated (CV) prediction values (A) for classification 

of the resting zone (RZ), proliferative zone (PZ), pre-hypertrophic zone (PHZ) and 

hypertrophic zone (HZ). VIP scores from the PLS-DA model is overlayed with the average 
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spectra for each zone, showing the important variables designating each class corresponding 

to proteoglycan, CH2 and amide I β-sheet vibrations (B). 

5.1.4 Discussion 

Fracture in growth plates can lead to ectopic hypertrophy and bone bridge formation. Previous 

studies on growth plate fractures and injuries in animal models have focussed on the 

hypertrophic zone, the bone area or a longitudinal defect that runs from the articular surface 

down to the bone. Defects confined to each zone of the growth plate have not been studied 

before except for the hypertrophic zone. Furthermore, there is insufficient knowledge about the 

changes to tissue surrounding the defect site. In this study, healing capacities of each growth 

plate zone was studied in a chick embryo femur model. 

In the infrequent cases of Salter‐Harris type I fracture where normal growth has been disrupted, 

interruption of blood supply was often found to be the cause. Temporary widening of the 

hypertrophic zone or osteonecrosis and premature closure of the growth plate has been 

reported. Prognosis for growth plate fractures have been reported to be good provided blood 

circulation to any separated tissue fragment is not cut‐off.240 In our ex vivo chick femur model, 

there is no blood circulation as vasculature has not formed within the femur at E11. Therefore 

our result is quite interesting in that 10 days post‐injury, DRZ and DPZ femurs healed seamlessly 

whereas DPHZ and DHZ femurs showed either a fibrous narrow connection or completely 

separated ends of the femurs. However beyond 10 days post injury, there may be further 

complications that develop in the DRZ and DPZ since it has been reported that in cases of Salter‐

Harris type 1 injury whereby the resting zone is injured by localised crushing and fragmentation, 

a bony bridge is formed only after the secondary ossification centre develops.240 Nevertheless, 

there has been no studies in literature that demonstrates a comparison between healing 

capacities of the zones so this result provides an interesting insight. 

In the fibrogenic phase, mesenchymal cells, MSC‐like cells, osteoprogenitors, pre‐osteoblasts, 

and pre‐chondroblasts have been shown to infiltrate the defect site.243 Periosteal herniation has 

been observed in certain Salter‐Harris Type 2 injuries whereby the periosteal tissue enters the 

fracture site.240 the tissue in the defect sites of DPHZ and DHZ were found to stain similarly to the 

perichondrial tissue, suggesting a perichondrial cell migration or proliferation. This indicates that 

even without inflammatory response, the perichondrial cells can infiltrate the defect sites and 

potentially continue to the fibrogenic phase.  
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Growth plate fractures can lead to shortened length of the long bone and angular deformities 

when the fracture and healing is not equal over the entire growth plate cross‐section. However 

this does not happen in all cases. Less than 15% variation were found in the total lengths of the 

femurs. In the distal end of the femur, increased resting, proliferative and hypertrophic zone 

lengths in defect femurs were also found, which could have been triggered by the defects. In 

the proximal end of the femurs, differences in lengths were also observed however the number 

of samples needs to be increased to determine if the changes are significant. 

Raman spectroscopy images of the growth plate obtained in this study showing the general 

chondrocyte morphology of each zone are in agreement with previous literature.48 A previous 

study using Raman spectroscopy to compare pre‐articular and growth plate cartilage showed 

that hierarchical clustering analysis is able to distinguish between cells and ECM of different 

zones. However only spectral differences between endochondral bone and cartilage were 

described using PCA loadings.48 Our results showing increasing proteoglycan content from the 

resting zone to the hypertrophic zone indicates a relative accumulation of proteoglycan during 

the endochondral ossification process, which is in agreement with literature.234,235 If the articular 

cartilage is analogous to the growth plate, the increasing amount of proteoglycan down with 

chondrocyte maturity agrees with literature.255  

Raman spectroscopy has been used to analyse mature trivalent to immature divalent collagen 

crosslinks as well as pathology and laser‐induced crosslinks.59,256 As the amide I band is a broad 

composite band, it is hard to definitively deconvolute the band reproducibly over all spectra. 

Therefore band intensities at 1660 and 1683 cm‐1 were used to calculate the ratios. Our results 

did not show any significant difference in the collagen crosslink ratio. However more replicates 

are needed.58 It is important to note that the Amide I band is a representation of the collagen 

secondary structure, which is affected by multiple other factors as such it is still a contentious 

method to analyse crosslinks. Another limitation of the study is that the organotypic model in 

this study is isolated from dynamic or static mechanical loading that is known to influence 

development and repair of bone.253,257  

5.1.5 Conclusion 

This study showed that there were very distinct healing capacities in different growth plate 

zones. Early growth plate chondrocytes showed great healing potential, with complete 

assimilation of both ends of the severed femur whereas in later stages, the growth plate showed 
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limited ability to connect both ends of the femur. The perichondrial‐like tissue fills the area 

where the growth plate is not fully attached, suggesting that inflammatory response is not 

required for fibrogenic response of the surrounding tissue. The chick embryo femur growth plate 

was also characterised with Raman spectroscopy imaging, which showed similar proteoglycan 

trends to human fetal growth plate, increasing from the resting zone to the hypertrophic zone. 
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5.2 Characterisation of crosslinks in the neonatal rat growth plate with 

ToF-SIMS 

5.2.1 Introduction 

Enzymatic collagen crosslinks 

Different tissues perform different roles in the body, and are subjected to different types of 

mechanical forces. For example, tensile strength and toughness versus flexibility are high in 

bone, but low in skin. These properties are conferred by various macromolecules in the 

extracellular matrix. Collagen fibres are important structural components of bone and cartilage 

(Table 5‐2). The collagen triple helices are organised in a quarter staggered arrangement258, held 

together by intermolecular crosslinks to prevent slippage under load.179 These crosslinks and the 

alignment of collagen fibres determine the mechanical properties of each tissue. Moreover, 

these crosslinks can change depending on relative stress experienced by the tissue, the turnover 

rate and the age of the tissue. In fact the characteristic content of collagen crosslinks in each 

tissue is similar between species.179 In therapy and artificial systems there are still some hurdles 

yet to be overcome in achieving optimal crosslinking profiles. 

Table 5-2 Types of collagen present in femoral growth plate cartilage and bone. (data from 

literature on mammalian tissue259) 

Collagen Types Growth plate (%) Articular cartilage (%) Bone (%) 

I 18.3 11.6 90 

II 63.3 75.5 ‐ 

III ‐ ‐ ‐ 

V ‐ ‐ Low 

VI ‐ Low ‐ 

IX 1.3 3.9 ‐ 

X 0.3 ‐ ‐ 

XI 16.8 9.0 ‐ 

In general, collagen crosslinks can be divided into enzymatic and non‐enzymatic crosslinks. 

Enzymatic crosslinks are formed in a multi‐step process mediated by the activities of lysyl 

hydroxylase and lysyl oxidase enzymes.260 These crosslinks are formed at specific lysine residues 

of collagen molecules, to bind two (divalent crosslinks) or three (trivalent crosslinks) collagen 

molecules in an end to end manner (Figure 5‐8(A)). Firstly, crosslinks between two collagen 
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molecules are formed. Lysyl hydroxylases react with lysines on collagen molecules to form 

hydroxylysine residues. Lysyl oxidases oxidatively deaminates either hydroxylysines or lysines in 

the telopeptide region (K9N and K16C of collagen type‐I, II and III), forming aldehydes, which 

primes them for further reaction.261 Then these terminal hydroxylysine or lysine aldehyde 

groups react spontaneously with specific conserved helical hydroxylysine or lysine residues 

(K930 and K87 respectively) on the ε‐amino group (Figure 5‐8 (A‐B)).  

Bone and cartilage have high lysyl hydroxylase activity, thus majority of the telopeptide lysines 

are hydroxylated. Upon deamination and following condensation reaction, they either form 

hydroxylysino‐ketonorleucine (HLKNL) with a helical hydroxylysine, or lysino‐ketonorleucine 

(LKNL) with a helical lysine. In skin there is a higher proportion of hydroxylysino‐norleucine 

(HLNL), which is formed between a telopeptide lysine and a helical hydroxylysine. These are 

termed divalent crosslinks.260  

A trivalent crosslink can be formed when another hydroxylysine aldehyde from the telopeptide 

of a different triple helix reacts with either HLKNL, forming hydroxylysyl‐pyridinoline or LKNL, 

forming lysyl‐pyridinoline. Alternatively, a pyrrole trivalent crosslink could be formed when 

HLKNL reacts instead with a lysyl aldehyde, resulting in pyrrole derivatives (Figure 5‐8(C)). 

Hydroxylysyl pyrrole or lysyl pyrrole are the hypothesised derivatives however they have not 

been successfully isolated in previous literature.260 These crosslinks would remain on the 

collagen fibres until they are turned over together with the rest of the collagen molecules during 

bone remodelling.  

Studies have reported the content of divalent and trivalent enzymatic collagen crosslinks in 

bone, growth plate and articular cartilage (Table 5‐3). However in these studies, LKNL is not 

differentiated from HLNL, and are reported as deH‐HLNL due to co‐elution during detection.180 

Cartilage collagen is highly hydroxylated overall, which is reflected experimentally in that 

majority of the enzymatic crosslinks are HLKNL and hydroxylysyl‐pyridinoline. Although bone 

collagen is not highly hydroxylated overall, it has high lysyl hydroxylase activity, suggesting high 

amounts of HLKNL and hydroxylysyl‐pyridinoline as well. This has not been shown 

experimentally yet. Interestingly, trabecular bone has been shown to have a high pyrrole to 

pyridinoline ratio.180 The relatively low pyridinoline content had previously confounded workers 

prior to the discovery of pyrrole crosslinks as collagen stability in and tissue strength are thought 

to be correlated with trivalent rather than divalent crosslinks.183,262 
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Figure 5-8 Enzymatic collagen crosslinks in fibrillar collagen. Enzymatic collagen crosslinks 

are formed between specific lysine residues requiring specific arrangement of the triple 

helices (A). Divalent crosslinks are formed between lysine or hydroxylysine residues on the 

telopeptide and the helical region (B). Trivalent crosslinks are formed between divalent 

crosslinks and another telopeptide lysine or hydroxylysine (C). Conserved residues on the C-
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telopeptide (EKG) and the N-helical region (VKG) (B-C) are plotted based on the conserved 

type II collagen α1 sequence reported in literature.263 For clarity, different regions of 

collagen are assigned different colours. C-telopeptide: blue and red; triple helical region: 

green. 

It has been reported that the short chain collagen type‐X in the growth plate is found to be 

crosslinked by predominantly divalent crosslinks, and have only a small number of trivalent 

crosslinks, unlike collagen type‐I, II and III. Rucklidge et al. reported that in pig femur growth 

plate collagen type‐II, there was 1.56 residues/molecule of dihydroxylysino‐norleucine (DHLNL), 

negligible hydroxylysino‐norleucine (HLNL) and 0.98 residues/molecule pyridinoline. For 

collagen type‐X, there was 0.42 residues/molecule DHLNL, 0.22 residues/molecule HLNL, and 

0.0029 residues/molecule pyridinoline.264 A complete set of values has not been determined for 

all divalent and trivalent crosslink molecules in different tissues. A comparison of growth plate 

to articular cartilage indicates that there is a higher amount of divalent to trivalent crosslinks in 

the growth plate. 

Table 5-3 Collagen enzymatic crosslinks present in growth plate cartilage and bone (in moles 

per mole of collagen). (data from literature on mammalian tissues179,259,265). 

Cross‐links Growth 

plate 

Articular 

cartilage 

Trabecular 

bone 

Divalent:    

 hydroxylysyl‐ketonorleucine (HLKNL) 1.95259 1.15259 NA 

 dehydro‐hydroxylysinonorleucine 
(deH‐HLNL) 

0.68259 0.43259 NA 

Trivalent:    

 hydroxylysyl‐pyridinoline (Hyl‐Pyr) 0.35259 0.5‐2.0265 
0.2265 

 lysyl‐pyridinoline 0.01259 0.10259 

 pyrroles NA NA 0.4179 

Time-of-flight secondary ion mass spectrometry (ToF-SIMS) 

There is a need for development of new methods to improve the characterisation of collagen 

crosslinks. All of the previous studies on collagen crosslinks mentioned in this chapter have been 

conducted on digested tissue samples, using biochemical and HPLC‐mediated methods. FTIR and 

Raman spectroscopy have been used to study collagen crosslink ratios however these are not 

specific to each type of crosslink, and importantly are not a direct measure of collagen crosslinks. 

Rather, they provide a measure of collagen secondary structure. Mass spectrometry is able to 
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provide direct measurements of fragments of molecules that relate to each crosslink molecule. 

To collect mass spectra of samples in a spatially defined manner, ToF‐SIMS can be employed. 

ToF‐SIMS is a surface analysis technique. It measures sample composition by using a focused 

primary ion beam to sputter the surface of the specimen, inducing secondary ionic 

fragmentation in a specific pattern for each molecule. These secondary ions are then collected 

and analysed. Secondary ions are collected up to a depth of 1 to 2 nm. For biological samples, 

the use of traditional gallium or indium as primary ions yielded low secondary ion production.266 

Alternative primary ions Au3
+ gold and Bi3+ bismuth clusters have now been successfully applied 

to biological tissues.266 

ToF‐SIMS has been used to study various tissues including bone, skin, brain and whole 

embryos.267 Amino acids have been shown to have specific fragmentation patterns (Table 5‐4), 

and have been studied on adsorbed thin films and mummy skin.268,269 However previous studies 

on bone have focussed on the calcium phosphate signal of bone apatite, without probing protein 

composition.267,270,271 Multivariate analysis, mainly PCA has been used to facilitate data 

interpretation, differentiating between groups of samples.272–275 However, classification or 

discriminant analyses could reveal more information from the spectral data. 

Fragmentation patterns for interpretation of mass spectra 

It is possible to interpret ionic fragments generated by ToF‐SIMS using known mechanisms of 

fragmentation. The most important factor for predicting fragmentation patterns is the stability 

of the ion product. Higher ionic stability can be achieved if there is electron sharing involving a 

nonbonding orbital of a heteroatom and resonance stabilisation. A notable exception to this rule 

is that cationic products of larger alkyl groups are less favoured, even though they are more 

stable than smaller alkyl groups, which leads to the loss of the largest alkyl group. Stability of 

the neutral product formed or radical stabilisation is also important, although less so than the 

stability of the ion product. In general where there is stabilisation of the positive charge, alpha 

cleavage (cleavage at the alpha carbon) is favoured, which results in ion products containing the 

alpha carbon. 

Initiation of fragmentation is assumed to occur at sites that energetically favour the radical 

election and the positive charge, which means loss of the electron with the lowest ionisation 

energy. Generally, the probability of initial ionisation sites is n‐ > π‐ > σ‐electron. The probability 
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for different n‐electron sites to donate electrons and initiate a reaction generally follows N > S, 

O, π, C > Cl, Br > H. This initiation triggers further reactions that depend on each chemical 

structure. This assumption provides a convenient way to approximate and predict 

fragmentation pathways of diverse structural moieties.276  

Table 5-4 Characteristic mass fragments for amino acids. (Data from literature273) 

Amino acid Positive ions Mass to charge ratio m/z 

Glycine CH4N+ 30.036 

Alanine  C2H6N+ 44.053 

Serine  C2H6NO+ 60.045 

Proline   C4H6N+   

C4H8N+  

68.050 

70.068 

Valine  C4H10N+ 72.084 

Threonine  C3H8NO+ 74.063 

Histidine   C4H6N2
+ 82.050 

Lysine  C5H10N+ 84.085 

Hydroxyproline  C4H8NO+ 86.064 

Leucine  C5H12N+ 86.101 

Arginine  C4H10N3
+ 100.088 

Tyrosine  C7H7O+ 107.048 

Histidine  C5H8N3
+ 110.075 

Phenylalanine  C8H10N+ 120.084 

Tryptophan  C9H8N+  130.068 

Tyrosine C8H10NO+  136.082 

ToF‐SIMS is based on desorption ionisation, which favours the formation of even electron ions. 

Rarely do odd electron ions form.  As a soft ionisation technique, subsequent fragmentation of 

initial products is not likely to occur repeatedly.277 Taken together with the general 

fragmentation rules of mass spectrometry, one is able to calculate putative detected fragments 

of molecules. 

The growth plate provides a pseudo‐time lapse view of the gradient of changes that occur as the 

cartilage matures and gets remodelled into bone. In this study, neonatal rat femurs were imaged 

by ToF‐SIMS to characterise the collagen crosslinks across the growth plate. Rat growth plates 
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exhibit typical mammalian growth plate architecture and are more compact and clearly 

delineated than chick embryo femurs. As such they were chosen for this study. The ability of 

ToF‐SIMS to detect ionic fragments of enzymatic collagen crosslink molecules was tested. This 

study aimed to differentiate the neonatal epiphysis from the growth plate based on the mass 

spectra fingerprint. A gradient of crosslink molecule content was hypothesised to be detected 

across the growth plate. The problem was approached from the bottom up by calculating 

potential fragments theoretically and also top down using multivariate analysis to identify 

important mass fragments. The growth plate was able to be differentiated from the mature 

metatarsal control, which may be linked to the fragmentation patterns of divalent crosslink 

molecules. 

5.2.2 Materials and methods 

Tissue harvest 

Adult rat metatarsal bones (as control) and neonatal rat femurs were harvested with a scalpel 

and the surrounding soft tissue was mechanically removed. All work was carried out within the 

guidelines of the Animal Scientific Procedures Act (1986). 

Tissue fixation 

Then the femurs and metatarsals were fixed in 4% (w/v) formaldehyde (Sigma, BioReagent, 

≥36.0%) in phosphate buffered saline solution (PBS; Gibco), overnight at 4 °C.  

ToF-SIMS mapping 

The fixed rat femurs and metatarsals were embedded in ice and sectioned to 12 µm thickness 

in a cryostat (Bright Instrument Co., Huntingdon, United Kingdom) at ‐20 °C. The sections were 

collected on uncoated glass slides and placed in a desiccator overnight. Then regions 

surrounding the growth plate were mapped with an IONTOF ToF‐SIMS V instrument. Bi3+ 

Bismuth cluster ions of 25 keV and 0.3 pA current were used as the liquid metal ion source 

(LMIS), with the pulsed gun incident angle set to 45°. For ion mapping, the primary ion beam 

was used in the burst alignment mode to achieve high lateral resolution during the analysis. 

Operation of the ToF‐SIMS instrument was conducted by Dr Sarah Fearn, with the assistance of 

Dr Natalie Reznikov. 
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ToF-SIMS data pre-processing and analysis 

The spectra were calibrated at the H+, C+, CH+, CH2
+, CH3

+, C2H2
+, C3H7

+, C4H7
+, 

C5H15
+NO4P+(phosphocholine) peak positions. Then the spectra were exported without binning. 

All following pre‐processing and data analysis were performed on a Linux Ubuntu v15.04 

multicore server (12 core, i7 3.3Ghz processors, 64Gb memory) with Matlab version R2015a 

(MathWorks, Natick, MA, USA) unless stated otherwise. The calibrated spectra were 

interpolated to a common mass unit axis. Following that, the spectra were treated with Poisson 

scaling and normalised to area = 1. Mass units below m/z 40 were omitted as the compounds 

had strong sodium and potassium peaks and low masses below m/z 40 contain non‐specific 

information.  

Mass spectra from the growth plate and the epiphysis region were then separated and averaged. 

The average spectrum for the epiphysis was then subtracted from that of the growth plate. For 

PLS‐DA analysis, the pre‐processed spectra were mean‐centred before PLS‐DA analysis. VIP 

scores for each class in the PLS‐DA analysis were plotted as heatmaps under the mean spectra 

for each tissue. 

5.2.3 Results 

A growth plate can serve as a convenient time lapse of the biological development of bone 

tissue. In order to study a system that is more relevant to humans, neonatal rat femurs were 

studied as they possess the mammalian columnar organisation of the growth plate 

chondrocytes. Mature rat metatarsals were used as mature bone controls. ToF‐SIMS images 

were acquired in a bid to provide more robust information on collagen crosslinks across the 

growth plate.  

The putative fragmentation ions of the divalent crosslink species, LKNL, HLKNL and HLNL were 

theoretically identified (Figure 5‐9). The divalent crosslink molecules were predicted to be 

released from the collagen backbone by cleavage at the alpha carbon, at two possible C‐C bonds, 

either on the carboxyl carbon side or on the beta carbon (residue) side as illustrated in Figure 

5‐9. Further fragmentation of LKNL is favoured at the alpha carbon situated between the 

carbonyl and amine groups, which yields ion products at m/z 86. Alternatively, another possible 

cleavage site is the other alpha carbon, which yields ion fragments at m/z 72 and 100. 
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Figure 5-9 Theoretically predicted putative fragmentation patterns of lysine-ketonorleucine 

(LKNL), hydroxylysino-ketonorleucine (HLKNL) and hydroxylysino-norleucine (HLNL). Part 

of the collagen molecule with conserved residues in are shown in blue and green. 

Further fragmentation of HLKNL is possible at either end of the alpha carbon of the amine group, 

similarly to LKNL. Additionally, the hydroxyl group destabilises positive charge, favouring 

cleavage to form an ethene cation. The ion fragments would appear at m/z 27, 74, 86, 87 and 

100.  

Similarly to LKNL and HLKNL, further fragmentation of HLNL is favoured around the alpha carbon 

next to the nitrogen atom, yielding fragments at m/z 72 and 84. 

The complex and competitive interactions of ionic fragmentation, especially in biological 

samples limit our capability to interpret spectra using only basic mechanisms of fragmentation. 

Therefore a top‐down approach with multivariate analysis was employed to aid data 

interpretation. A PLS‐DA model was able to be developed, with the ability to correctly classify 

70% of the mass spectra. Apatite related peaks for Ca+ (m/z 40), CaO+ (m/z 56) and CaOH+ (m/z 

57)274 were higher in intensity in the mean spectrum of the mature bone as expected. PLS‐DA 
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analysis showed that a characteristically high intensity peak at m/z 63 (possible PO2
+ fragment) 

and low intensity peaks at m/z 58 and 86 were the most important for distinguishing mature 

bone from epiphysis and growth plate cartilage (Figure 5‐10).  

Similar spectral fingerprints were observed in the average spectra for the epiphysis compared 

to the growth plate. Besides showing higher peaks at m/z 58 and 86, high intensity peaks at m/z 

41 and 70 were also identified as characteristic for the neonatal tissue based on the VIP 

heatmap. Of the four, fragments at m/z 70 and 86 were reported to be proline (C4H8N+) and 

hydroxyproline (C4H8NO+) respectively (Table 5‐4). These residues are highly abundant in 

collagen. The peak at m/z 86 was also identified as putative fragments for LKNL and HLKNL 

(Figure 5‐9). The m/z 41 peak could be assigned to C2H3N+ from HLNL or C3H5
+ from any alkene‐

containing molecules.  

Peaks most strongly associated with the growth plate region compared to all other tissues were 

at m/z 70 and 88 based on the VIP heatmap. Another peak at m/z 72 shows slightly higher 

intensity in the growth plate compared to the epiphysis. This peak corresponds to valine C4H10N+ 

(Table 5‐4) and a theoretical putative fragment from LKNL and HLNL. Overall, the theoretically 

calculated putative mass fragment peaks for LKNL, HLKNL and HLNL at m/z 72, 74 and 86 of 

higher intensity in the neonatal tissues compared to the mature bone, which indicates a higher 

amount of divalent crosslinks in the neonatal epiphysis and growth plate. 

Taking the mass units identified in PLS‐DA analysis (Figure 5‐10), univariate images of the 

samples were plotted to observe the relative abundance of each mass fragment in each zone 

(Figure 5‐11). The mass fragment at m/z 63 shows high abundance in the mature bone, 

consistent with the PLS‐DA analysis. In the neonatal samples, a subtle delineation is observed 

between the epiphysis and the growth plate whereby the heatmaps for peaks at m/z 58 and 70 

trace the undulating outline of the growth plate. The peak at m/z 86 shows a high abundance in 

the epiphysis, compared to the growth plate.  These trends are subtle however it suggests that 

the epiphysis, growth plate and the mature bone can be separated based on ToF‐SIMS spectra. 
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Figure 5-10 Results of PLS-DA regression model of the epiphysis, growth plate and mature 

bone based on the ToF-SIMS spectra for N=4 neonatal rat femurs and N=1 mature rat 

metatarsal as mature bone control. Cross-validated (CV) classification analysis classes each 

mass spectrum in the model (A). 70% were correctly classified. Spectra that are above the 

0.5 Y discriminator line are designated as originating from the epiphysis, growth plate, or 

the mature bone. Mean spectra for the epiphysis, growth plate and mature bone were plotted 

against the heatmap of the Variable Importance in Projection (VIP) scores (B). The heatmap 

visually highlights important peaks in each class as a function of brightness.  

 

Figure 5-11 Representative univariate ToF-SIMS images showing distribution of mass 

fragment abundance corresponding to important masses (identified by PLS-DA). The peak at 

m/z 63 is important for the mature sample. Peaks at m/z 58 and 70 are important for the 

identification of neonatal tissues, with m/z 70 and 88 being especially characteristic for the 

growth plate. The images are normalised to the highest intensity for all samples. Scale bars 

200 µm. 
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5.2.4 Discussion 

Collagen crosslink molecules can be detected by mass spectrometry with much more specificity 

compared to Raman spectroscopy as shown by Eyre et al. with LC/MS.278 ToF‐SIMS has been 

used to measure bone tissue and also bone‐material interface to characterise the calcium 

phosphate distribution.267,279,280 However beyond lipid and mineral‐related components, there 

has been no previous studies on cartilage and bone. ToF‐SIMS and multivariate analysis were 

presented as useful supporting methods for detecting characteristics of the growth plate and 

surrounding tissue. 

Putative mass fragments of divalent crosslink molecules were identified. All the theoretically 

calculated mass peaks were present in the samples. However it is difficult to predict the 

probability of fragmentation and thus the relative abundance of these fragments especially 

when tightly bound in the complex hierarchical structure of collagen and apatite. Moreover 

seeing as biological tissue samples contain many different and more highly abundant protein 

and lipids, controls are needed for verification of the fragments. Synthesised crosslinks in a pure 

engineered collagen gel would be an ideal system but currently it is still a challenge. Until this is 

confirmed, it is difficult to say with certainty that a gradient in crosslinks is observed across the 

growth plate. 

Pyrroles and pyridinolines are very stable and tightly bound within the collagen matrix. 

Therefore these molecules are not expected to be fragmented into smaller, lower mass to 

charge ratio fragments in this study. Furthermore compared to divalent crosslinks, it is even 

more difficult to predict all their fragmentation possibilities and relative abundance.  

Alternative mass spectrometry techniques could be useful such as matrix‐assisted laser 

desorption/ionization (MALDI) imaging for detection of larger ion fragments, thus increasing 

molecular specificity. However MALDI has a lower spatial resolution that is in the range of 1‐100 

µm whereas ToF‐SIMS has a higher spatial resolution of 50 nm ‐ 1 µm.277 

The delineation of the epiphysis from the growth plate is promising as ToF‐SIMS is able to 

differentiate the two similar tissues. The fact that they are similar is clear in the average spectra. 

This has not been reported in literature before. Mature bone is clearly distinct compared to the 

neonatal tissues. Of note, bone tissue in literature has also shown higher presence of calcium at 

m/z 40, which is in agreement with our results.272 Some of the characteristic mass fragments are 
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not assigned yet and this could be viewed as a limitation in ToF‐SIMS but this is a mutual problem 

for most spectroscopy data on biological samples.272 Using multivariate analysis, the mass 

spectra can be treated as a fingerprint, allowing identification of a few characteristic peaks for 

each tissue. These fingerprints can then be verified using controls. 

Given that within the neonatal samples, some putative divalent crosslink fragments were more 

highly abundant in the growth plate region as observed in the average spectra, this result 

correlates with literature that a high abundance of divalent crosslinks are found in the growth 

plate and bound to collagen type‐X.259 This indicates that immature crosslinks are most present 

in the growth plate compared to all other regions or they are more available as fragmentation 

species from the growth plate zone compared to the tightly bound calcified collagen of the 

mature bone. The m/z 86 peak that is also a hydroxyproline fragment could be explained by the 

relatively high amount of hydroxyproline in collagen type‐II (in the growth plate) compared to 

collagen type‐I (in the epiphysis and mature bone) (Table 5‐1).  

The mass units below m/z 40 were removed as the sodium and potassium peaks did not derive 

any significant information272 and interfered with the analysis, even after Poisson scaling. The 

study was confined to m/z 40‐100 in the interest of computing power. In future studies, new 

ways to improve data handling are needed as there are much more information to be obtained. 

Topological issues can pose a problem in ToF‐SIMS as it affects ionisation of molecules that can 

lead to low signal to noise ratio or artefacts in mapping. These issues were more apparent in 

trabecular bone and were avoided as best possible by careful sample preparation. Where 

unavoidable, the dataset should be checked for low signal to noise spectra and artefacts, which 

would then be removed. 

Non‐enzymatic crosslinks are adventitious reactions with metabolic derivatives of sugars that 

are called AGEs. Majority of the reactions involve lysine and arginine residues however they are 

not specific to collagen molecules. A Schiff base is formed, followed by spontaneous Amadori 

rearrangement, both of which are frequently oxidised by metal ions and reactive oxygen species 

(ROS).260 These molecules are very stable and render the bound extracellular matrix stiff and 

brittle. However they were reported to increase the stiffness and mechanical strength of tissues, 

arguably contributing to normal tissue function at physiological levels.260 Pathological increases 

in AGEs include diabetes and hyperglycaemia.281 The many different sugars present and the non‐
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specific reaction results in numerous different types of AGEs. Therefore it is not possible to 

model the presence of these molecules by a common fragmentation species. 

5.2.5 Conclusion 

ToF‐SIMS in combination with PLS‐DA was employed to characterise the neonatal rat femoral 

growth plate and epiphysis, and the mature rat metatarsal bone. It was possible to successfully 

differentiate between epiphyseal cartilage, growth plate and mature bone tissue. These results 

indicate that potential divalent collagen crosslink molecular ionic fragments are detectable via 

ToF‐SIMS at high spatial resolution. In the future, validation with engineered collagen constructs 

containing crosslinks is necessary. 
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6.1 Overview 

Mineralised tissues are often made up of nonstoichiometric mineral phases and organic 

molecules that interact with each other. As such characterisation of these tissues ideally requires 

tools that are able to probe mineral and organic information in a spatially resolved manner. 

Raman spectroscopy imaging in combination with multivariate analysis methods is continuing 

to be a powerful technique in providing this information non‐destructively.  

The development of improved sample preparation methods in this thesis that preserve the 

biochemical structures and composition enabled the acquisition of Raman spectroscopy images 

with no loss of lipids, mineral or artefacts of embedding media and substrate. Adaptation of 

appropriate chemometric tools such as MCR, VCA and PLS‐DA allowed quantitative analysis of 

multiple Raman spectroscopy images as well as ToF‐SIMS. These novel adaptations of 

multivariate analyses are transferable and could help to improve the capabilities of 

spectroscopic imaging on not just biomineralised tissues but also native and engineered tissues 

in general. 

Correlations were able to be drawn that shed light on important aspects of physiology and 

pathology in mineralised tissues, specifically in bone and aortic tissue. A relationship between 

atherosclerotic calcification and medial calcification was discovered as a result of 

comprehensive characterisation of the full cross‐section of the human aortic tissue, which has 

not been done before. Furthermore, an effect of long‐term bisphosphonate treatment on 

human osteoporotic trabecular bone mineral that could play a role in reducing bone strength is 

proposed. Observations in growth plate fracture healing in zones of the growth plate elucidated 

zone specific healing capacities that could help to reveal the mechanism of bone bridge 

formation. Finally the exploration of ToF‐SIMS as a method to detect specific collagen crosslinks 

in a spatially resolved manner suggest a potential application suited for engineered collagen 

constructs. 

6.2 Conclusions 

There is still an unmet need in solving the mechanism of calcification in cardiovascular tissues, 

which is the major cause of death globally. Bertazzo et al. in 2013 reported that the first 

detectable calcified structure in cardiovascular calcification are spherical particles of highly 

crystalline hydroxyapatite.80 These particles were detected in all donors regardless of the 

presence or absence of disease. Although reports of the presence of age‐related accumulation 
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of medial calcification in human aortic tissues were known since 1992, little additional progress 

had been made until 2013 on their origin or association with known calcific diseases in the aortic 

tissue.2,78,79 Therefore it is important to determine the interplay between what is considered as 

pathological (atherosclerotic) and physiological (medial) calcification in these tissues as 

addressed in Chapter 2 and 3. 

Taking advantage of the high spatial resolution (around 1 µm) of Raman spectroscopy imaging, 

results in Chapter 2 revealed for the first time the ubiquitous coexistence of whitlockite 

(previously considered physiological) and apatite (previously considered pathological) in the 

aortic media and intima of atherosclerotic and non‐atherosclerotic donors. Furthermore, the 

locations of mineral particles were able to be resolved relative to elastin fibres, collagen, cells, 

and lipids.  

The study in Chapter 3 investigated this phenomenon more rigorously and addressed the 

heterogeneous nature of the organic molecules present across the whole aortic cross‐section. 

Comprehensive identification and quantification of proteins, lipids, minerals and β‐carotene 

across the aortic cross‐section and for the media and intima/plaque tissues elucidated new 

correlations between atherosclerotic and medial calcification. The aortic media directly 

underlying an atherosclerotic plaque was found to contain increased apatite, whitlockite, 

cholesterol and cholesterol ester that were localised to the plaque region only, which reveals an 

important relationship between atherosclerosis and medial calcification that has not been 

reported before. Conversely, there was overall increase in triglyceride and decrease in β‐

carotene levels in atherosclerotic aortic tissue in regions both at and away from the plaque, 

which could serve as diagnostic markers of atherosclerosis.  

In Chapter 4, the effects of bisphosphonate treatment in osteoporotic human trabecular hip 

bone were studied using Raman spectroscopic imaging. This work was driven by reports of an 

adverse outcome of long‐term bisphosphonate treatment, which is increase in occurrence of 

atypical fracture in the proximal femur.193 As of yet bone mineral density measurements using 

DXA is not able to accurately predict fracture risk in patients. Moreover current knowledge of 

the mineral and collagen properties on a molecular scale in bisphosphonate‐treated patients is 

not sufficient. In this study, sample acquisition was conducted under hydrated conditions to 

preserve the secondary structure of collagen. Results indicate that bisphosphonate treatment 

reduces crystal size but increases overall maturity of trabecular bone apatite. While this reverses 

the effects of osteoporosis, prolonged use of bisphosphonates could compromise bone fracture 
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risk not only through the accumulation of micro‐cracks due to over‐suppressed bone resorption, 

but weaker bone as a result of smaller apatite crystal size as suggested by these results.  

Long bones form via a tightly regulated process called endochondral ossification in the growth 

plate. In some instances, injuries to the growth plate can lead to premature growth plate closure 

that ends in the formation of a bone bridge. The mechanism is still not fully understood. Using 

an organotypic chick embryo femur model, cuts were made in each zone of the growth plate 

that enabled comparison of the healing capacities. Results in Chapter 5.2 showed that there 

were very distinct healing capacities in different growth plate zones. Resting and proliferative 

zone chondrocytes demonstrated great healing potential, with complete assimilation of both 

ends of the severed femur whereas in pre‐hypertrophic and hypertrophic zones, the growth 

plate showed limited ability to connect both ends of the femur. Histology results showed that 

perichondrial‐like tissue fills the area where the growth plate is not fully attached, suggesting 

that an inflammatory response is not required for the initiation of a fibrogenic response in the 

injured growth plate. Characterisation of an intact growth plate with Raman spectroscopy 

imaging showed that from the resting zone to the hypertrophic zone, there is an increase in 

proteoglycan content, which is similar to human growth plate48. 

The growth plate can serve as a convenient time‐lapse view of the endochondral ossification 

process. In regenerative engineering, there is increased awareness that the pattern of collagen 

crosslinks is important as they dictate tissue strength and flexibility. It is a current challenge to 

synthesise collagen materials for bone and cartilage with the physiological ratios of collagen 

crosslink molecules. Moreover, there is a need for development of a method to spatially 

characterise these molecules. LC/MS can be utilised to specifically quantify collagen crosslink 

molecules in bulk solution. Therefore in this study, ToF‐SIMS, a solid state mass spectrometry 

imaging tool with high spatial resolution was employed to characterise the neonatal rat femoral 

growth plate and epiphysis, and mature rat metatarsal bone. The questions were approached 

from a bottom up and a top down manner. Putative mass fragments of each divalent crosslink 

molecule was theoretically calculated and then compared with important peaks that were 

revealed by multivariate analysis. For the multivariate analysis, PLS‐DA and VIP scores were 

applied successfully in a novel way in ToF‐SIMS data. Epiphyseal cartilage, growth plate and 

mature bone tissue could be differentiated. The results indicate that potential divalent collagen 

crosslink molecular ionic fragments are detectable via ToF‐SIMS at high spatial resolution. In 
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combination with multivariate analysis, ToF‐SIMS could be very useful and complementary to 

Raman spectroscopy imaging in bioengineering. 

6.3 Future outlook 

The work presented in this thesis mainly focused on the use of spectroscopic imaging techniques 

(Raman spectroscopy imaging and ToF‐SIMS) to comprehensively characterise mineralised 

biological tissues. In general, the results are promising to inform future work. 

A large proportion of studies in literature on atherosclerosis employ traditional histology or 

focus on characterising cell phenotypes using biochemical methods. These studies reveal 

important insight but cannot differentiate between mineral and lipid types, which are important 

players in the disease. On the other hand, physiological calcification are often missed due to 

sparse distribution and small size. Results in this thesis raised questions that should prompt 

future investigations in the field to heed these components.  

In the study of aortic calcification, spatial characterisation of mineral particles in relation to 

collagen fibres, cells etc. revealed important information however it is not clear where the 

whitlockite and apatite particles are with respect to the cell membrane. There are indications of 

both intra‐ and extracellular minerals. However a quantitative study would be valuable to probe 

whether foam cells are responsible for the increase in whitlockite, apatite and lipids observed 

in Chapter 3. These could potentially be carried out by correlative studies of Raman spectroscopy 

imaging and cryo‐FIB‐SEM.  

As differentiation of smooth muscle cell phenotypes from contractile, to synthetic, to osteogenic 

are implicated studies of cardiovascular calcification, correlative immunofluorescence and 

Raman spectroscopy studies could reveal important insight into mineral type and cellular 

differentiation.  

The identification of β‐carotene as a potential diagnostic marker for atherosclerosis could have 

important implications. Although current studies on serum β‐carotene showed contradictory 

results, it could be possible to diagnose atherosclerosis even without locating a plaque, by simply 

detecting a higher concentration of β‐carotene in the intima with in vivo Raman probes for 

example. 
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Many diseases of the bone have been characterised by Raman spectroscopy as it is well suited 

for this purpose. With the development of transcutaneous Raman spectroscopy, there is a future 

prospect of diagnosis and monitoring of these diseases, and long‐term effects of therapies using 

these probes in clinic or at home. Development of these systems ex vivo can serve dual roles: 

learning about changes that occur in disease and simultaneously advancing towards the 

construction of a diagnostic platform. 

The characterisation of bisphosphonate treated bone using Raman spectroscopy imaging in 

Chapter 4 is one such example. Raman spectroscopy imaging was constrained to a small lateral 

size but during measurement there were indications of an increase in marrow to bone ratio. 

Future studies using micro computed tomography (micro‐CT) on a larger volume of bone might 

reveal significant difference in marrow to bone ratio, which could be important for probing the 

balance of osteoblast‐adipocyte differentiation. To validate the bone apatite crystal size, other 

methods such as X‐ray diffraction and transmission electron microscopy (TEM) should be carried 

out. 

The growth plate is responsible for the formation of endochondral bone. Complex combinations 

of growth factor signalling guide the chondrocytes through each stage of the maturation process 

and prevent premature ossification. What causes the 15 % chance of bone bridge formation is 

not known. Animal studies of growth plate fracture repair in are often done in mammals. 

However the chick embryo femur has a longitudinally extended growth plate that lends itself to 

easy zone specific manipulation. The organotypic chick embryo femur system should thus be 

considered in such studies. 

In growth plate development and bone fracture repair, mechanical loading plays a role in 

regulating signalling pathways. Therefore, future work on growth plate repair should include 

mechanical loading from both ends of the femur. Seeing as the resting and proliferative zone 

defects were no longer identifiable by day 10 post injury, marking of the defect site on the 

sample or sample holder should be done. Further immunohistochemistry is needed to identify 

if the fibrous tissue formed in the defect site is perichondrial tissue or other tissue types. 

If a longer culture period e.g. 15 days shows absence of osteogenic phenotype, that would 

suggest that local inhibition of an immune response or angiogenesis could lead to suppression 

of bone bridge formation. 
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Identification of collagen crosslinks with ToF‐SIMS might be possible and very useful in simpler 

systems such as a pure collagen construct containing collagen crosslinks. Alternatively MALDI 

could be more suited for this application although it has a lower spatial resolution since it results 

in ion products of larger masses. Otherwise, enzymatic cleavage of the conserved regions of 

collagen could be explored. 

In addition to experimental techniques, computational approaches will doubtless play a key role 

in the future of biomineralisation and spectroscopy on biological tissues. Data pre‐processing 

and analysis using chemometric tools are vital to maximise the information obtained. As the 

throughput and speed of imaging methods improve, new ways to reduce the computational 

requirements are needed. Additionally, the development of a more user‐friendly interface or 

software containing a few chosen chemometrics tools could be developed from this work and 

other subsequent work, which would improve the accessibility towards new users who are 

unfamiliar with chemometrics. 

As further insights into biomineralisation evolve and as spectroscopic imaging and multivariate 

techniques become more commonplace, soon the divide between materials characterisation, 

and molecular biology would be greatly diminished. Mechanisms of pathologies involving 

biominerals can be studied in new ways that reveal fresh insights, as a testament to 

interdisciplinary science. 
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