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Abstract  

Spatially offset Raman spectroscopy (SORS) is a method for measuring Raman signal from 

much deeper within a sample than is achievable with traditional Raman spectroscopy, and 

relies on the diffuse scattering of photons within turbid materials. This makes SORS a 

promising tool in the field of medical imaging. 

A SORS device was built, based around a digital micro mirror device. This allowed for the 

detection offset to be selected in software and gave the SORS device a huge flexibility. The 

instrument was then applied to the study of bone regeneration. 

Using phantom samples, we investigated the feasibility of using SORS as a tool for 

monitoring non-invasively the mineralization of bone tissue engineering scaffold in vivo. The 

phantom samples consisted of 3D-printed scaffolds of poly-caprolactone (PCL) and 

hydroxyapatite (HA) blends, with varying concentrations of HA, to mimic the mineralisation 

process. The scaffolds were covered by a 4 mm layer of skin to simulate real in vivo 

measurement conditions. At a concentration of HA approximately 1/3 that of bone (~0.6 

g/cm3), the characteristic Raman band of HA (960 cm-1) was detectable when the PCL:HA 

layer was located at 14 mm depth within the scaffold (i.e. 8 mm below the skin surface), and 

concentrations of ~10% of bone were detectable at 4 mm depth. 

We then investigated the feasibility of using SORS to monitor changes in collagen 

concentration at levels similar to those expected to occur in vivo during bone regeneration 

(0 – 0.84 g/cm3).  A partial least squares (PLS) regression model was developed to quantify 

collagen concentration in plugs consisting of mixtures of collagen and hydroxyapatite 

(predictive power of ±0.16 g/cm3). The PLS model was then applied to SORS spectra 

acquired from rat cadavers after implanting the collagen:hydroxyapatite plugs in drilled skull 

defects. The PLS model successfully predicted the profile of collagen concentration, but with 

an increased predictive error of ±0.30 g/cm3. These results demonstrate the potential of 

SORS to quantify collagen concentrations in the range relevant to those occurring during 

new bone formation.  
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1 Chapter 1  
 

 Introduction 

1.1  Aims 
The main aim is to develop a Raman spectroscopy technique that will allow for 

monitoring of the molecular processes of bone regeneration. This will be achieved by 

spatial offset Raman spectroscopy (SORS) utilising a digital micro-mirror device (DMD) 

array to change dynamically the geometry of the detection patterns. Through this 

flexible approach to SORS I will show that diffuse Raman spectroscopy can be 

developed into a powerful tool for monitoring biological systems such as bone growth 

and healing. 

1.2  Context 

1.2.1 Bone damage: An introduction 

Imaging of bone damage and monitoring of healing is a huge global medical challenge. 

Bone fractures occur at a rate of 3.6% of the population per year (1) and can have a 

huge range of causes from sports injuries (2), road traffic accidents (3), osteoporosis 

(2), (4), and many other factors (2), (5), (6). This leads to a large amount of research 

being devoted to the subject from a large number of fields; from osteopaths 

investigating the causes of bone degradation (7), (8) and surgeons focused on direct 

patient intervention (9), (10), to engineers looking for biomechanical solutions such as 

3D scaffolds to replace bone grafts (11), (12).  

Beyond direct interaction with bone fracture patients, there is a large body of research 

being directed towards investigating both healthy and damaged bone, and bone 

growth patterns. Damage to bone with different shapes such as a skull plate or the 

main stretch of a femur can follow different healing patterns (13) and as such, a 

number of different models have been created for different bone healing pathways 

focusing on the factors within bone growth. Some damage is small enough and can heal 

fully without intervention (10) while some types of larger damage can be fixed with 

external assistance such as a cast (14). In situations where the damage is so great that it 
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has generated a defect in the bone so large it will not heal on its own, the defect is 

called a critical defect (15). 

The exact size of a critical defect is dependent on the size of the bone (16), the age of 

the person (17), and other medical conditions such as the presence of osteoporosis 

(18). Depending on the bone containing the defect it can lead to structural weakness or 

a complete lack of healing altogether (15) (16).  

1.2.2 Determinants of bone strength and successful bone-growth 

In understanding bone growth and health, it is important to understand the different 

factors that influence bone strength. Healthy bone is roughly 65% mineral, most of 

which is hydroxyapatite (19). the remainder of the structure of bone is made up of soft 

tissue, predominantly collagen. A key factor that affects strength in any bone is the 

degree of mineralization (19). Follet et al found a strong correlation between the 

apparent Young’s modulus (a measure of the strength of bone) and the degree of 

mineralisation (R² = 0.44, p < 0.003) and maximal strength and degree of mineralisation 

(R-squared = 0.41, p < 0.003) in cancellous bone  (Figure 1.1) (19).  
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Figure 1.1 The strength of bone against the degree of mineralisation of cancellous bone (19). 
The compressive test was performed in the main trabecular direction by a 5000-N load cell. 

Bone density and bone mineralization are highly correlated as mineral makes up the 

most massive part of bone. For this reason, it is not surprising that bone density is also 

highly correlated with bone strength (20). These two properties are so highly connected 

that the measurement of one can act as a proxy for the measurement of the other. In a 

porcine bone study (21) bone with a density that was 1.7 g/cm3 was found to be > 75% 

organic based while in bone that had reached a density of 2.0 g/ cm3 or greater the 

collagen was found to be 35% as is expected for mature bone. This indicates that after 

the first growth of collagen in the early stages of bone defect healing the amount of 

collagen drops as the mineral density increases, this phase of bone growth is known as 

remodeling (21).  

Different types of bone have different strength that do not always follow the pattern of 

increasing mineralisation leading to increasing strength. The orientation of collagen fibers 
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also has a large effect on bone strength, along with other variables. While comparing 

plexiform and osteonal bone, Martin et al found that even though the mineralisation did 

not vary significantly between the two bone types, plexiform was significantly stronger 

(22). The authors found that the longitudinal structure index (LSI), or the amount of 

collagen fibers that were aligned with the long axis of the bone, was the best single 

predictor of strength between the bone types. For any given bone type, LSI and 

increases in mineralisation still gave a strong correlation with bone strength. For this 

reason, the detection of collagen formation and the structure of the extracellular 

matrix are also highly important in monitoring the health and strength of newly formed 

bone. 

1.2.3 Current state of bone imaging 

1.2.3.1 XRAY imaging. 

Traditional x-ray imaging is used to image the mineral components of the bone. Beyond 

this, x-rays also have a well-demonstrated danger both to the patient and the clinical 

practitioner due to the fact that x-rays are ionizing radiation. Prolonged exposure to x-

rays can lead to cellular death and increases the risk factor for certain cancers.   

Figure 1.2 left, the first x-ray image acquired in America (23). Right, a modern x-ray 
image [Case courtesy of Kellie Grant, Radiopaedia.org, rID: 40336] 

X-ray imaging in its simplest form uses the attenuation of photons of energy 20 Kev to 

140 Kev (24) (25) through the body. Due to the low attenuation coefficients of soft 
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materials in the human body, such as adipose tissue or skin, x-rays pass through these 

parts with minimal interaction. When x-rays hit bone however, the attenuation 

coefficient is much higher, and the light is scattered and absorbed more. Given the 

straight path of non-scattered light this means a photo-reactive plate behind the 

sample will detect x-rays where there is soft tissue and greatly reduced or no x-rays 

where there is bone or other lesions of high attenuation. Figure 1.2 presents two x-ray 

images, with each showing a much greater amount attenuation of the signal in the 

areas where there is bone rather than soft tissue. The x-ray image on the left, which is 

the first instance of an x-ray image in America, took minutes to complete and there is 

clear evidence of movement causing blurring. The modern x-ray image shows that 

where the x-rays pass through more dense bone, such as the edge of the finger bones, 

there is more attenuation. 

A limitation of this form of imaging is that, in terms of attenuation of signal, there is no 

difference between a thick area of low attenuation and thin areas of high attenuation. 

With only a single direction of the x-rays, there is little to no depth information within 

the signal generated. This limits the interpretative power of the method.  

Contrast x-ray imaging can be used to target some parts of the human body, such as 

barium swallow (26), or intravenous urogram (27). Both involve taking in some form a 

material that attenuates the x-rays more strongly than normal soft tissue. The areas in 

which the contrast agents accumulate are then highlighted in comparison to the rest of 

the body. It is important to note that it is the contrast agents themselves that are 

imaged in this case and not the soft tissue the material has accumulated in. 

As mentioned, x-ray radiation has a large health risk to those who use them regularly. 

Ionising radiation can lead to complications in the human body, the most common 

being cancer risk. A number of studies have shown increased cancer risks associated 

with x-ray screening. A 2006 study showed x-ray exposure associated with lung cancer 

screening cased a potentially fatal cancer rate of 0.11 per thousand (28), and a study on 

prenatal x-ray screening showed an 80% increase in the risk of childhood cancers (29). 

The risk to staff carrying out the procedure is also high with stringent safety protocols 

in place in medical faculties across the world (30).  
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The combination of these problems limits the usefulness for x-ray imaging as a method 

for time-course studies into bone growth and healing. Repeated exposure to x-rays 

increases the dose and therefore the risk to the patient or animal in which the bone 

healing is occurring. It also has limited ability to differentiate between soft tissues 

which make up as much as 35% of healthy bone (21).  

1.2.3.2 Computed tomography scan (CT scan) 

 

To overcome some of the pitfalls of conventional x-ray imaging and turn a 2D imaging 

technique into a 3D technique computed tomography (CT) was developed. A larger 

number of x-ray images are taken from different angles which allows a computer to 

build up a three-dimensional image of mass, manipulated and rendered using standard 

tomographic imaging algorithms. Figure 1.3 shows three different slices of the same 

wrist structure created using a CT scan. Compared to the two-dimensional views in 

Section 1.2.3.1 we can see much more information is valuable to the clinician.  

 

Figure 1.3 A CT scan of a wrist, A is axial view, B is the coronal plane, and C is the 

sagittal plane (31). 
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With this increased information comes a cost as CT increases the number of exposures 

to x-ray radiation. A standard chest x-ray image requires 0.05-0.24 mSv, whereas a 

chest CT scan exposes the patient to 4.0-18 mSv (32). This significantly increases the 

risks to the patient due to exposure, though the dose is still low enough for the process 

to be considered safe. 

CT scans are often used at the end of a study to determine the success of a given 

protocol. The use of micro-CT to measure the distribution of mineral deposits in excised 

bone defects has been shown to be an invaluable tool to post-study data acquisition 

(33) (34). The advantage of using CT at this stage in the study is that there is no longer 

living tissue that can be damaged by the radiation exposure. 

The increase in radiation exposure reduces the usefulness of CT for ongoing time-

course studies in living models. The increased risk of CT combined with the multiple 

measurements needed to monitor growth across the course of a study would lead to a 

dangerous level of exposure. In the case of a time course study with one measurement 

a week for 10 weeks the exposure could reach 180 mSv. 100 mSv is considered the 

lowest level at which an increase in cancer is evident (35). This shows that while CT 

scans can be powerful tools for determining the 3D nature of hard materials in the 

body, they have limitations within the realm of long-term studies. Despite the strength 

of CT scans as a method for monitoring hard minerals the method is much more limited 

with regards to soft tissue. 

 

1.2.3.3 Dual-energy x-ray absorptiometry (DXA) 

Dual-energy x-ray absorptiometry (DXA) is a variant of x-ray imaging that extends the 

information acquired by using two x-ray beams with different energies (36). The 

different x-ray wavelengths have different absorption coefficients in the materials. It is 

most used in bone density measurements where the ratio of absorption also changes 

between different materials (37). With the known values for bone and soft tissue it is 

possible to subtract the absorption from the soft tissue surrounding the bone. By 

isolating the bone attenuation, a calculation can be made, based on the size of the 
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bone and the light attenuated, and a value for the density of the bone material 

determined (36). 

 

Figure 1.4 A DXA scan of a normal right wrist with a heat map denoting density with 
blue being the lowest density and black being the highest (38). 

DXA creates a two-dimensional map of the body much as in x-ray imaging. The two-

dimensional nature of the image means that the thickness of the bone needs to be 

estimated based on its width and other spatial factors. Attenuation is dependent on 

two factors, thickness, and mineral density. The fact that DXA estimates material 

thickness based on spatial clues from the image means that there in inherent error in 

the prediction of mineral density. Spatial clues can be the values such as the width of 

the bone which can be used to infer a thickness based on knowledge of average bone 

size and shape. This relies on the images bone being within the normal limits of shape, 

which given that DXA may be used in a medical situation on pathological bone this is 

not always a good assumption. This limitation reduces the accuracy of DXA, particularly 

in situations with bones that do not conform to the patterns that is used to predict 

their thickness. 
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The benefit of DXA over other x-ray-based techniques is the reduced exposure with the 

range from 0.001-0.035 mSv compared to a chest x-ray which is greater than 0.05 mSv 

(39). The reduced exposure means that DXA may have some capacity to measure the 

growth of bone minerals within a defect. The use of DXA would not however be optimal 

for early detection of a defect that was enclosed, such as a hole that has been bored 

out of a bone, since the two-dimensional nature of the scan does not allow for the 

distribution of the growth within the defect to me mapped effectively. Figure 1.4 shows 

two dimensional images similar to those in Figure 1.2 showing good contrast between 

the soft tissue and mineral as well as clear contrast between more and less dense bone 

structures.  

1.2.3.4  Magnetic resonance imaging 

Magnetic resonance imaging (MRI) is a non-invasive 3D imaging technique that has 

been used to image bone as well as other soft tissues (40). The basis of MRI involves 

the application of a field gradient and strong magnetic fields across the imaged material 

and detecting of the flipping spins of nuclei in the material. The relaxation time of the 

flip is used as a means of differentiating materials. MRI in medical usage focuses of the 

flip of the hydrogen nuclei (40). Water contained in the cells of the human body as well 

as any fat or protein contains a large quantity of hydrogen, so the imaging typically 

maps the soft tissues of the human body much more effectively than x-ray imaging or 

any of its derivatives. MRI has been shown to be able to predict strongly the density of 

bone by measuring proton density (40). Figure 1.5 shows a clear contrast between 

mineralised bone and the surrounding soft tissue. 
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Figure 1.5 An MRI image of a wrist was taken to investigate ulnocarpal impaction 
syndrome. The arrow pointing to the damaged part of the bone (41) 

The use of magnetic fields and radio waves has a major advantage over x-ray imaging in 

that there is no dangerous ionising radiation (41). For the vast majority of patients or 

test subjects this is much safer than x-ray imaging and there is not an upper bound of 

the number of ‘exposures’ that would be safe. In some cases, such as with metal 

structures in bone defects, the high magnetic fields will preclude the use of MRI. Since 

metal inserts are common in studies investigating critical defect (to hold the bone in 

place during the early stages of bone healing) MRI may have limited use in these 

studies. Measurements can take in excess of an hour to complete so there is a 

considerable constraint on the throughput that a single MRI machine can manage. In 

the case of an animal model this means sedation and increases the cost as well as 

potential danger to the animal. In a large study with tens of participants requiring daily 

or highly frequent imaging this slow imaging time can limit the throughput of the study. 

CT is much faster, with scans acquired within minutes.  

1.2.3.5  Limitations of current techniques 

As described above, current methods for bone imaging are powerful and well 

developed. The main focus of progress in these areas has been towards improving 

patient safety and expanding possible medical applications. While in most of these 

areas they fulfil their roles well, x-ray imaging methods are limited in application due to 

risk of high exposure to patient and operator, and MRI is expensive and slower, though 
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much safer. Diffuse Raman spectroscopy offers the capacity to obtain fast, time 

dependent molecular information which is a step-change above current technology 

(diffuse Raman spectroscopy can be undertaken in one or two minutes).  

Spatially offset Raman spectroscopy (SORS) as part of the field of diffuse Raman 

spectroscopy gives the opportunity to create a mode of detection using photon 

scattering Raman spectroscopy to build three dimensional chemical maps of localised 

areas without using ionising radiation. This solution has the potential to be safer than x-

ray based imaging due to the lack of ionising radiation, faster than MRI, and richer in 

molecular information. 

Currently the major disadvantage of Raman spectroscopy is the very low signal strength 

and therefore signal to noise achievable. Raman signal is generated at a rate of 10-7:1 

for every photon-molecule interaction. It is the goal of this thesis to improve 

significantly the signal to noise of SORS. It is also unclear as to how structural 

information such as absolute bone mineral density can be retrieve from SORS data. 

1.3 Research protocols in bone healing research 

1.3.1 Time course studies 

1.3.1.1  Bone healing pathways 

The bone healing process is a relatively slow biological process that takes months to 

reach its conclusion in large animals such as humans (42). A number of models of bone 

healing exist depending on the type of bone and amount of damage that has been 

caused (22). These show that bone growth happens in stages with different processes 

being central to each stage. There will therefore be different chemical signals that may 

be detectable at different stages. A simple model of bone healing in flat bones such as 

the skull is the four-phase model shown schematically in Figure 1.6. Phase one is 

inflammation around the damaged area, phase two and three are growth and 

hardening of soft tissue such as the collagen extracellular matrix. Phase four is the 

mineralisation and remodelling of the extracellular matrix (22) to form mineralised 

bone. 
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Figure 1.6 (top) A graphical representation of bone healing in the four-phase model. 
(bottom) shows the process that is happening during these phases. The x axis for both is 
time (22) 

 The main pathway of bone formation that is of interest to us is endochondral 

ossification, which is the pathway that happens in long bones. The first step is the 

formation of a cartilaginous region. This region is surrounded by bone. The 

cartilaginous region is then vascularised, and osteoblasts migrate into the tissue. The 

next step is mineralisation. Randomly oriented woven bone is laid down (this is also the 

process after bone is damaged). Slower growing lamellar bone replaces this bone. This 

bone is stronger and contains the osteons made of collagen fibres. Osteoblasts are 

responsible for much of the nucleation of the hydroxyapatite (HA) crystals and are 

situated on the surface where the mineralisation occurs, whereas the continued growth 

of the crystals is mediated by the extracellular matrix. Osteoblasts become trapped 

within the bone as the bone continues to grow and new layers of bone are laid down. 

After this, 90 − 95% of these cells differentiate to osteocytes. These new cells control 

important signalling pathways for absorption and other processes. Figure 1.7 shows the 

edge of mineralised bone as new bone is formed on top. 

Time (A.U) 
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Figure 1.7 The top layer of cells are the osteoblasts formed on the top layer of the cartilage 
layers. Deeper in the mineralised bone the osteocytes are shown connected to each other. 
This shows how the osteoblasts end up inside the mineralised bone as bone growth 
propagates around them, first with the protein matrix, then the mineralisation of the matrix 
to follow. 

The importance of these bone healing pathways is that they have clear phases where 

they will exhibit distinct chemical compositions, particularly before and after the 

mineralisation phase. This is the growth phase that is most easily detected by x-ray-

based methods. This focus on mineralisation has its limitations, however. 

Mineralisation is not the only factor in bone strength and loss of, or damage to, the 

extracellular matrix can be just as important (43). These growth patterns show that 

early bone healing is based on the proliferation of soft tissue. Variations in 

concentrations of these soft materials are hard to be detected by x-ray imaging, 

particularly when surrounded by healthy bone. The early growth of these materials is 

crucial for bone health and the ability to detect it would lead to the ability to monitor 

early stages of bone healing to help detect earlier failures. The nature of bone growth 

shows that the ability to take repeated measurement of bone healing across a time 

course while monitoring a number of different materials would be hugely beneficial to 

the medical community.  

1.3.1.2 Imaging techniques as applied to bone growth and healing studies. 

Longitudinal studies that capture stage by stage bone grown and mineralisation are 

limited by current technology. A useful application of SORS would be to allow for 

monitoring healing processes at a molecular level, which would be hugely beneficial. 

Because of this several methods for investigating bone healing have arisen. In situations 
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where the experiment is expensive on a per-animal basis, such as with larger animal 

models (44) or in situations with complicated implants/grafts (45), it is common for the 

success of the study to be known only when the study is complete, and the animal can 

be killed. This is done to give the defect the best possible chance to heal to maximise 

the value of each component of the experiment and to not waste lives of animals 

needlessly. The problem with this method of study is that an animal must be kept for 

the full duration of a study even if the implant has failed from day one. While it often 

helps to separate interventions into successful/unsuccessful, it leaves much of the 

molecular processes of each time step of the healing process unexplored. 

A second type of experimental set-up tries to remedy this shortcoming by stopping the 

experiment at a few different time points. These time points are often selected to span 

several critical stages of both growth and healing. This is more often done in small 

animal models where a larger batch size allows for more flexibility. In one study (46) for 

example a batch of 12 animals was used. Instead of all the animals being killed at the 

end, they can be killed in groups at different stages of expected growth. This gives a 

snapshot of different stages of healing and can produce a far more rounded 

understanding of the body’s interactions with a certain intervention. This method still 

suffers from the need to kill the animal to measure the result. This snapshot model has 

the difficulty that you cannot show that the animals that ended the study after one 

week are representative of the bone growth in the remaining sample (44). 

There have been some studies that utilise x-ray imaging for taking images at multiple 

stages throughout an experiment. This method addresses some of the shortcomings of 

the previous two methods and allows the researchers to monitor the healing progress 

of the defect to some extent, but with some caveats. As discussed earlier, x-ray imaging 

is only an image of the attenuation of x-rays in one plane. This means it is hard to 

differentiate between and change in mineralisation around the defect and healing 

causing increased density within the bone. There is also the limitation in that the 

growth of the extracellular matrix will have little effect on attenuation (47) of the 

defect, particularly in the case where a ceramic or other highly attenuating artificial 

scaffold was used. At the high photon energies used in x-ray imaging the HA minerals 

dominate the attenuation coefficient of a given volume of bone. This limits the use of 
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such techniques when it comes to measuring the soft tissue such as collagen, which will 

have its signal swamped by changes in concentration of HA. Extracellular matrix growth 

is the first major stage of bone healing, as it is this matrix through which the osteoblasts 

proliferate (48), and monitoring this would give early warning to the medical staff that 

a scaffold might be being rejected. There is also the problem that multiple x-ray 

exposure is not healthy, for the staff or subjects of the study. 

 

1.3.1.3  Types of bone healing studies 

There are several primary ways that bone healing intervention research is carried out. 

The first is as a study comparing outcomes in patients that have already been treated. 

These types of studies focus on methodologies that have already been cleared for use 

in humans and can help access which of the current methods lead to the best outcomes 

(49). Certain inventions are favoured more for specific conditions or by particular 

doctors which may have a systematic effect on the outcomes. This method of analysis is 

also limited to interventions that are already accepted practice amongst clinicians. 

Animal studies are also performed where defects are deliberately created in order to 

monitor the direct effect of an intervention. In these cases, it is commonplace to 

compare the intervention case to a standard case, either using bone grafts (44) or an 

empty defect, comparing gold standard intervention or no intervention for reference. 

One clear problem with this approach is that, even with a good reference sample, it can 

be hard to separate bone growth that has been stimulated by the intervention as 

opposed to bone growth or healing that would have occurred within the defect 

naturally, the large variation in an individual’s ability to heal even identical defects 

causing problems in comparing between animals. This means that being able to 

monitor growth within a defect as it happens is vital, rather than attempting to make 

inferences based of comparisons between samples from different time points. The 

osteoinductive, osteogenic, and osteoconductive properties cannot be easily separated 

for a given intervention when placed inside a healing defect (50). The surrounding bone 

contains all the cells and hormone needed, along with the signalling from the 

surrounding soft tissue which leads to an osteoinductive environment which can mask 

the osteoinductive signal, or lack thereof, of the implant.  



16 
 

To avoid this confounding of signal the implant can be tested not in a bone defect, but 

in a muscle pocket (51) or subcutaneously (52). This method of investigation focuses 

primarily on the osteoinductive signalling of an implant (53). For that reason, it is often 

performed on samples that have been populated with live cells from cultures or 

hormones to stimulate bone growth (54). Due to the lack of surrounding bone, there is 

no in-growth from the edge of the defect nor migration of precursor cells to initiate 

bone growth. This means that all mineralisation can be attributed to the osteoinductive 

properties of the implant. The levels of mineralisation are often much lower than when 

implanted in bone (52) so correct calibration is required to understand the relative 

effectiveness of different interventions. These implants can be excised at the end of the 

study without requiring animal sacrifice, and depending on the relative size of the 

implant and the animal, multiple implants can be made across a single specimen (51). 

As this method is more akin to an abnormal growth than true bone healing, time-

course, or exploratory experiments into the nature of bone healing are not normally 

conducted in this manner, with the focus primarily on whether combinations of 

structures/chemical combinations can themselves induce bone growth.  

1.3.2 The current state of bone healing research methodologies  

There is a prevalence of time-course studies on both critical and non-critical defects in 

current research into bone healing, aiming to understand the temporal changes in bone 

during the whole process of bone healing. The majority of medical trials are in animals 

and these trials focus on the healing of a defect of a single size or shape, usually 

comparing some form of intervention to a standard. This standard can be either no 

intervention at all (10), a bone graft (55), or some other interventions such a printed 

scaffold (44). The defect is most often created at the start of a study often with a drill to 

ensure each animal model contains the same defect. The healing process requires living 

animals so ethical approval can be complicated. 

 

1.3.2.1 Bone Graft 

Bone grafts can be separated into two main categories, autograft, and allograft.  

Autografts are bone grafts taken from the patient receiving the graft. The current gold 

standard in a clinical setting is an iliac crest bone graft (ICBG) (56). This requires a 
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surgical intervention to remove the graft from the iliac crest at the top of the hip bone 

as well as the surgical intervention to implant the graft. This can lead to morbidity 

within the iliac crest (56) in addition to other complications usually caused by surgical 

intervention. Success with this intervention has been 87-100% in mechanically stable 

environments (56). Another form of autograft is cortical bone graft. While the surgical 

intervention for this is somewhat simpler it runs its own risks (57). Cortical bone is 

much denser than that from the iliac crest which means it has reduced vascularity, 

which slows recovery. Autograft procedures are the only procedures that are 

osteogenic, osteoinductive, and osteoconductive. Osteogenic is the ability of an implant 

to generate new bone, and is limited to live cell transplants, such as autografts. An 

implant that is osteoinductive induces bone growth from already present bone growth 

mechanisms such precursor cells in the healthy bone surrounding a defect. On its own, 

an osteoinductive implant will not grow bone material. Osteoconductive materials offer 

technical support for bone growth and allow bone to grow through but do not act on 

the mechanisms of bone growth directly. 

Allografts are grafts that are taken from another source other than the patient 

receiving the graft (58). This is often from cadavers, which leads to several 

complications. The first complication is the possibility of infection and this raises issues 

of pre-processing and storage. Bones can be fresh, frozen or freeze dried. A fresh graft 

is taken directly from a cadaver, processed to remove cells then implanted into the 

defect. This is rarely done due to the risk of disease transmission and immune response 

from the recipient. Frozen and freeze-dried grafts can be used more often, the storage 

process reduces the osteoinductive capabilities of the graft as many of the 

cells/hormones that would be present in living grafts have died or degraded. As such 

only the osteoconductive properties of the bone is preserved. 

In research, both autograft and allograft procedures are conducted, often as a standard 

against which more innovative methodologies are compared (59) (60). These are 

methods with well understood biological responses and a track record in recovery for 

the patient. From a monitoring standpoint they can create some unique challenges. 

Mineral and soft tissue concentrations and distributions will be like that of a healed site 

from the start. While this is part of what makes these interventions so successful it 
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means monitoring the health of the graft from mineral density alone. This can limit the 

usefulness of traditional bone monitoring methods such as x-ray imaging which are 

dependent on attenuation. 

1.3.2.2 Woven Collagen Fleece 

Collagen fleece is a material that is produced from fibrous strands of collagen. It is 

porous and lightweight. When it is used, it is common to compare the fleece alone, 

against a number of fleeces doped with different growth surfactants, which are 

selected to increase the rate of healing, or, in the case of a critical defect, to help the 

defect to heal fully (61). The use of the collagen fleece is motivated by several factors. 

Firstly, the fleece is porous so can absorb a large amount of growth surfactant before 

being placed into the defect. The fleece is also malleable, particularly when wet and it 

easily conforms to the inside of the defect (61) (62). Finally, collagen fleece is broken 

down by the body so there is no lasting structure left behind once healing is completed. 

1.3.2.3 Synthetic Structures 

Many other materials have been tested in hopes of finding a structurally sound material 

that can replace bone grafts in large defects. Amongst these materials are plastics, 

ceramics, and hydrogels. Each of these have their benefits. 

Plastics are pliable, resistant to the body’s conditions and easily sterilised with heat or 

disinfectant without affecting the structure of the scaffold. In recent years, the 

explosion of additive manufacturing has made the goal of a truly bespoke scaffold 

designed for a defect an attainable future. 3D printing of materials such as 

polycaprolactone(PCL) gives the ability to quickly prototype different porosities and 

structural parameters of the defect before it is added to the defect model (63) (64). The 

printing method also allows for different materials to be added into the plastic directly, 

depending on their ability to mix in a plastic feed hopper. Materials such as 

hydroxyapatite (HA) can be printed directly into the lattice structure of the scaffold in 

varying concentrations (65).  

Ceramics have been posited as a substitute for bone grafts due to their 

biocompatibility, often they are produced from calcium phosphates, a group which 

contains the bone mineral HA (66). They are also osteo-conductive, meaning bone can 

grow through them which gives them the ability, in theory, to support bone growth into 
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the defect. They are often also easily broken down by the body which can be both a 

benefit and a hindrance depending on the speed that his happens. Buckland et al (67) 

compared three common types of ceramic bone graft substitutes: dense calcium 

sulphate (DCaS), ultraporous tricalcium phosphate (beta-TCP), and porous silicated 

calcium phosphate (Si-CaP). DCaS was reabsorbed so quickly that it offered no real 

support for new bone growth. Both beta-TCP and Si-CaP supported bone growth, but 

the longer-term stability of Si-CaP gave it a greater supportive role to the proliferation 

of new bone material. This study showed that the rate at which the body absorbs the 

material of the scaffold is a key factor. Too slow and the defect will be left with the 

synthetic structure still inside, which can lead to structural weaknesses, and further 

complications depending on the material used (68). Fast absorption rates, however, 

cause two problems. The first is that bone growth is a relatively slow process, with 

studies even on small animals lasting many weeks (44), if the implant dissolves before 

significant restructuring of the defect can occur then it is unlikely to facilitate full 

healing. Another problem is that fast breakdown of scaffolds can cause many 

mineral/ceramic particles to be released into the area. Particles in high concentrations 

cause inflammation; excessive inflammation can reduce blood flow to an area and slow 

down or reverse the healing process (56). 

 

1.3.3 SORS in bone imaging 

1.3.3.1 Spatial offset Raman spectroscopy in bone healing research 

In its current form, SORS offers the opportunity to monitor HA through scattering 

materials (69). In this thesis we extend this detection capacity to encompass other 

biologically relevant materials and form a basis for the prediction of concentration of 

materials in known areas. In chapters 4 and 5 we discuss our methods for bring SORS 

into line with what we see as a need in the regenerative medicine community for a 

quick, effective, and safe method for highly repeatable, non-destructive monitoring 

solutions to increase the productiveness of current research practices. 

 

SORS has the capacity to monitor bone growth non-destructively and at a high 

frequency, possibly multiple times a day. Raman spectroscopy is non-ionising, and at 
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correct powers, non-damaging to tissue. This would allow for much more regular 

measurement of the defect region, effectively bringing the time between 

measurements down to as often as required. This has obvious benefits for the ethical 

use of animals in medical research as well as patient comfort. The ability of SORS to 

differentiate between materials on a chemical level allows for soft tissue growth to be 

monitored. This improvement over x-ray imaging without the increased cost of MRI 

means that studies of the early stages of bone healing such as the growth of the 

extracellular matrix and tissue inflammation could be conducted in vivo without the 

need for specimen sacrifice at each timepoint of interest. Being able to monitor the 

early stages of growth and comparing these stages in defects that had different levels 

of successful mineralisation would allow researchers to find patterns that are indicative 

of failure. By picking up failure early in the growth cycle these implants could be excised 

from defect and studied to find out more about how early failure occurs. 
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2 Chapter 2 
 

Raman spectroscopy and diffuse optics 

2.1 Raman spectroscopy 
Raman spectroscopy is a method that uses the scattering interactions between a photon 

and a molecule to detect chemical species. Raman spectroscopy involves the excitation of a 

sample with a single wavelength of light. The shift in energy of these photons as they scatter 

from the material causes a quantised change in the wavelength which is measured as a 

spectrum. Raman measurements typically rely on the “fingerprint” region from 600 -

1800cm-1 as these are the wavelength changes that hold the most information about the 

chemical make-up of the sample. 

 

Figure 2.1 A schematic of Rayleigh, Stokes, and anti-Stoke scattering. S0 denotes the ground 
energy state of the molecule. S1 and S2 denote excited electronic states. The dotted lines 
denote the virtual state that the photon excites the molecule to. Energy is not shown to 
scale. The horizontal wavy arrows indicate the photon before and after the scattering event. 

 

2.1.1 Rayleigh scattering 

Each time a photon scatters off a molecule there is a scattering event that is usually of the 

type called Rayleigh scattering (70). The elastic nature of the scattering means that no 

energy is lost or gained by the incident photon. The scattering can be modelled by 
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considering excitation of the molecule to a virtual energy state (71) followed by its return to 

its original level accompanied by the emission of a photon with wavelength equal to the 

wavelength of the excitation photon (Figure 2.1). A virtual energy state is a state that occurs 

for a very short period, in this case 10-12 s (72), which is unobservable. The lifetime and 

energy of these virtual bands is explained more fully in section 2.1.5. 

 

2.1.2 Stokes Raman Scattering 

Stokes scattering is the inelastic scattering of photons from molecules leading to a loss of 

energy and thus a longer wavelength (70). As can be seen from Figure 2.1 the same 

excitation photon as before causes the rise in energy to a virtual state as with Rayleigh 

scattering. In the case of Stokes scattering the energy state to which the molecule returns is 

higher than the original state (70). Energy states within a molecule are quantised, meaning 

that a molecule that is “Raman active” (see below) will have characteristic narrow bands 

describing the energy lost to different energy levels. It is these levels that gives the Raman 

spectrum of individual materials their wavenumber signature. This form of scattering 

happens approximately 10-7 times as much as Rayleigh scattering. 

2.1.3 Anti-Stokes Raman scattering 

In the anti-Stokes scattering case, the photon gains energy from its scattering event and the 

wavelength is shortened. Figure 2.1 shows that for this to happen the energy state of the 

molecule must start at an excited level. Because anti-Stokes Raman bands are much weaker 

than the Stokes bands, coherent anti-Stokes Raman spectroscopy is a common technique 

used for biological samples. This technique uses two light sources. The first is designated a 

pump laser (72)and has high power. The purpose of this laser is to saturate the probed area 

with monochromatic light to excite as many of the molecules as possible into a single 

excited state. The second laser has a much lower power and is the “Raman” laser, this laser 

generates fewer photons which scatter in the normal way, when they scatter off a molecule 

already excited by the pump laser the energy state rises to a higher state. When the 

molecule returns to a state below the pumped state the photon has more energy than 

before that scattering event (72). The fact that the pump laser is monochromatic means the 

excited states of most of the molecules will be identical, giving a unique fingerprint in the 

negative wavenumber shift region (72). 
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Figure 2.2 Symmetric and asymmetric stretch modes of carbon dioxide as well as the ring 
breathing vibrational mode in benzene rings. Red circles indicate carbon atoms and blue 
indicate oxygen atoms. The hydrogen is inferred. The diagram shows the full vibration cycle 
of a mode from start back to the same condition again.  

2.1.4 Raman active vs inactive vibrational modes 

In this context a vibrational mode of a molecule can be Raman active or inactive. This means 

that the bond will either generate a Raman band when excited by a photon or it will not, 

and this is dependent on the change in polarizability of the bond when excited.  

Raman spectroscopy is an interaction between photons and molecular bonds. The selection 

criteria are based on the vibrational modes of the bonds within the molecule. A vibrational 

mode has both a polarizability and a dipole moment. A vibrational mode will be Raman 

active if the vibrational mode involves a change in polarizability (70). A change in dipole 

moment would give an IR spectroscopy signal. The difference between the two can be 

shown using two vibrational modes of CO2. These are shown in the Figure 2.2. 

For example, in the case of the symmetric stretch of CO2 there is a change in polarizability 

between the extremes of vibrations as the bonds are shorter or longer at the same time. 

This means that the symmetric stretch of CO2 is Raman active. The dipole moment however 

does change throughout the vibration, as it is a function of the distance between the centre 

of charges (73) and the symmetric movement of the oxygen maintains the centre of 

negative charge. This is an absorption inactive mode (70).  
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In the asymmetric stretch the centre of negative and positive charge oscillate in a way to 

causes a changing separation between them so the dipole moment changes causing the 

vibrational mode to be absorption active. The polarizability of the molecule has changed, 

however, as the bond length is the same at the end of each vibration. This vibrational mode 

would be Raman inactive. Not all vibrational modes fit neatly into one category with more 

complex vibrations being stronger in Raman or IR spectroscopy dependent on the degree of 

polarizability and dipole moment change that occurs.  

If a molecule contains multiple bonds with the same configuration the signal for that mode 

will be increased, particularly in the case where the oscillation of the bonds is in phase. The 

most obvious demonstration of this is with the ring breathing mode at 1000 cm-1 

wavenumbers for a benzene ring. As can be seen in Figure 2.2 a benzene ring contains six 

SP2 bonds between the six carbons. The ring breathing mode is the simultaneous stretching 

and shortening of all six bonds in phase, this is part of why this peak is so strong relative to 

most other Raman peaks (74). 

In general, the intensity of the Raman scattered light is given by: 

𝐼 =  𝐾𝐽𝛼2𝜔4                                                           [2.1] 

where 𝛼 is the polarizability of the molecule, 𝐽 is the laser power, 𝜔 is the frequency of the 

excitation light source, and K is a constant (71). From equation 2.1 we get that the intensity 

of the Raman signal is dependent on the fourth power of the frequency. Since in Raman 

spectroscopy we use wavelength to label our laser sources it follows that the intensity of 

our Raman signal will reduce with the fourth power of the wavelength (70): 

𝐼 ≈  𝜆−4                                                                     [2.2] 

This has implications for the selection of laser wavelength when building as spectrometer as 

using a short wavelength will result in more absolute signal. It is important to balance this 

effect with other considerations. Photons with visible and IR wavelengths are safe, however, 

photons of sufficiently high energy become ionising radiation, such as x-rays.  This means 

that in the case of biological materials, the higher energy photons of short wavelengths can 

cause cell damage even at low power. For this reason, it is not possible to just select the 

highest energy photons to maximise signal. 
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Longer wavelengths also improve the signal to fluorescence ratio in many of biological 

samples as many biological samples contain chemical compounds that fluoresce under 

green light. For this reason, it is common to see 785-1024 nm used in biological samples. 

Green, 532 nm, lasers are common where fluorescence is less of an issue, as this increases 

the Raman signal. Equation 2.1 shows that a more polarisable molecule will have a greater 

signal. Polarizability can be given by: 

(𝛼𝜌𝜎)𝐺𝐹 = 𝑘 ∑ (
⟨𝐹|𝑟𝜌|𝐼⟩⟨𝐼|𝑟𝜎|𝐺⟩

𝜔𝐺𝐼−𝜔𝐿−𝑖𝛤𝐼
+

⟨𝐼|𝑟𝜌|𝐺⟩⟨𝐹|𝑟𝜎|𝐼⟩

𝜔𝐼𝐹+𝜔𝐿−𝑖𝛤𝐼
) 𝐼                                  [2.3] 

where 𝛼 is the molecular polarizability in the incident and scattering polarisation directions 

𝜌 and 𝜎 (71). 𝛴 is the sum of all possible vibrionic states that can occur due to the photon 

scattering, and 𝑘 is a constant, 𝐺 is the ground state, 𝐼 is an excited state, and 𝐹 is the final 

state. 𝑟𝜎 is the dipole operator and the integral ⟨𝐼|𝑟𝜎|𝐺⟩ is the process of mixing the ground 

and the excited state. The left hand integral, ⟨𝐹|𝑟𝜌|𝐼⟩, describes the scattering process from 

the excited state to the final state. These represent the mixing of the ground state with the 

excited state, then the excited state with the ground state. Since there is no reason that the 

mixing of states should start with the ground state the second set of integrals denotes the 

mixing of the excited states with the final state, and the initial state with the final state (71). 

The components of the denominator of the first fraction are, 𝜔𝐺𝐼 which denotes the energy 

difference between the ground and excited state, 𝜔𝐿 the energy of the laser, and 𝜔𝐼𝐹 the 

energy difference between the final state and the excited state. In the first case the closer 

the energy state I is to the energy of the laser the greater the contribution it will have as 

𝜔𝐺𝐼 − 𝜔𝐿 tends to 0. On the righthand side the denominator will always be much larger 

than 𝜔𝐺𝐼 − 𝜔𝐿 so the contribution from this will always be small. From this we see that an 

excited state will contribute proportionally more to the virtual state as its energy 

approaches the laser photon energy. 

Due to the differences between the denominators the second set of integrals will have a 

much smaller effect on the polarizability that the first set of integrals. A state that is close to 

the virtual state will have a greater contribution to the polarizability than one that is further 

away, this is factored into the denominator as a constant 𝑖𝛤𝐼. Since 𝑖𝛤𝐼 is much less than 𝜔𝐺𝐼 

we can see it will have a far greater effect on the left side fraction than the right (71). 



26 
 

Another important equation describes the rate of Raman scattering: 

𝐼 =  𝜎′𝐽𝑁                                                                   [2.4]  

where 𝜎′ is the Raman scattering cross section, 𝐽 is the irradiating power in W/m2, 𝑁 is the 

number of irradiated molecules, and 𝐼 is the Raman signal in watts per steradian. This shows 

two important dependencies for Raman spectroscopy (71). The intensity of Raman 

scattering is directly proportion to the number of molecules that are irradiated, and directly 

proportional the power of the excitation beam. The most important implication of this is: 

defocusing the beam to illuminate more of the surface does not increase signal from that 

surface as 𝑁 and 𝐽 both scale inversely to one another with the area of illumination as: 

𝑁 = 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 × 𝑎𝑟𝑒𝑎                                                          [2.5] 

Since laser damage is a real problem that limits the laser power density in a lot of 

applications this can directly limit the signal that can be generated and thus gathered by a 

Raman spectroscopy instrument (75). The direct relationship between number of molecules 

and signal strength also means that basic ratios between peaks heights can be used to 

determine the ratio of materials present in a sample. 

 

2.1.5 Raman band Shape 

2.1.5.1 Damped harmonic oscillator and Lorentzian peaks 

 

The implication of quantised band energies is that each band should be a single wavelength. 

Spectral contain broader features that can be modelled more accurately as some 

combination of a Lorentzian and a Gaussian peak. The fundamental cause of this broadening 

is the “instantaneous” nature of the Raman interaction (76). The total time that the bond is 

in an excited state is approximately 10-12 s. Given the inherent uncertainty of quantum 

mechanical configurations this causes a broadening of the peal: 

∆𝐸𝑖 ≥ ℏ 𝜏𝑖⁄                                                                 [2.6] 

where ∆𝐸𝑖 is the uncertainty in the energy band, 𝜏𝑖 is the mean time the bond is excited, 

and ℏ is the reduced Planck’s constant. The frequency of a photon is given by: 

𝜔 = 𝐸 ℎ⁄                                                                 [2.7] 
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where 𝜔 is the frequency and E is the energy of that photon. The frequency of a photon a 

given Raman band is caused by the change in energy from the excited state to the lower 

state so the uncertainty of the frequency is: 

𝛿𝜔 = ∆𝐸𝑖 ℎ⁄ =  2𝜋 𝜏𝑖⁄                                                        [2.8] 

From this we can see that as the time of interaction approaches zero the band broadens 

significantly (76).  

 

Figure 2.3 a) Damped harmonic oscillation b) the frequency distribution 𝐴(𝜔) obtained from 

the Fourier transform of 𝑥(𝑡) shown as the amplitude |𝐴(𝜔)|2. 

The excitation of the molecule can be treated as a damped harmonic oscillator. This is what 

leads to the Lorentzian components of the peaks. The damped oscillation, 𝑥(𝑡), with a 

damping constant 𝛾,can be described as the superposition of oscillations with different 

frequencies 𝜔 and amplitudes 𝐴(𝜔) : 

𝑥(𝑡) =  
1

2√2𝜋
∫ 𝐴(𝜔)𝑒−𝑖𝜔𝑡𝑑𝜔

∞

−∞
                                               [2.9] 

where the amplitude 𝐴(𝜔) can be calculated from the Fourier transform: 

𝐴(𝜔) =  
1

√2𝜋
∫ 𝑥(𝑡)cos (𝜔0)𝑒−𝑖𝜔𝑡𝑑𝑡

∞

0
                                       [2.10] 

where 𝜔0 is the central frequency of oscillation, in this case the frequency of the Raman 

peak (76). This can be integrated to give: 
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𝐴(𝜔) =  
𝑥0

√8𝜋
(

1

𝑖(𝜔−𝜔0)+ 𝛾 2⁄
+  

1

𝑖(𝜔+𝜔0)+ 𝛾 2⁄
)                                [2.11] 

The Real intensity 𝐼(𝜔) proportional to 𝐴(𝜔)𝐴∗(𝜔). Close to the central frequency, 𝜔0, the 

value of (𝜔 − 𝜔0)2 ≪  𝜔2, therefore the (𝜔 + 𝜔0) can be neglected. This means the 

intensity of the peak with respect to the frequency shift from the central frequency is: 

𝐼(𝜔 − 𝜔0) =  
𝐶

(𝜔−𝜔0)2+(𝛾 2⁄ )2                                                 [2.12] 

where 𝐶 is a constant to normalise the intensity such that: 

∫ 𝐿(𝜔 −  𝜔0)𝑑(𝜔 −  𝜔0)
∞

−∞
= 1                                           [2.13] 

where 𝐿(𝜔 −  𝜔0) =  𝐼(𝜔 −  𝜔0)/𝐼0. From this we get that the constant 𝐶 =  𝐼0𝛾 2𝜋⁄ . 

𝐿(𝜔 −  𝜔0) is called the normalised Lorentzian profile and has a full width half maximum of 

𝛿𝜔 =  𝛾 (76). This is shown in Figure 2.3b. 

2.1.5.2 Gaussian broadening 

As well as the Lorentzian structure of the vibrational modes there are other factors to 

consider. These factors typically introduce a Gaussian broadening to the peak. They are 

dependent on the samples that are being investigated, and the configuration of the optical 

microscope. In the gas phase there is often a significant Gaussian broadening caused by the 

Doppler effect. The apparent emission frequency of a molecule moving relative to an 

observer is: 

𝜔𝑒 =  𝜔0 +  𝒌 ∙ 𝒗                                                     [2.14 ] 

where 𝒌 is the wave vector of the emitted radiation and 𝒗 is the velocity vector of the 

molecule. When 𝒌 ∙ 𝒗 > 0 frequency increases and when frequency 𝒌 ∙ 𝒗 < 0 decreases. It 

therefore follows that it is only the velocity in the direction of the wave vector, what we will 

define as 𝑣𝑧, of the molecule that affects the frequency shift (76). 

At thermal equilibrium, the molecules in a gas follow a Maxwellian velocity disruption. This 

means that for any given temperature, T, the number of molecules with a velocity between 

𝑣𝑧 and 𝑣𝑧 + 𝑑𝑣𝑧 and energy level 𝐸𝑖, is 

𝑛𝑖(𝑣𝑧) =  
𝑁𝑖

𝑣𝑝√𝜋
𝑒−(𝑣𝑧/𝑣𝑝)2

𝑑𝑣𝑧                                             [2.15] 
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where 𝑣𝑝 is (2𝑘𝑇/𝑚)1/2 and N is the density of molecules in the energy level 𝐸𝑖. It can then 

be shown that the intensity profile of a Doppler-broadened spectral line becomes: 

𝐼(𝜔) =  𝐼0𝑒𝑥𝑝 [− (
𝑐(𝜔− 𝜔0)

𝜔0𝑣𝑝
)

2

]                                        [2.16] 

This has a Gaussian profile with a full half width of 𝛿𝜔𝐷 =
𝑠√ln(2)𝜔0𝑣𝑝

𝑐
 . It is worth noting 

here that in this form of peak broadening is linear with the frequency (76). Another form of 

peak broadening is caused by the laser, spectrometer, and microscope used to measure the 

peaks. Laser spots are typically Gaussian in shape following the equation 

𝐼(𝑟, 𝑧) =  𝐼0 (
𝑤0

𝑤(𝑧)
)

2

𝑒𝑥𝑝 [− (
−2𝑟

𝑤(𝑧)2
)

2

]                                     [2.17] 

where, 𝑤(𝑧) is the radius at which the field amplitudes fall to 1/e at a given height, 𝑤0 is the 

waist radius at zero, 𝑧 is the distance from the imaging plane, and 𝑟 is the radius from the 

centre of the spot. This beam shape is then propagated on to the spectrometer assuming no 

other spatial filters and will have a significant effect on the peak shape if not corrected. 

Mayerhöfer et al point out in there 2018 work that modern slit based spectrometers make 

mean that this consideration does not vastly effect the “goodness of fit” if a pure Lorentzian 

is fitted to a peak (77). With the spectrometer set up as described for use in chapter 3 

however our slit does not act as a spatial filter so these considerations must be investigated. 

When band fitting it is possible to combine both a Lorentzian and a Gaussian profile in two 

ways. Either as a linear combination or as a convolution of the two called a Voigt profile 

(77). While a linear combination of the two is computationally fast and will account for 

much of the discrepancy between the pure Lorentzian and the true, the Voigt profile is a 

much more accurate representation of the combined effects of energy uncertainty, peak 

broadening, and microscope effects. A Gaussian profile has a sharper centre peak and 

approaches zero much faster. In contrast the “wings” of a Lorentzian profile have higher 

intensity further out. 5 FWHM from the centre the Lorentzian profile has 1% of its peak 

intensity. 
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2.1.6 Confocal Raman spectroscopy 

Confocal Raman spectroscopy is used to maximise spatial resolution in Raman spectroscopy 

by focusing on a single, tightly confined point to localise the signal generated and detected. 

Confocal Raman spectroscopy takes advantage of high numerical aperture (NA) lenses and 

pinholes to highly localise the area from which the Raman signal is detected. A microscope 

objective with high NA focuses the laser beam to a small area. There is also a pinhole in the 

form of a slit at the spectrometer. This localised distribution of signal allows for high spatial 

resolution scans to be performed on samples as small as cells, though resolution is limited 

by the wavelength of light.  

 

Figure 2.4 shows that the beam is brought down to a point at z=0. This is the focal point. The 

beam width is dependent on the angle the lens focuses the light to and at z = 0, 𝜔0 is the 

spot size. This highly localised excitation spot is localised in the z direction as well as the x-y 

plane. This means that three dimensional structures can be imaged (78) by scanning the 

sample in all three dimensions. There is a limit to the depth that this method can scan into a 

material due to the Rayleigh scattering that photons undergo in a turbid material. This 

means the spatial resolution decreases rapidly as the depth increases. 

Figure 2.4: A schematic of a laser focused to the 𝜔0 is the beam width, z is the vertical 
distance from the focal point, 𝜔𝑧 is the width of the beam at distance z from the focal point, 
𝜃 is the angle made with the beam as if the beam width were 0. The red line is the outer 
edge of the beam and the black dotted line is the line from the centre of the beam at the 
focal point to the outer diameter of the lens. 

 

Each set of measurements taken in an x-y plane at a given height Z can be considered an 

optical slice of the material. These slices can be aligned and used to create a 3D image of a 

sample. Figure 2.5 shows a 3D map of an endothelial cell imaged using the area under the 
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2800-3020 cm-1 band at each point. These slices that are seen in part A are put together to 

generate the 3D image that is shown in part C and sliced in part D. While the spatial 

resolution of these images is very high, the volume that is imaged is less that 3 cm3 for the 

whole scan. Since each point in the 3D sample requires a Raman spectrum to be acquired 

this method does not scale up easily to large volumes even where scattering does not 

present a problem. 

 

Figure 2.5: a) Confocal Raman imaging-stack of an EA.hy 926 cell covering 16.7x34.1x4mm3. 

Integration map over the C–H band(2800–3020cm1 range), b) single spectra extracted from 

the same point in the maps (dotted line), c) a reconstructed 3D image seen from the top d) 

and a cross-section of the reconstructed 3D image (D). Taken from reference (79) 
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2.2 Diffuse Raman Spectroscopy   

2.2.1 Spatial offset Raman spectroscopy (SORS)  

While confocal Raman spectroscopy is used to maximise spatial resolution in Raman 

spectroscopy by focusing on a single, tightly confined point to localise the signal generated 

and detected, SORS uses the diffuse nature of light to build a depth profile for the chemical 

properties of a sample. The use of scattered photons means that SORS has the potential to 

be used to sample much larger volumes of material than the confocal method of three-

dimensional sampling. While confocal Raman spectroscopy can take advantage of non-

scattering medium to measure deeply through clear samples, SORS relies on the scattering 

to generate the photon paths. This means that in materials that do not scatter photons 

SORS will not work. This is most easily demonstrated by the fact that confocal is used on 

samples that are on a glass slide with no need for SORS to image the sample through the 

slide.  

Figure 2.6: SORS compared to conventional Raman microscopy, a) The spatial origins of the 

Raman photons that are collected from conventional Raman. b) The spatial origins of the 

Raman photons that are collected from a single offset during SORS.  
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As discussed in Section 2.1.1Error! Reference source not found., the vast majority of photon 

scattering events are Rayleigh scattering. Rayleigh scattering being the main form of 

scattering means that the light that scatters through the whole medium has the same 

wavelength as the excitation laser. The Raman signal can still be generated from scattering 

events that happen deeper in the material so any light that makes it back to the surface will 

contain the same chemical information. Figure 2.6 shows the distribution of Raman signal 

that is generated within a sample for two different configurations; traditional Raman 

spectroscopy (where the excitation and collection points are the same), and spatially offset 

Raman spectroscopy (where the light is collected from an offset). The colour of each node 

indicates the contribution of that node to the Raman signal detected at that collection point 

for the given excitation detection pair. The colour bars on Figure 2.6 show that the number 

of Raman photons collected is significantly higher for traditional Raman as there is the 

minimum average photon path of absorption. 

The scattering of the photons is dependent on the scattering and absorption coefficients of 

the materials as well as their concentrations. This means that rather than just reflecting 

chemical properties of the material, the Raman signal will be dependent on the structural 

and geometric properties of the sample (80). Raman signal propagation will follow the 

normal propagation of photon scattering as the vast majority of the scattering events that 

happen before and after the Raman scattering event are Rayleigh scattering (71). 
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Figure 2.7 a) The spatial origins of the Raman photons in a two-layer system where the 
blue/green region is a 2mm thick surface layer and the red/black region shows the 8mm 
thick sub layer. (Left) shows an 8mm offset, (middle) shows a 4mm offset, and (right) shows 
0mm offset Raman. b) The relative contribution of the two layers as defined by the total 
signal from the deep layer divided by the total signal from the surface layer against the 
offset of the detector from the excitation point. 

Figure 2.7 shows the difference between the excitation path for conventional Raman and a 

single offset variant of SORS. The simplest form of SORS is the use of a single offset 

collection point focused on some distance from the excitation point of the laser. This signal 

alone can be used to measure the contents of a container of known material as the signal 

from the other side of the boundary of the container will be relatively higher than that of 

material the container is made of. By the method of combining a single offset with a 0 mm 

offset, or conventional Raman, signal it is possible in some cases to separate the signal of 

the two materials in a simple two-layer system. This is because the surface layer dominates 

the signal in 0 mm offset and the difference between the signal of the zero and non-zero-

millimetre offset is the contribution from the deeper material. This can be seen qualitatively 

by comparing the subsurface layer from Figure 2.7a left and Figure 2.7a right.  
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With a single offset more information cannot be gathered. From this single point of 

information, it is not possible to determine exactly what concentration or depth a different 

material is without prior information. If the geometry of the system is known, it can still be 

possible to build an understanding of the concentration of separate materials in some cases.  

2.2.1.1 Diffuse Raman spectroscopy configurations 

Multiple methods exist for generating an offset between the excitation and collection 

points. These include using two objectives, using digital micro-mirror displays (DMD), mirror 

galvanometers, and optical fibres.  

As shown in Figure 2.8 the method of two objectives involves using a normal Raman 

spectrometer set up which can be used to take measurements with a single point. A second 

objective can be focused on a point some distance away from the excitation point. This 

creates an offset between the excitation of a normal traditional Raman set up and a 

collection point of the extra objective.  
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Figure 2.8: a) Schematic of the Raman spectrometer used in SORS and SESORS experiments. 

Taken from (81) b) Circular iSORS created with an axicon lens. Taken from (82)  c) Schematic 

of SORS system with DMD controlling. Note: DMD, digital micro-mirror device; NF, notch 

filter. Taken from (83)  d) A fibre optic probe with different fibres for excitation and 

collection. Taken from (84). 

 

The use of a mirror galvanometer before the objective and the dichroic mirror allows the 

angle of the laser to be adjusted so that the laser enters the objective not parallel to the 

normal line. This means that the laser point will be offset from centre at the sample. In this 

way a single point or a ring can be excited on the sample while light is collected from the 

centre. This configuration is called inverse SORS as the ring illumination is around a central 

collection point compared to SORS where the central point in used for excitation. 
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The other method for selecting multiple offset points is the use of fibre optics. Each fibre 

can be taken directly from the objective to the spectrometer. In this configuration the probe 

often uses different fibres to excite and collect signal so a true 0 mm offset may not be 

possible. While the efficiency of a fibre optic system has the potential to be greater than 

that of current DMD set ups, Figure 2.8d shows that a probe is often a solid body of metal 

with fibres attached in a fixed format. While this gives a very stable system, fibre optic SORS 

systems lack the flexibility of DMD-based SORS. 

Instead of creating an offset excitation point it is possible to select multiple collection 

points. This can be achieved by placing a DMD in the path from the sample to the 

spectrometer. By selecting small points on the DMD that are offset from the central 

excitation point artificial pinholes can be created to be reflected into the spectrometer, this 

is shown in Figure 2.7. This is the method that was selected for the initial experimental 

investigation undertaken in this thesis and will be discussed at length in chapter 3.  

2.2.1.2 Depth detection of chemical defects independent of their concentration 

Mosca et al showed that an estimation of the depth of an inclusion is possible in certain 

conditions using a method that is not dependent on the concentration of the material being 

measured (85). The scattering coefficients of a material is dependent not just on the 

properties of the materials but also the wavelength of the photon that is scattered. The 

extreme example of this is that x-ray radiation passes through the softer materials of the 

human body with hardly any scattering allowing clean and sharp images of the human 

skeletal structure, whereas visible wavelength photons are absorbed efficiently by just a few 

millimetres of skin (e.g., the eyelids) to reduce the visible amount of light close to zero. 

The relative absorption at different wavelengths changes less drastically in SORS, but across 

the range of approximately 100 nm, which is roughly the width of the fingerprint region at 

785 nm, there is enough of a change in absorption and scattering to measure depth in 

material. With a known material it is possible to calculate or measure the absorption of 

different peaks with regards to path length. By measuring the ratio of two peaks with 

significantly different absorption coefficients under normal Raman conditions a baseline is 

set. As that material fills a defect that is deeper and deeper into a bulk material the ratio of 

those two peaks changes further as the photons that have the wavelength with higher 
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absorption will be absorbed at a faster rate. The ratio of these to peaks can be used along 

with other known factors to generate a form of depth profile. 

Figure 2.9 The predicted depth against the log of the ratio of the two peaks used for the 
prediction model. Each colour denotes a defect at a different depth, each point is the 
prediction model of a single offset reading and the star is the prediction that considers all 
the predictions from the offset. This graph is taken from Stone et al. (85) 

 

The sample used to create figure 2.9 was homologous, and the defect was directly in line 

with the collection point. A model of the signal ratio to depth was created using multiple 

measurements at different depths. Each offset then can make a prediction about the depth 

of the defect. By combining the answers from multiple defects, they were able to increase 

the predictive power of the method; particularly combining SORS with another form of 

diffuse Raman spectroscopy, transmission Raman spectroscopy, improved accuracy further. 

As can be seen in Figure 2.9, each individual offset allows for some level of prediction. In the 

paper the authors combined measurements from multiple offsets to improve accuracy. 
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This method of detection of the depth of a material is concentration independent because it 

relies on the relative strength of the two peaks rather than the absolute values. Since the 

absolute values of the spectra are dependent on the chemical properties of the material 

rather than amount of the material, the depth of a defect of any concentration can be 

calculated using the same calibration model. 

There could be several ways to apply a spatially offset technique to Raman spectroscopy. It 

is possible to gather qualitative depth information, such as the detecting the existence or 

concentration of depth materials or suppressing unwanted surface signal. With the 

application of appropriate mathematical models, it may also be possible to use the above 

technique to build a quantitative understanding of a tightly constrained system, such as the 

concentration of a known material in a package of known size.  

2.2.1.3 SORS and Inverse-SORS 

There are two major forms of SORS that are typically used. The first is a configuration with a 

single illumination point and multiple collection points often arranged in circles around the 

central illumination point.  This configuration is designated SORS (Figure 2.10c). The inverse 

of this is to have a single central collection point and rings of illumination points. This is 

designated Inverse-SORS (Figure 2.10b). Both configurations have their benefits and 

disadvantages. 

 

Figure 2.10 a) A sample with a single excitation/detection point, conventional Raman. B) A 

ring of excitation points around a central detection point, inv-SORS. c) A ring of detectors 

around a central excitation point, SORS. 

Given the low efficiency of Raman spectroscopy as a detection method it is often preferable 

to have high powered lasers as the illumination source. Given that Raman microscopy 

requires the spot to be focused to get high spatial resolution this can often lead to high 
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power densities. The issue with high power density sources is that this can cause laser 

damage to the surface that is being imaged. To this end it can be beneficial to reduce the 

power density to reduce damage. Given that total Raman signal is proportional to the 

incident light it is preferable not to lower the power of the laser. Increasing the surface area 

of illumination point is the other option and this is what inverse-SORS does. By illuminating 

in a ring, the surface area of the illumination point scales with r2 of the illumination ring. 

Increasing the offset increases the number of detectors that can be placed on the surface. 

Since photon count noise is proportional to the square root of the number of photons, 

inverse-SORS has the potential to increase signal to noise proportional to the radius of the 

detection ring in the same amount of time. 

Depending on the configuration of SORS it is often possible to measure Raman signal from 

multiple offsets at the same time. A single point can be at the centre of a ring of detectors. 

Building another ring of detectors around the first does not interfere with the readings as all 

detectors are independent of each other. This can either be carried out using a DMD that 

we used or using concentric rings of fibres. These configurations mean that readings of 

multiple offsets can be parallelised to increase the time efficiency of readings. This can make 

up for some of the lost efficiency due to the smaller detection size. Taking readings from 

multiple offsets at the same time also brings other benefits and is the main benefit of SORS 

over inverse-SORS. In the case of inverse-SORS a full ring illumination means the light 

detected at the central point is detected all at the same time and in the same spectra as 

SORS. Multiple excitation points used at the same time will cause a combination of signal 

from the different excitation points at each collection point. To simplify the analysis of the 

spectra each ring offset is excited in turn. With SORS, however, the spectrum at each point 

is separate from the others. Due to this, with SORS, it is possible to multiplex the readings 

for multiple offsets at the same time.  

For applications in industry, which impose constraints on the measurement conditions, 

(such as a powder in a plastic bag), an inverse-SORS set up can be the better choice to 

maximise light throughput and simplify data analysis. Systems such as Agilent have created 

quick and powerful devices for the fast identifications of materials through bags, sacks, or 

thin-walled boxes. Our interest in SORS as a steppingstone to creating a diffuse Raman 

based imaging technique means that the benefits of radial resolution as well as the ability to 
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take several offsets at once are something that we are willing to sacrifice raw signal for. It 

may be possible to increase signal in two ways, firstly, the optimisation of parameters such 

as collection point distribution, and, more importantly, the utilisation of the full diffuse 

Raman illumination detection space. 

2.2.2 Simulation of diffuse spectroscopy. 

Simulation is a powerful tool for understanding diffuse photon paths. Figures 2.5 and 2.6 

showing the spatial distribution of the origin of Raman photons within a sample were 

created using NIRFast which is a numerical simulation tool that uses finite element method. 

Here we compare this method with the more tradition Monti Carlo method as shown in 

Figure 2.166. 

2.2.3 Monti Carlo Vs NIRFast 

2.2.3.1 Monti Carlo simulations  

Monti Carlo simulations are a branch of simulation that use randomisation to investigate a 

statistically significant collection of states of a system. Monti Carlo simulations are mostly 

limited to systems that aren’t easily described by mathematical equations with unique 

solutions. They have been utilised in several unique fields such as chess engines, 

meteorology, and financial analysis  (80).  

Monti Carlo has been applied to photon scattering for some time, both in astronomy where 

it is used to investigate light scattering in gas clouds and nebulas, and more recently to 

understand the scattering involved in spatial offset Raman spectroscopy. In its simplest form 

this form of Monti Carlo tracks a simulated photon through a scattering material. The 

photon scatters by moving a distance, changing the angle, and moving another distance 

until the photon has moved outside of the scattering material.  

The scattering distance is randomised across the same distribution of possible scattering 

distances. This is dependent on the scattering properties of the material and can be 

simulated by the equations: 

𝑆 =  −
log(𝑅𝐴𝑁𝐷)

𝜇𝑠+𝜇𝑎
                                                            [2.18] 

where S is the distance travelled by the photon and 𝜇𝑠 and 𝜇𝑎 are the coefficients of 

scattering and absorption (86). 𝑅𝐴𝑁𝐷 is a random number that is uniformly distributed 
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between 0 and 1. The new direction that the photon travels in in the simplest simulation is 

simply a random direction chosen from the even distribution around a sphere. More 

complicated and accurate models take into account the anisotropy of the scattering, ‘g’, 

which considers the effect of the material of the scattering direction of the photon. By 

simulating millions of photons or more, a representative sample of the possible photon 

paths can be generated, and this can be used to give insight into how the simulated sample 

responds.  

Layers of complication can be added to these simulations. For instance, for Raman 

spectroscopy more than a single wavelength needs to be simulated for a full spectrum to be 

generated. In order to simulate a spectrum, the relative quantum yields of the materials are 

needed. This can also vastly increase the number of photons that need to be simulated as 

simulating a full 1024-pixel spectra with the very low quantum yields that Raman has 

increases the possible vector space hugely  (80).  

This can be mitigated somewhat by treating each photon as a “packet” of photons where 

the assumption is made that any photon path will have a large number of photons that 

follow closely enough that path so that within the resolution of the system the paths will be 

effectively identical. By reducing the intensity of the excitation wavelength at each step the 

absorption of the photons won’t lead to lost information where a photon that is absorbed in 

the single photon simulation is simply deleted.  

At each step, an array of the intensity of the photon packet at each wavelength can be 

added to in the proportion of the Raman spectra of the material that the photon has 

scattered in. This way each step builds a Raman spectrum that will closely represent the 

spectrum that this sample would have generated with this combination of excitation and 

collection arrangements  (80).  

The strength of Monti Carlo simulations is that, once enough photons have been simulated 

to have reached a stable answer, all the morphology of the system can be simulated. The 

mesh for the arrangement of the materials and coefficients within the sample is limited only 

by the RAM of the system running it. Thin systems, or systems with a strong bias in the 

starting direction will be captured well by the rules of Monti Carlo.  
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The problem with Monti Carlo for SORS is that it does not scale well. As the offset that is 

being simulated is extended fewer and fewer particles reach the desired radius. This means 

that a longer and longer simulation needs to be run in order to saturate the probability 

space of possible photon paths to create a stable answer. The path length of each individual 

iteration cannot be scaled so a path length that is twice the distance takes on average twice 

as long to complete  (86). As this path length increases the system becomes less and less 

efficient. 

 

Monti Carlo Systems also have the problem of being potentially very computationally 

wasteful for simulating Raman systems. Any photon whose path takes it outside of the 

dimensions of the simulated sample is a photon that would be lost to the air in a real 

system. This means that that photon is deleted from the simulation and the computational 

time taken to follow that path of this photon does not contribute to the final answer of a 

spectrum at a given offset. This is true for any photon that leaves the sample in the imaging 

plane but at the incorrect offset from the detector, and it will not contribute usefully to the 

read out of the simulation. In this way only a very small fraction, less than 1% while 

simulating typical offsets in a Raman system, of the simulated photons will contribute to the 

spectral simulation. 

2.2.3.2 NIRFast 

NIRFast is a light diffuse simulation software package developed for near infrared 

tomography. It is a numerical system that is based a finite element method (FEM) (86). 

Numerical simulations are often much faster than Monti Carlo systems due to the 

limitations discussed in the previous section. The assumption that allows NIRfast to 

mathematically solve an analytical problem is the assumption that our system is outside of 

the diffuse limit. The diffuse limit is the limit at which the addition of successive photon 

scattering instances, the anisotropy of individual scattering event decreases in importance; 

at a sufficient number of scattering events the average direction of all the photons in the 

system is no longer dependent on the anisotropy of the scattering events. Instead of 

modelling each individual photon the model uses the diffusion approximation equation: 

−𝛻 ∙ 𝜅(𝑟)𝛻𝛷(𝑟, 𝜔) + (𝜇𝑎(𝑟) +
𝑖𝜔

𝑐𝑚(𝑟)
) 𝛷(𝑟, 𝜔) = 𝑞0(𝑟, 𝜔)           [2.18] 
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where and  µ’s and µa are the reduced scattering and absorption coefficient, 𝑞0(𝑟, 𝜔) is an 

isotropic source term, Φ(𝑟, ω)is the photon fluence rate at position 𝑟, and modulation 

frequency, 𝜅(𝑟) ==
1

3(𝜇𝑎+𝜇𝑠 
′ )

 is the diffusion coefficient and 𝑐𝑚(𝑟) is the speed of light in 

the medium at any point, defined by 
𝑐0

𝑛(𝑟)
, where n(r) is the index of refraction at the same 

point and c0 is the speed of light in vacuum (86). 

NIRFast uses a mesh which contains the spatial as well as optical properties of the material. 

This increases its scalability for use for large offset spatial offset the density of the mesh can 

be easily varied during set up. The total number of node points can be optimised for the 

combination of required resolution and the computing power available. 

 

Figure 2.11 a) the distribution of the number of scattering events that travel on a 10cm path 
through the material, simulated in a Monti Carlo simulation written for the purpose. B) The 
distribution of distance between scattering events using equation 2.18 and a 𝜇𝑠

′  of 10cm-1. 

The issue with dropping the anisotropy component and using the diffuse approximation is 

that short photon paths and the interactions through small inclusions in a simulated system 

may be less accurate. This possesses limits on the use of NIRFast to simulate a real system. 

Two factors about the systems we will apply NIRFast to will mitigate this problem. Due to 

the use of large offsets in SORS, photon paths will be of the order of tens of millimetres. 

Combining this high number of scattering events with the strongly scattering material of 

interest in these studies we can calculate the number of scattering events. 

a b 
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Typical scattering coefficients for biological materials such as fat and skin range from 

𝜇𝑎 =0.03–1.6 cm−1 and 𝜇𝑠’=1.2–40 cm−1 (86) with common values of 0.8 cm−1 and 16 cm−1 

respectively. From these values we can see that the mean scattering length is 0.06 cm. This 

scattering length means that there will be on average 165 scattering instances for a 10 cm 

photon path. A 10 cm path assuming a semi-circular path with no deviations would mean 

only a 1.5 mm offset. These numbers come from simulations of 100,000 scattering photons 

following the distance. The distributions shown in Figure 2.11. of 165 scattering events is 

enough to justify the diffuse approximation.  

One small drawback of a mesh based system is that the illumination distribution is limited to 

points on the nodes. The exact Gaussian distribution of the exciton beams cannot be 

simulated, excitation is simulated at individual nodes which will often have a large enough 

separation that the excitation any enamouring node is effectively zero. This precludes the 

simulation of highly confocal SORS, which is not something we do with our larger focal 

length lens. This can reduce the maximum spatial resolution that we can achieve with 

regards to separating different offsets. 

 

2.3 Spatial offset Raman Spectroscopy as a tool to study bone health. 

2.3.1 Traditional Raman spectroscopy as used in bone analysis. 

Raman spectroscopy has been used as a method to investigate bone quality for several 

years. This is because in the fingerprint region from 0-2000 cm-1 there are well defined 

peaks that characterise both the mineral and non-mineral components of bone while the 

high wavenumber region is dominated by lipid and water (86).  



46 
 

 

 

Figure 2.12 Baselined-corrected Raman spectrum of cortical bone acquired using a 785 nm 
laser. Major bone mineral and matrix collagen band positions and associated spectral 
regions are marked. (86) 

The strongest peak is the 960 cm-1 peak, as can be seen in Figure 2.12, which  corresponds 

to the phosphate band (86) and is characteristic of hydroxyapatite and other carbonated 

apatites. The exact position and width of the peak is dependent on properties such as the 

relative concentrations of monohydrogen phosphate and mineral carbonates, the 

crystallinity (87), and the mineral density (86; 88). The stronger the peak the greater the 

mineral density as we know from section 2.4 that Raman signal is directly proportional to 

number of molecules present. The relative concentrations of monohydrogen phosphate and 

carbonated apatites affects the peak position as monohydrogen phosphate has a lower 

wavenumber than the carbonated apatites which shifts the peak downward. 

Monohydrogen phosphate is present in higher quantities in young bone compared to older 

bone (89).  
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The crystallinity of the apatites affects the full width half maximum of the 960 cm-1 peak. A 

more regular structure within a crystal means that there will be less deviation in bond 

geometry so the excitation energies that the bonds can exhibit will be more similar. The 

result is that the full width half maximum is inversely proportional to the crystallinity of the 

mineral component (86). 

There is a secondary peak that links to the phosphates and carbonates which is made up of 

an overlap of peaks from each material.  This is the 1031cm-1 band from 𝐻𝑃𝑂4
−3, and the 

1070 cm-1 band from 𝐶𝑂3
−2. The relative heights of these two peaks can be used to 

determine the ratio of carbonate to phosphate within the bone.  

Most of the other peaks within the fingerprint region are indicators of the chemical 

components of the extracellular matrix that makes up ~30% of bone. The most used 

indicators are the bands assigned to the 𝐶𝐻2 deformation vibrations at 1445 cm-1 and the 

Amide I band which is characterised predominantly by the overlapping bands the 1660 cm-1 

and the 1690 cm-1 (83; 90). The 1660 cm-1 band is amide band related to the crosslink 

pyridinoline 𝜈(𝐶 − 𝑂) and the 1690 cm-1 peak is related to the immature crosslink 

dihydroxylsinonorleucine (91). The ratio of these two can be used as an indication of 

mechanical damage to bone (92) and it has been shown that the relative amounts of 

dihydroxylsinonorleucine reduces with age (93) which suggests its use as measure of the 

maturity of bone. The other peaks of interest are the amide III peak at 1242 cm-1, the 

proline and hydroxyproline peaks at 853 cm-1 and 876 cm-1. While most of the peaks are not 

collagen specific, the proline and hydroxyproline peaks are and can be used to specifically 

interrogate the collagen content of bone structures. 

Equation 2.4 shows us that the relationship between signal and chemical concentration is 

linear. This means that it is possible to measure the relative concentration of chemical 

species in a sample using just two peaks. An identifying peak is selected that corresponds to 

just one material in the sample for each chemical that is of interest. By comparing the 

relative intensities of the peaks against some known concentrations it is possible to work 

out the relative concentrations of the chemicals in the sample of interest. By selecting the 

960 cm-1 peak as a proxy for mineral content and one band of the soft tissue band typically 

the 1445 cm-1 or 1660 cm-1 band it has been shown that calcium content can be measured. 
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Cooper et al showed that multiple peak ratios have the potential to investigate multiple 

factors at the same time though this requires further study (94). 

 

2.3.2 Spatially offset Raman spectroscopy as applied to bone monitoring. 

Both fibre optic probes and DMD based SORS have been applied to bone analysis and with 

each method comes trade-offs. SORS can be used to interrogate several different principal 

indicators of bone health. These range from directly measuring physical quantities of the 

bone such as mineral and collagen concentration (95; 96), to attempting to create models to 

allow the prediction of bone strength directly from Raman spectra (97). 

In the application of bone monitoring the benefits of fibre optic and DMD based systems 

come with their own benefits and drawbacks.  A fibre optic probe allows for more flexibility 

in the choice of configuration when designing the initial experiment. This can be seen by the 

fact that fibres have been used to measure Raman spectra in a backscatter (98), 

transmission (99), and radial (100) configuration. Once these probes have been designed, 

they are fixed, which offers less flexibility as new samples come in or new questions present 

themselves. 

Liao et al showed that a DMD controlled by software could be used to select offsets and 

gather Raman spectra in a dynamic fashion (101). So far DMD based SORS has been limited 

to backscatter geometries for Raman signal collection though there is no reason to believe 

that the collection method would not be well suited to transmission Raman spectroscopy. 

Zhiyu et al discussed that the relationship between offset of the DMD and the spatial offset 

at the sample is proportional to the ratio of the objective lens and the lens that focuses onto 

the DMD (101). This relationship between the focal length of the objective and offset that 

can be achieved is one of the keys to the flexibility of DMD based SORS. This means that it is 

possible to achieve both SORS and micro-SORS with the same device by carefully selecting 

the Z position of the point of focus of the objective. Microscope objectives, with high 

magnification give high spatial resolution and allow for micro-SORS, and lenses with much 

larger focal lengths lead to much larger available offsets, allowing for SORS. 
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2.3.2.1 Surface signal suppression and spectra reconstruction.  

The application of SORS to bone detection was first shown in a paper by Matousek et al 

(102), where the bone in one human finger was measured. The measurement consisted of a 

fibre optic probe with a power density within the safe limit for human use. It compared two 

measurements: seven fibres at 0 mm offset and 26 fibres at 3 mm offset. The spectral 

region that was measured in the study was 800 cm-1 to 1800 cm-1 which encompasses the 

important peaks as outlined above. The study showed that when bone is at a depth of 

approximately 2 mm increasing the offset vastly increases the contribution of the bone to 

the total signal strength of the spectrum.   

Figure 2.13 SORS spectra for a zero and 3 mm offset from the measurement of human bone  

of the thumb in vivo. Spectra are offset for clarity. Spectra labelled “Δs = 0mm” is the Raman 

measurement of the surface material with a skin-safe laser power. The spectra labelled “Δs = 

3mm” is a measurement taken with a collection annulus with an offset of 3 mm offset (102)  

Figure 2.13 shows that it is possible to increase the contributions of bone signal by 

increasing the offset. It also demonstrates that a subtraction method could be used to 

estimate the spectrum of the underlying layer. This showed that SORS could be used as a 

method of measuring chemical composition of bone without a priori knowledge of the 



50 
 

spectral composition of the surrounding soft tissue. 

 

 

 2.12. By 

selecting the time gate carefully, it is possible to preferentially select the signal from one 

part of a sample over the others. In this case using a Teflon top layer and a lower PET layer 

they showed that time resolved spatially offset Raman spectroscopy creates a significant 

improvement in surface layer signal suppression compared to constant wave SORS. So much 

so that with a 5 mm offset and an 800 ps delay the signal from the second layer is twice that 

of the top layer (103). 

Further investigation of surface layer suppression combined time resolved spectroscopy 

with spatial offset Raman spectroscopy. As photon velocity is relatively constant within a 

material, we know that scattering path length and time of flight are directly proportional to 

each other. This means that the photons associated with Raman spectra from deeper within 

a sample will arrive later than the surface layer 
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2.3.2.2 Applying data analysis and multivariate analyses techniques to the spectra gather 

with SORS to maximise the spectral fidelity of the reconstructed spectra 

Methods of spectral reconstruction range from principal component analysis (PCA) and 

partial least squares (PLS), to more complicated methods such as band targeted entropy 

minimisation (BTEM). In 2014 Matousek et al used first a plastic phantom then a bone and 

soft tissue to test different methods for spectra reconstruction (104). They showed that in 

all methods that were tried, multivariate curve analysis (MCR), BTEM, and parallel factor 

analysis (PARAFAC), managed to reconstruct the spectra well enough to accurately 

reconstruct the phosphate-to-carbonate ratio to within 2%. The difference in methods came 

in reconstructing the Phosphate-to-amide III ratio which MCR produced 69% of a known 

reference measurement, BTEM reconstructed 275% and PARAFAC reconstructed 80%. They 

also showed that PARAFACT produced much lower noise in the silent regions of the spectra 

than BTEM. 

 

Figure 2.14 (a) Full-annular collection geometry for SORS spectra and Raman spectra 

captured on the spectrometer CCD; (b) Raman spectra corresponding to selected rows on the 

CCD, as indicated by 1, 2, 3, 4, 5. (c) Mean SORS spectra obtained by averaging the spectra 

from semi annular geometry (top) and full-annular geometry (bottom). Overlapped spectra, 

such as row 2 in (b), were excluded. Laser power: 14 mW, acquisition time 5 seconds. (101) 
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In 2016 Liao et al (101) developed a DMD based SORS system and tested it on plastics and 

biological materials. First demonstrating the potential of DMD based SORS to dynamically 

change the collection point geometries controlled by software (101). There was also a 

demonstration of multiplexing possibilities, by using a narrow pass filter they were able to 

place two spectra on the same channel of the CCD without interference between them that 

can be seen in Figure 2.15. They moved on to investigate biologically relevant materials. 

Regenerative medicine has been discussed in chapter 1 and monitoring the mineralising of 

scaffolds in a bone defect is one of the goals of our work. To investigate this possibility of 

this a phantom was created. First a layer of chicken skin was used as a surface layer, then a 

PGLA scaffold then hydroxyapatite powder. The powder was detectable through the 

scaffold and skin using an objective demonstrating the feasibility of using SORS in this 

capacity. 

 

Figure 2.15 . Illustration of the mirror pattern used in the discrete (a) and continuous (c) 
DMD patterns; (b) and (d) images on CCD corresponding to the discrete and continuous 
patterns. The sample used was a 3 mm thick PMMA sheet. For (a) and (c), the x, y axis are 
the indices of the micro-mirror array on the DMD chip; for (b) and (d) the x, y axis are CCD 
pixel elements of the detector. (83) 

Increasing signal to noise ratio would increase the fidelity of the recovered bone spectra. Cui 

et al (83) implemented a DMD based system that maximised the collection surface area. 

This was achieved by drawing a continuous arc instead of discrete points on the DMD. 



53 
 

Figure 2.15 demonstrates the difference in two styles of excitation distribution showing an 

increase in the surface area of 25% for the trade-off of a slight reduction in spectral 

resolution due to bleeding between rows. The paper also calculated a phosphate peak ratio 

with 1445 cm-1 𝐶𝐻2, 1660 cm-1 Amide III, and 1070 cm-1 𝐶𝑂3
−2 peaks, all of which increased 

with increasing collection offset. 

2.3.2.3 Depth estimation  

Measuring the position of a material of interest is almost as important as measuring the 

exact chemical properties of the material. A phosphate signal in breast tissue can be an 

indication of cancer but without spatial information to biopsy and then remove the tumour, 

the imaging method has limited practical use. Likewise, localising the signal to the edge of a 

healing bone fracture would help monitor healing without contributions from the bulk of 

the healthy bone surrounding. To this end there has been work on using the spectra 

gathered from SORS to predict the depth of a region of interest.  

In 2008, Macleod et al used PCA as a method for prediction of depth of different materials  

(105). This was done by creating an initial data set with Teflon covered by sheets of paper. 

The layers of paper gave a 100 micron step size for the Teflon depths from 100-1400 

microns and measurements at each depth was taken. Using the ratio of 730 cm-1 Teflon 

peak to the 1100 cm-1 surface peak a calibration was made. The calibration was successful 

up to a depth of 800 microns. Using root mean square error cross validation there was an 

error of 26 microns for the SORS depth prediction. This same method was then applied to 

bone using the 960 cm-1 phosphate peak to identify the bone and the 1450 cm-1 𝐶𝐻2 peak to 

identify the bulk material. This new calibration using PCA and PLS achieved a 0.3 mm error 

on depths up to 5 mm. 

Monti Carlo simulation has been used since the beginning of SORS to understand the 

distribution of photons generated within a sample during a SORS measurement. In 2005 

Parker et al published a paper simulating a single top layer and a semi-infinite bottom layer 

(106). They showed that for each offset, there is a different depth where maximum signal is 

generated. They also showed in their two-layer configuration that while increasing the 

excitation power by using a ring excitation increased the total signal measured, it did not 

affect the signal contrast as that is a function of the geometry. 
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Figure 2.16 Visualizations of spatial origins of Raman photons from Monte Carlo simulation. 

Each figure(a-d) shows the density of Raman photons with an origin in that spatial 

coordinate for four different scattering coefficients. The scale bar on the right shows the 

scaled weight of each point where 1 is the maximum concentration and 0 is no generated 

photons. (80) 

Further work by Di et al investigated the effects of scattering coefficient on photon 

distribution. They showed that the scattering coefficient can have a large effect on exactly 

where most of the signal is generated and then detected at a given offset (80). They also 

demonstrated that as the scattering coefficient 𝜇𝑠 of a sample increases, the spatial origins 

of the Raman photons become more and more localised to the excitation point, as can be 

seen in Figure 2.16. This shows the surface suppression effect may be more powerful in 

more highly scattering materials.  

2.3.2.4 Monitoring bone health 

As well as creating a mechanically stable framework for the body, parts of the bone are key 

producers of red blood cells. To this end when monitoring bone health, it is important to not 

just measure the structural components of collagen and mineral but also the internal 

structures of the bone such as the marrow (96).  While detecting minerals through thin 

layers of skin is possible, the 960 cm-1 peak is a strong peak which means it could obscure 



55 
 

information from deeper in the bone. Therefore, an investigation was undertaken to take a 

measurement through bone, which was achieved through thickness of bone up to 3.9 mm 

deep with a 7 mm offset (90). 

Investigation of both signal to noise and signal contrast was performed on bone and 

phosphate rich materials such as antler. By comparing the ratio of the 960 cm-1 peak to the 

730 cm-1 peak from Teflon placed at various depths under phosphatic layers, a greater 

understanding of through-bone measurement was built (107). This study showed that 

different offsets were optimal dependent on the depth of the PTFE. There was also a 

difference between the optimal offset for the different materials showing that different 

depths and different scattering properties effect optimal offset. 

2.3.2.5 Prediction of bone quality from spectral features 

Okagbare et al introduced a Raman tomographic setup that used a set of axially offset fibre 

bundles to take Raman measurements around the outside of a chicken leg (108). This work 

used a single excitation point and each fibre bundle contained five collection fibres. Similar 

work by the same group (109) also involved coupling each fibre bundle with its own 

spectrometer to improve the dynamic range of the measurements. These studies 

demonstrated the ability of SORS to accurately measure the 1070 cm-1 band which, allows 

for the monitoring of the relative concentration of carbonate. This capability has the 

potential to be used for the measurement of a small ~2 cm-1 shift in the position of the 960 

cm-1 which can be an indicator of the age of bone. This was cross validated with three 

samples with varying 𝐶𝑂3
−2 amounts as can be seen in Figure 2.17. This demonstrated the 

capacity of SORS to monitor biologically relevant spectral features through skin. 
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Figure 2.17 Transcutaneous Raman spectra acquired from rat leg. The rat leg models were 

constructed using carbonated hydroxyapatite with varied level of carbonate substitution. 

The expanded view of the spectra in showing the wavenumber range from 930 to 980 cm−1 is 

presented as an insert. (108) 

Using inverse SORS this capacity to measure the relative signals of phosphate and collagen 

was applied by Buckley et al to investigate the composition of bone of a patient with 

osteogenesis imperfect (OI), a form of genetic disorder affecting bone collagen (95). Direct 

Raman measurements were taken of an excised femur as well as SORS measurements 

through skin on both the hand and the arm. Through use of BTEM, spectra decomposition 

was performed and the mineral-to-protein (phosphate-to-amide III) ratio was compared to a 

healthy age-matched patient. The OI patient’s ratio was ~14% higher than the control and 

this increase was seen in both the SORS and exposed bone. 

Direct prediction of bone quality through soft tissue continued to be a goal of SORS. In 2018 

Shu et al used SORS combined with micro-CT as a reference standard (110). Using the bone 

from 24-week-old mice, measurements were taken both on excised bone and 

transcutaneously. Using a PLS leave one out validation method a calibration was created of 

bone mineral density (BMD) and maximum torque. Both the SORS and excised 
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measurement performed similarly well on the BMD achieving a 20% root mean square error 

cross validation (RMSECV). Larger offsets did not improve prediction of BMD though they 

did improve the prediction of maximum torque applied through the three-point test. 

 

Figure 2.18 A) Cross validation results for BMD prediction as measured with micro-CT for the 

prediction model using just the target layer and the top layer subtracted spectra. B) Cross 

validation results for maximum torque prediction as measured with micro-CT for the 

prediction model using just the target layer and the top layer subtracted spectra C) A figure 

showing the spectra from three offset take, their decomposition into components and then 

how a top layer subtraction is created. (111) 

In addition to multivariate techniques of spectral fitting, Chen et al reported a method of 

library fitting (111). Library fitting has been used in other applications where simple mixes of 

two or more unknown materials are present. By using an error minimisation function such 

as non-negative least squares the spectra from the library can be fitted to the recovered 

mixture. By finding the combination of spectra that best fit the spectrum of the mixture an 

accurate estimation of the components can be made (112). In the case of monitoring bone 

regeneration, there is a much narrower range of possible materials that need to be in the 

library. Berger et al showed that an over-constrained library can be used where the library 
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consists of two data banks (97). One data bank contains multiple spectra of bone and the 

other contains multiple spectra of soft tissue components that may be found in the sample. 

The multiple spectra are taken from a range of samples that should cover the extremes in 

variation in component concentrations that are likely to be found within the samples. By 

building a two-component fit using the library it is possible to accurately reconstruct the 

sample spectrum with some small residuals. Figure 2.18 shows that from this process three 

components are created, “top layer” consisting of soft tissue spectra, target layer of the 

bone, and the residual. Using the target layer spectra allowed the group to create a 

prediction model for both BMD and maximum torque (MT) (97).  

The authors postulated that the residual may hold information that was not within the 

target estimate. This is because it is entirely possible that the library does not contain all the 

possible variations in enough possible combinations for the library fit to accurately account 

for all important spectra variations. To test this idea, they compared the predictive power of 

just the estimated bone signal to spectrum, referred to as (t), they referred to as top layer 

subtraction (tls), Figure 2.18c shows is the combination of the bone estimation and the 

residual. This tls was able to predict both BMD and MT more accurately than the bone 

estimation alone. Figure 2.18 shows both the t and tls prediction dataset where in the BMD 

prediction t the RMSECV was 23.4 mg/cm3 and the tls RMSECV was 17.0 mg/cm3. For MT 

the RMSECV were 2.64 Nmm and 1.97 Nmm for the t and tls respectively. This showed that 

adding the residual to the prediction model caused a significant improvement in prediction 

for real qualities of bone health (111). 
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3 Chapter 3  
 

Instrumentation: design, development, and validation 
 

3.1 Experimental design 
The main aim of the thesis was to investigate whether Raman spectroscopy can be used for 

monitoring bone regeneration. The two main applications were: i) mineralisation of critical 

defect in large bones (Chapter 4); ii) development of the extracellular matrix in calvarial 

model (Chapter 5). To design a Raman spectroscopy system, it is important first to 

understand the samples that were measured as this affected the design process. 

3.1.1 Types of samples 

Bone growth and healing have multiple components that can be studied in many modalities. 

These conditions range from large bones such as the femur to subcutaneous scaffold inserts 

that will yield very low mineralisation levels (low concentration of HA). To make our system 

as applicable to biologically relevant samples as possible we started by working closely with 

members of the School of Pharmacy and School of Medicine, University of Nottingham. The 

first study investigated whether it was possible to measure the concentration of HA in a 

scaffold implanted in the head of a femur of a sheep. Phantom samples could then be built 

to simulate all stages during bone mineralisation following regeneration of a critical bone 

defect. The second study investigated the changes in soft tissue components using phantom 

and animal samples to ascertain whether it was possible to detect the early growth of 

collagen within a critical defect in a rat skull. 

3.1.2 Phantom construction - an overview 

A phantom sample is an object that is designed to mimic the optical properties of the target 

samples for imaging. These samples are designed to standardise the properties in a 

controlled way that allows for highly repeatable measurement to be taken using an imaging 

technique. This high degree of control of the sample means that the capabilities of the 

imaging system and data analysis can be evaluated. 

In both studies undertaken we produced phantom samples of biological systems that were 

of interest to us. To build these phantoms it was important to understand the optical 

properties of the materials present in the systems they were mimicking (113).  
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3.1.2.1  Design considerations for skin and fat facsimiles in phantoms. 

It is possible to mimic the optical properties of skin and fat in several different ways (114). 

One popular method involves mixing a gelatine base with different materials to match the 

optical properties of the target (114). There has been a fair amount of work done by people 

such as Pogue et al (115) where polystyrene micro beads were mixed into the material. The 

density of polystyrene beads needed for the correct optical properties had been 

characterised (115) as has adding fluorophores to mimic the background fluorescence in 

skin from sources such as blood (115). In the case of phantoms for optical experiments 

involving diffuse Raman there is another consideration: the relative Raman scattering cross-

section and concentration of the chemical of the defect being investigated compared to the 

confounding factors such as surface layer skin.  

For these reasons it was decided against these methods in favour of using a biological 

substitute. The substitute in the case of the sheep study was pig skin and fat that was taken 

from pork belly sourced from the local supermarket (Sainsbury’s). Pork skin and fat was 

used for several reasons. First, the belly fat allowed us to cut a single sample that was up to 

8 mm thick with skin attached. Second, the high levels of homogeneity in the fat layer of 

pork belly increase the reliability of the measurements taken through it and third, pork belly 

is much easier to source in large quantities and much cheaper than lamb skin. In the case of 

the phantom built to mimic rat skulls this was not an appropriate material and instead 

chicken skin was used as the skin and fat layer to mimic the skin covering the rat skull. The 

chicken skin was taken from the leg of a chicken as this was found to have the same 

thickness as the skin covering a rat skull (approximately 1 mm) (116). 

3.1.2.2 Design considerations for bone facsimiles in phantoms. 

As well as skin and fat, the next material that needed to be mimicked was bone. The first 

consideration of the bone phantom was that it was necessary to differentiate between the 

signal from defect and that from the surrounding bone. To facilitate this, a material with 

two characteristics was required - similar optical properties to bone, and a clearly 

differentiable Raman signal for hydroxyapatite (HA). Teflon fit both criteria (117) with the 

benefit that the largest peak at 734 cm-1 is at a lower wavenumber than the range of 

interest. This meant that Teflon could be used to build a phantom of the healthy bone 

surrounding the defect. When HA and collagen are added to these defects it is easy to 
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differentiate the signal that is directly from the defect using the chemical signature of those 

materials without needing to account for the signal that would be from the surroundings. 

It was also possible to construct a phantom for bone that mimics the changing 

concentrations of mineral and extracellular matrix throughout the healing process. As 

discussed in section 1.2.2, the principal components of bone are collagen and 

hydroxyapatite. The concentrations change based on the phase of bone healing, with an 

initial growth consisting almost entirely of collagen and then later an increase in 

mineralisation which is mostly hydroxyapatite. By mixing powdered forms of both materials, 

it was possible to create samples that approximated the major spectral qualities of bone, in 

the 960 cm-1 phosphate peak for the HA and the majority of the collagen peaks as described 

in Chapter 2. These are not perfect analogues as there is no cross linking formed to create 

the collagen structures, the hydroxyapatite also is very pure and as such does not have the 

ranges of carbonate that causes the changes that are seen in the spectra that are discussed 

in Section 2.3. This could limit the ability of phantom studies when attempting to detect 

variables just as bone age or carbonate concentration within the bone. 

3.1.2.3 Phantom design for the sheep model 

Porous scaffolds of polycaprolactone (PCL) and HA were 3D printed to build phantom 

samples for mimicking the bone regeneration in a critical defect. The ability to print HA 

directly into the scaffold meant that it was possible to mimic mineralisation into the defect 

by increasing the concentration within the defect. This meant that healing pathways could 

be modelled and mimicked in a study.  
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Figure 3.1 a) Schematic of a scaffold within a bone defect, b) schematic of the phantom 

mimicking the defect using Teflon as a bone replacement, c) configurations of the PCL/HA 

scaffold configuration for the depth profiling measurements, and d) schematic of the two 

PCL/HA scaffold configuration for the growth simulation measurements. 

To create a phantom that would be suitable for testing the efficacy of the apparatus, a 

phantom that mimicked scaffold in a long bone, such as the femur, was built. This phantom 

design consisted of a 40 mm x 40 mm x 30 mm Teflon block with adjustable sides to account 

for some variance in the printing process of the scaffolds, Figure 3.1. The Teflon block was 

large enough to simulate the head of the femur or other similarly large mass of bone. The 

defect, which was a 10 mm x 10 mm x10 mm cube, mimicked the size of defect that was of 

relevance to the literature (44). The scaffolds were modular to allow use to easily test 

different configurations of scaffold and hydroxyapatite distribution. Two configurations 
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were used. A simple set of five 2 mm thick layers that allowed us to place a single HA doped 

layer at any desired depth between 4 mm and 12 mm from the surface to assess the depth 

penetration of our method. The second configuration created concentric layers to allow us 

to mimic the bone healing pathway. 

3.1.2.4 Phantom design for the monitoring of collagen in a rat cranial defect 

I used phantom samples and animal skulls to expand our investigation into the detection of 

collagen concentrations within bone, which are at a much lower concentration with a 

corresponding weaker Raman signal than skin and fat. For this reason, rat skull bone growth 

was investigated. Rat skull has a relatively thin layer of soft tissue that would generate a 

large amount of signal masking the important Raman signal from the defect. The defect was 

a 3 mm radius hole drilled into the centre of the skull. As the number of animals was limited, 

for the phantom, chicken thigh skin was used instead of rat skin as the thickness is similar, 

and a 1.5 mm thick Teflon sheet was used in place of the skull, with pork adipose tissue 

placed behind it to mimic the scattering effect of the brain. Figure 3.2 shows how the 

phantom and biological sample are similar. Where the light source is incident on the skin at 

the point directly under the centre of the defect. 

Figure 3.2 a) The defect shown in a rat skull with the skin peeled back for access to the space 

to add a sample. b) the schematic of the phantom used to mimic the rat skull. The red arrow 

indicates the excitation beam and the blue arrow indicated Raman signal collected at an 

offset from the exaction beam. 

In the rat skull defect bone formation was mimicked in its two components, the soft tissue 

formation of the extracellular matrix with collagen powder and the mineralisation of bone 

using HA powder as our mineral source. By mixing these two powdered materials in a mould 

the concentration of collagen and HA within the defect was accurately controlled. The fine 
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control that this method allowed was used to create implants that mimicked the early, mid, 

and late stages of bone healing.  

 

3.2 SORS Instrument design 

3.2.1 Comparing SORS and inverse-SORS as a method for collecting spatially resolved Raman 

spectra. 

The multiple collection points of SORS has the possibility to encode different spatial 

information in each collection point. The chemical and geometric composition of the sample 

directly between the excitation and collection point has the greatest effect. Figure 3.3 

shows how the signal is distributed for a sample with multiple excitation or detection points. 

Figure 3.3b shows the signal at each collection point. The inv-SORS has a much larger total 

signal than any of the individual collection point of the SORS set up though there is only one 

measurement compared to twenty separate signals from each of the detectors for SORS.  

Figure 3.3c and d both show how the signal from within the sample contributes to the signal 

at the detector for each pair of source and detector. Figure 3.3c shows the distribution for 4 

of the detectors each at the cardinal directions, Figure 3.3d shows the single detector at the 

centre. Figure 3.3c shows there is a clear directional bias in signal towards the detector that 

is in line with the sample. This can be seen in Figure 3.3b where the four detectors are 

labelled with the signal each point detects. This distribution of signals can give a strong 

indication of the direction of the region of interest (ROI) from the excitation point.  

Figure 3.3 d shows that there is a clear bias in the distribution of light generated in inv-SORS 

the single detector has no way of focusing in on this direction as only a single point 

measurement has been acquired. This means that each individual inv-SORS reading lacks 

directionality. 

 In terms of raw signal, Figure 3.3b shows that the signal at each SORS collection point is 

significantly weaker than that of inv-SORS, ranging from at most 0.255 to 0.000424 (to 3 sig. 

fig.). This means that an inv-SORS measurement has the potential to be much faster if only a 

single measurement is needed. This faster measurement speed could allow for multiple inv-

SORS measurements with different centres to be taken and used to triangulate the position 

of the ROI. SORS can achieve the same result by summing the spectra from each offset. 
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Figure 3.3 : a)i) A 20x20x20mm sample with a SORS configuration, the red triangle is the 

excitation point and the blue triangles are the collection points. ii) A 20x20x20mm sample 

with an inv-SORS configuration. The red triangles are the excitation points, and the blue 

triangle is the central collection point. iii) A cross section of the sample along the y = 0mm 

plane which shows a region of interest in white against a background of the black material. 

b) A bar graph showing the log of the signal from the ROI at each of the collection points for 

SORS (blue), inv- SORS (red), and the summation of all the blue spectra (green). c) 

Distribution of the nodes that contribute at least 10% of the signal from the region of 

interest for the SORS set up. d) Distribution of the nodes that contribute at least 10% of the 

signal from the region of interest for the inv-SORS set up. 

3.2.2 DMD-based SORS 

For this study, a digital micro-mirror device (DMD)-based SORS was developed. The DMD 

allows rapid reconfiguration of spatial offsets. This flexibility in setting the spatial offsets 

enables optimisation of the choice for light collection points for each of the samples 

included. The DMD-based system uses the projection of the sample plane onto a digital 
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micro-mirror display (DMD). This display allows us to select in software the points of the 

sample that will be projected onto the spectrometer with all other light diverted to the 

inspection camera. It is the lenses between the sample and the DMD that affect the 

magnification and efficiency of the system. 

 

 

Figure 3.4 a) A schematic of the sample plane and DMD shown with focusing lens. b) A 

graphic demonstrating the configuration of the mirrors in a DMD with the laser direction 

selection demonstrated 

Figure 3.4a shows the most basic principle of a DMD based SORS system, both the sample 

plane and the DMD have a focusing lens set so that they are each at the focal point of the 

lens. Therefore, the sample plane will be projected directly onto the DMD which will allow 

for a one-to-one mapping from the sample to the DMD. This means that selection of a point 

(micromirror) at the DMD will select a single point on the sample. In this way offsets can be 

selected dynamically.  
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Figure 3.5 The spectrometer set up used to acquire the results discussed in later chapters. 

DCM is the dichroic mirror, 𝑓0-𝑓3 are the four lenses used in the system. Diagram is not to 

scale. 

Figure 3.5 shows a schematic of the experimental set up. It starts with the excitation laser 

that is reflected to the sample by a dichroic mirror and focused on the sample by the 

objective lens 𝑓0. The light is then collected by the same lens and is parallel through the 

dichroic mirror and on through two mirrors to be focused by the lens f1 onto the DMD. From 

there the DMD selects the reflection direction to direct either to the inspection camera, 

where the light is focused by the secondary lens, or towards the spectrometer. The signal 

that is reflected towards the spectrometer is collected by the lens f2 and then is refocused 

into the spectrometer by lens f3. All of this is mounted on Thorlabs cage mounts. The set up 

was built entirely around the DMD to achieve a highly adaptable system with which the user 

could dynamically change the collection point configuration in software.  

 

3.2.3 Instrument design  

To make informed decisions about the correct choice of components, it is important to 

understand the underlying theoretical elements that determine the performance of the 

instrument. 

A DMD based system relies on the projection of the sample surface onto the DMD to select 

the collection points. The magnification of this system is then: 
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𝑚 =
𝑓1

𝑓0
⁄                                                                        [3.6] 

where 𝑓1 is the focal length of the lens focused on the DMD,  𝑓0 is the focal length of the 

objective lens, and 𝑚 is the magnification. This gives a linear relationship between the 

position of the collection points on the DMD, and the offset selected at the sample. This 

Equation is: 

∆𝑥 = 𝑆
𝑓0

𝑓1
⁄                                                                 [3.7] 

 

where 𝑆 is the distance of the collection point from the excitation point on the DMD and ∆𝑥 

is the offset at the sample. In this way the lens selected is governed more by the size of the 

DMD and the desired offset than maximising spatial resolution. 

Larger optics were favoured for this set up for several reasons. To achieve larger offsets, it is 

necessary to increase the focal length of the objective lens, 𝑓0, as seen from Equation 3.7. 

With very large offsets field of view must also be accounted for which forces even larger 

focal lengths. A larger lens helps to collect more of the light from the sample which is 

particularly useful with larger focal lengths. Another problem to solve with DMD-based 

SORS is the long path length of the laser which leads to the loss of light as not all the light is 

collected and focused onto the DMD by the lens 𝑓1. The Equation for the relationship 

between offset of a collection point angle the parallel light makes to the normal of the lens 

is: 

 

∆𝑥 = 𝑓0tan(𝜃)                                                  [3.8] 

where 𝜃 is the angle the light makes with the normal of the lens. Since the path length is 

often a significant distance relative to the angle, light is lost due to the light not fully 

overlapping with lenses in the beam path.  
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Figure 3.6 a) A line diagram showing the path of light from a point on the focal plane offset 

from the centre through an objective lens to the lens that focuses onto the DMD. The focal 

points shown are for the objective lens. b) The overlap between the second, DMD, lens and 

the light that is collimated by the objective lens. 

 

Figure 3.6 demonstrates that even though an offset may be within the field of view of the 

optical system design the lens choice has led to a large loss of light and therefor a low 

efficiency for the system. Increasing the lens size increases the efficiency. The amount of 

overlap that the light from a certain offset is calculated at: 

𝑑 = 2𝑅 − 𝐿𝑝𝑎𝑡ℎtan(𝜃)                                                  [3.9] 

 

where 𝑑 is the overlap as shown in Figure 3.6b, 𝑅 is the radius of the lens, and 𝐿𝑝𝑎𝑡ℎ is the 

distance between the objective lens and the DMD focusing lens as shown in Figure 3.4. 

From the overlap, assuming the light from the first lens and the second lens are both circles 

of equal size the amount of overlap between the two is: 

 

𝐴 = 2𝑅2 cos(𝑑
2𝑅⁄ ) − 𝑑

2⁄ √4𝑅2 − 𝑑2                                 [3.10] 

where 𝑑 is the overlap between the area of the lens, and 𝐴 is the projected area of the 

sample plane. The ratio of 𝐴 to the total area of the lens used is the amount of light that is 

transmitted in an ideal set up with a uniform flux across the entire area of the lens. 
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Figure 3.7: a) Overlap of the two areas against path length for lenses with different focal 

lengths and offsets, and b) the proportion of light that is collected by the lens when the 

centre of the projected area is offset by a distance d. 

Figure 3.7a shows that for any given focal length lens the overlap decreases as path length 

increases. It also shows that increased offsets also increase the rate that the overlap 

decreases with increased offset. This comes from Equation 3.8 where a larger offset means 

a larger angle for the parallel light. Figure 3.7b shows the overlap between the projected 

light and the second lens as a ratio of area of overlap against area of total. As this is 

dependent on d, equation 3.10, an increase in path length decreases the total area of the 

overlap. Figure 3.7b also shows that larger offsets lose signal at a significantly steeper rate 

than smaller offsets.   

The objective lens and the DMD lens in our setup were set 1000 mm part. This length 

allowed us to use the full range of the DMD within the field of view of a 100 mm focal length 

objective lens. Using the small angle approximation with a 2-inch (50.4 mm) diameter lens, a 

75mm focal length objective lens, and a 5 mm offset there is no overlap between the 

projected light and the DMD lens, which means no light is collected. 

Two other factors in the efficiency of the system should be considered: the numerical 

aperture of the objective used, and the detection pattern on the DMD. The effect of the 

numerical aperture of the objective lens affects the solid angle of light collected. Since all 

lenses used in our experiment were diameter 50.4 mm diameter set into a Thorlabs cage, 

the shorter the focal length the higher the percentage of light was gathered. 
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With a DMD setup the collection area can be maximised by drawing a full semicircle of 

collection points around the circumference of a circle with radius ∆𝑥. This means that the 

collection surface area can be approximated very closely as: 

 

𝐴 = 𝑤𝜋∆𝑥                                                                      [3.11] 

where 𝑤 is the width of the collection annulus, and 𝐴 is the area of the collection annulus, 

so there is a linear increase of collection area with increase in offset. In a perfectly 

symmetrical geometric configuration signal collected will be proportional to the collection 

area as the light will scatter the same distance from the excitation point, through the ROI 

and to the surface where it will be emitted in a uniform manner. It should be noted though 

that if this symmetry is broken, by having the ROI closer to one part of the annulus than the 

rest, the signal from the ROI will not increase proportionally with additional collection area. 

Since symmetrical samples are very common, and both of our studies focused on samples 

with a high degree of symmetry, this is still an important factor. 

By combining all these factors together, it is possible to estimate the efficiency of different 

setups. By comparing the efficiency of each setup across the width of offsets that they allow 

the user can make decisions on the choice of objective lens for a given sample, once the 

desired offsets are known. 

With the width of the DMD being 8.8 mm, to fit both the 0 mm offset and the theoretical 

maximum on the same configuration the minimum focal length of the DMD lens must be 

175 mm. This value was reached by rearranging Equation 3 to get: 

𝑓1 = 𝑆
tan(𝜃𝑚𝑎𝑥)⁄                                                               [3.12] 

where 𝑓1 is the lens at the DMD, 𝑆 is the offset on the DMD, and 𝜃𝑚𝑎𝑥  is the maximum angle 

that the Raman signal from lens 𝑓0 can be incident to the lens with an overlap. By 

substituting the known size of the DMD and maximum angle 𝜃𝑚𝑎𝑥  from the known path 

length and Equation 4 a lower bound for was 𝑓1 calculated. This distance is just smaller than 

the minimum focal length that can be used when considering the physical constraints on the 

arrangement of two lenses focused on the DMD. Thus, a DMD lens (𝑓1) with 200 mm focal 

length was selected. By aligning the 0 mm offset point to close to the edge of the DMD, the 
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largest spatial offset achievable with a 100 mm focal length objective lens (𝑓0)  was 4 mm. 

Below is a table for some important landmark offsets and the relative loss due to offsets at 

each off the lens. 

 

 

Figure 3.8 Each line corresponds to the relative signal collected using a given lens compared 

to the maximum signal that is emitted from the surface of a sample. Each lens (𝑓0) are 

paired with a DMD lens (𝑓1) of focal length 200 mm. 

A contribution not calculated for the table but that must be considered is the configuration 

of detection points. The main strength of the DMD shows itself here by allowing the change 

of the configuration of detection points during a set of measurements. With a larger offset 

there is a relative gain in the number of detection points that can be placed along this 

radius, which helps to counteract the signal loss from light diffusion in the medium as shown 

in Equation 3.11. Since the collection point in each vertical position can be changed 
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independently it is possible to counteract this disparity in signal collected by biasing the 

selection of offsets toward those offsets that lack signal. If the measurement of multiple 

offsets is done concurrently a higher proportion of the channels can be dedicated to the 

larger offset over the course of the integration time. 

Table 1 A table of the offset and theoretical efficiency at a sample of values for offset at the 

DMD (S) for selection of 2-inch lenses that were available to us. The “Lens” column shows 

the focal length of the objective lens used “S” is the distance on the DMD, ∆𝑥 is the offset at 

the sample and “𝜀” is the proportion of Raman signal that leaves the surface of a sample 

that readings the DMD. 

Combinations of different offsets can be used to maximise the effective signal from each of 

the offsets of interest. Each larger offset allows for a larger number of collection points 

placed along the circumference of the arc drawn at that radius which means that total light 

collected does not drop off as quickly in DMD-based SORS as it does in single illumination 

and detection-based SORS.  

3.2.4 Comparing different configurations of collection points drawn on the DMD 

Signal to noise ratio is a key factor in the quality of Raman spectra. Due to the attenuation 

of light that occurs between the excitation and collection point, raw signal is often much 

weaker in SORS than conventional Raman spectroscopy, so multiple different methods are 

employed to increase signal to noise ratio. Circular SORS utilises a ring of detectors to 

increase the detection surface area. The signal from these collection points is summed to 

create a single spectrum with greater signal. In a DMD-based signal each offset can be 

measured repeatedly with only collection points that correspond to a single offset used for 

each Raman measurement.  
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Figure 3.9 a) The configuration of points where only the collection points for a given off of 

0mm to 4mm where turned on, red triangles are the point of excitation and blue circles the 

collection points, b) the configuration of points where each channel that can be used for a 

given offset is used and all the other unused channels are turned on, c)  The configuration of 

collection points that were chosen to most evenly distribute the signal collected at each 

offset  

Different offsets will have different signal strength that will depend on the scattering 

properties of the sample material. The major strength of DMD-based SORS is its 

programmability and flexibility. An approach to signal collection was therefore posited 

where collection point distribution would be selected to improve the signal to noise ratio, 

Error! Reference source not found.. 
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Error! Reference source not found.a shows that the smaller offsets do not completely fill 

the possible space on the CCD due to the maximum height above the centre point being 

limited to the offset currently being measured. Since the entire CCD is always on, it is 

possible to gain time by filling as much of the vertical space as possible with larger offset 

while smaller offsets are also being measured. Error! Reference source not found.b shows 

that these channels can be always left on to collect more signal. From there it is possible to 

optimise the use of the extra channel by taking the theoretical signal gathered at each 

collection point and selecting a set of configurations create the signal profile that is desired. 

In the case of Error! Reference source not found.c the collection points were selected to be 

most evenly distributed across all five offsets. 

Figure 3.10  A bar chart showing the relative signal collected for each offset distance from 
0mm to 4 mm for the three different configurations from figure 3.9, a, b, and c when the sets 
of points are taken as a whole. 

Figure 3.10 shows that significantly more signal is collected for all the offsets apart from the 

largest when the extra channels is used. This value was greater than double. This shows that 

utilising the extra channels can not only increase signal gathered, which will decrease 

integration times, but also increase the specificity of the configuration to the sample that 

was being measured. It was this method that was carried forward into the second paper 

(118) where detection of collagen would pose a far greater challenge than the 

hydroxyapatite detection of the first paper. This method also opened the possibility of hand 

crafting patterns or dynamically changing the offsets based on incoming data from earlier. 
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This could be weighted towards certain offsets, for instance increasing the signal to noise of 

the 0mm offset collection point would give sharp and clear spectra to be used as subtraction 

see (Chapter 4). 

3.2.5  Choice of laser wavelength 

The choice of laser wavelength illustrates the inherent trade-off for Raman spectroscopy in 

biological materials. The longer the wavelength the lower the fluorescence background is 

generated. This increases signal to noise ratio of the Raman spectra and reduces the chance 

of mathematical errors in background subtraction. As discussed in Chapter 2, however, the 

intensity of Raman light is inversely proportional to the fourth power of the excitation 

wavelength (Equation 2.2) this means that significantly less signal is generated as the 

excitation wavelength increases. Balancing these two factors becomes the first question 

when a new Raman system is being built, where the materials that are to be studied will 

guide the selection of excitation wavelength. In systems where high spatial reposition 

mapping is important, such as those systems involved in cell studies, the diffraction limit is 

also a consideration. 

In previous work by our group a 532 nm laser had been used as the excitation source (101). 

While these 532 nm lasers are used often in Raman spectroscopy, they have limitations in 

their application to biological systems. Most tissue is highly fluorescent under excitation 

with green light and throughout most of the visible spectrum with the fluorescence 

decreasing into the NIR and IR wavelength range (119). For this reason, 1064 nm lasers 

would seem to be a promising solution when fluorescence is the main source of noise. 

These systems are still more expensive and lower efficiency than VIS -NIR due to the low 

demand for these systems in general, though advances are being made. The significant 

reduction in signal for increasing the wavelength of the excitation beam caused by the 

dependence of Raman intensity on excitation wavelength is also a significant barrier to the 

use of very long excitation wavelength sources. For these reasons 785 and 830 nm 

wavelength lasers remain the predominant lasers used in the biological setting (119).  
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Figure 3.11 The scattering coefficient of multiple samples of tenderloin across the NIR 

wavelength, each plotted line represents the scattering coefficient of a different sample. 

(120) 

The absorption profiles of porcine tissue (120) present in Figure 3.10have minimum values 

at approximately 830 nm. While it is tempting to select this wavelength for the Raman 

spectrometer, the distribution of the shift of the Raman photons across the fingerprint 

region need to be considered, along with the relative importance of each of those peaks. 

Our range of interest is roughly 700-1660 cm-1 with the main collagen bands in the 800-900 

cm-1 region, the phosphate peak from hydroxyapatite at 960 cm-1, and the 𝐶𝐻2 and 𝐶 = 𝐶 

stretch from proteins and fats at 1450 cm-1 and 1660 cm-1 being the most important bands.  
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Table 2 A table comparing the wavelengths of important Raman peaks for biological 

samples with 785 nm and 830 nm wavelength. 

Table 2 shows that the 785 nm excitation bring most of the fingerprint region into the 

lowest range of scattering coefficient. While the laser itself will be more attenuated it was 

judged that this wavelength would offer a good compromise between Raman signal 

generated within the sample, attenuation of that signal, and efficiency of the camera. This is 

close to the 790-810 nm range suggested by Matousek and Stone in their paper discussing 

the effect of wavelength on signal in diffuse Raman (119). 

 

Figure 3.12 The quantum efficiency of a number of CCD coatings available from Andor, a 

supplier of spectrographic CCDs (121). 

Another factor is the quantum efficiency of the camera at detecting the photons across the 

spectrum. These values are published by the CCD production companies and different 
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coatings can be used to increase the efficiencies at different wavelengths. The iDus 420 is a 

typical camera for the NIR range and comes with a selection of coatings. Above is the 

quantum efficiency graph of this camera across the UV-VIS-IR spectrum from the Andor 

website (121). Figure 3.11 shows that quantum efficiency drops rapidly beyond a 

wavelength of 900 nm. 

Given that the goal of this PhD was to develop a Raman spectrometer optimised to 

investigate biological samples, a longer wavelength laser would be preferable. In our case 

we also must consider the scattering properties of our materials at the wavelength of our 

laser and our Raman signals. It has been shown that Raman signal through a material is 

proportional to the reciprocal of the absorption (120). Maximising total signal will then be a 

balance between a number of factors including the reductions in signal from the fourth root 

of the wavelength, the quantum effect of the DMD, the quantum effect of lens and 

spectrometer, and the absorption profile of the relevant materials.  

 

3.2.6  Choice of Offset range. 

One of the benefits of our DMD-based SORS design is that the instrument can be tailored to 

match the properties of the phantom sample investigated in this project. In each case, 

different spatial dimensions of the region of interest (ROI) will affect the choice of offsets. 

Deeper regions of interest benefit from larger offsets while ROIs closer to the surface can 

potentially benefit from smaller offsets. Equation 3.8 shows that our choice of objective lens 

is what allows us to change our range of accessible offsets, as well as the efficiency at these 

offsets. For the first the ROI was at a depth of 4 – 14 mm. For this an objective lens with 

focal length of 100 mm was selected which allowed for a central excitation and up to 4 mm 

offset. This was done to maximise the signal collected within the range of offsets and to 

allow a large range of selectable offsets. Figure 3.12 shows that the signal that could be 

gathered with this lens was significantly greater than the signal with larger focal length lens 

as well as collecting more signal at 3 mm and 4 mm offsets than the shorter focal length 

lens. The experiment focused on a sample with a cubic side length 10mm. This means that a 

5 mm offset would be on the boundary between the defect and the bulk Teflon. As the goal 

is to maximise signal from the defect, it was decided that an offset greater than 4 mm was 

not necessary.  
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For the second experiment, which focused on collagen concentration in calvarial defects in 

rat skulls, a cylindrical defect of 3 mm radius and 1.5 mm depth beneath approximately 1.5 

mm of chicken skin. For this reason, much smaller offsets were needed, from 0-1.5 mm with 

0.5 mm steps. The selection of 1.5 mm as the maximum offset was based on experience 

with the initial paper and borne out by the fact that only minimal improvements were seen. 

To maximise the signal at these smaller offsets the smallest lens, which was the 75 mm focal 

length, was selected. This decision was based on the work done in section 3.2.3 (including 

Figure 3.6). The smaller offsets also meant that projection from the sample to the DMD 

could be aligned so that the excitation point was at the centre of the DMD allowing a full 

semicircle to be collected at each offset, improving the total signal. As with chapter 4 

another consideration was the edge of the defect. As the rat sample did not have a 

phantom bone signal there was risk that the already present healthy bone signal might 

obscure the changes in signal caused by concentration difference within the defect. An 

offset of 2 mm that was inaccurately centred by only a millimetre would overlap with the 

healthy bone, significantly affecting the detected concentrations of HA and collagen. 

3.3  Instrumentation Development 
The Raman instrument was based on an inverse microscope setup with a DMD-based SORS 

system to allow easy mounting of the samples. A 785 nm laser was selected for excitation. 

Lenses that were 50.4 mm in diameter were selected as objective lenses in order to 

maximise field of view in the focal plane at the sample. 50.4 mm optics were utilised 

throughout the whole system to maximise light collection and throughput and fit into the 60 

mm Thorlabs cage to allow rapid prototyping. It is important to note that while a 25.4 mm 

diameter lens with half the focal length has the same numerical aperture (NA) and therefore 

the same amount of light collected, the use of such a lens halves the maximum offset that 

can be reached as offset is dependent on the ratio of the two lenses 𝑓0 and 𝑓1 (Equation 

3.7). It was the physical constraints of the DMD-based system that affected the choice of 

focal length more than light detection concerns.  

The length of the beam path between the objective and f1 is approximately 1 m. f1 and f2 are 

both 200 mm focal length lenses. A 200 mm focal length lens was selected due to the 

geometric limitation caused by the DMD. The DMD had a set switching angle of ±12 degrees 

and our optics size meant the limit on the minimum focal length that was possible for f1 and 
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f2 was just under 200 mm. The final selection of the focal lens of these lenses was based on 

several factors, from the size of the DMD to the range of desired offsets. It was calculated 

that a 200 mm focal length was a good choice. The DMD was an 8.8 x 14.4 mm rectangle 

with square, 7.84 x 7.84 µm mirrors that tilted along their diagonal axis. The mirrors have a 

binary position of ±12◦ which can be switched to direct light either to the inspection camera 

or towards the spectrometer. This DMD was selected as it was one of the larger DMDs on 

the market that had sufficient surface area. The array is treated by the computer as a 1960 x 

1080 resolution screen with each of the mirrors acting as a pixel. By placing the focal plane 

of the lenses f1 and f2 on the DMD the selected points of the DMD can be used as a 

programmable slit for the spectrometer. 

Given the known size of the DMD and the spectrometer light port Equation 3.6 was used to 

select a focal length for lens f3. A 75 mm focal length lens was used to adjust magnification 

to the spectrometer to maximise the usable surface area of the DMD while still utilising 

most of the channels of the spectrometer. Given the 45˚ reflection axis of the mirror the 

DMD had to be mounted at a 45˚ angle to keep the beam path horizontal to the work 

bench. Each group of mirrors directed towards the spectrometer acts as a programable 

pinhole where the pattern on the DMD mimicked the light selection ability of a mechanical 

pinhole at the spectrometer light port. 

The size of the pinhole will affect the total light collected, spectral resolution, and spatial 

resolution. The effective size of the pinhole is: 

𝑊𝑝𝑖𝑛ℎ𝑜𝑙𝑒 =
𝑓3

𝑓4
𝑊𝐷𝑀𝐷                                                            [3.13] 

 where 𝑊𝑝𝑖𝑛ℎ𝑜𝑙𝑒 is the width of the slit at the pinhole, 𝑊𝐷𝑀𝐷 is the width of the point drawn 

with the DMD, 𝑓3 is the focal length of the lens at the DMD, and 𝑓4 is the focal length of the 

lens at the spectrometer entrance. The light collected is proportional to the area of the 

collection point. There is a minimum size of collection point that will not yield greater 

resolution but will continue to reduce light throughput. This is because of factors such as the 

spectral resolution of the spectrometer due to internal focal lengths, gratings, and CCD 

choice. Spatial resolution at the sample is also reduced with larger collection points as they 

gather light from a larger area of the sample.  
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Because the DMD has a 12˚ reflection angle, it is not possible to align the DMD, the sample, 

and the spectrometer so that they all lie in the same focal place. This means that the light 

from the offsets that are set further horizontally will end up being slightly out of focus on 

the CCD. A compromise is to place the DMD and sample on the same focal plane with the 

spectrometer placed in such a way that the CCD still ends up perpendicular with the laser 

path. This means there is a direct projection of the sample onto the DMD which vastly 

simplifies the calculations required to work out offset on the sample from the offset of the 

DMD. The effect of the out of plane alignment will affect the resolution of the system as the 

laser point moves further horizontally from the centre of the beam. 

 

3.4 Validation of the device of simple samples 

3.4.1 Two-layer system 

The simplest form of sample that is investigated with SORS is a two-layer sample. These 

samples are often used to measure the ratio of surface and subsurface signal measured by a 

particular offset. Applications that mimic this kind of sample range from pharmaceuticals 

where SORS can be used to measure drug purity through packaging (122) or detecting the 

quality of blood stored in transfusion bags (123). Figure 3.13a shows a typical two-layer 

sample where a thin surface layer covers a bulk of material. The excitation and collection 

points are at the surface of this layer.  

Figure 3.13b shows the spectra recorded from fifteen offsets, from -6 to 8 mm, for the two-

layer system shown in Figure 3.13a with a surface layer thickness of 3.0 mm. The spectral 

feature assigned to the bulk material was polystyrene and the surface material was Teflon. 
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 Figure 3.13a) A schematic of a two-layer system showing how the offset between excitation 

and detection points and depth are determined, the green layer is polystyrene, and the blue 

layer is Teflon. The red arrow is the excitation laser and the black arrow is Raman signal 

collected from a point on the surface. b) The spectra for a sample of depth 3.0mm from 

detectors from -6mm to 8mm offset at 1mm intervals. The numerical values on the y-axis 

shows the offset position. c) The ratio of the signal from polystyrene and Teflon at different 

depths. 

In Figure 3.13b the peak at 734 cm-1 was assigned to Teflon and the 1001 cm-1 peak was 

assigned polystyrene. To measure the contrast in signal between the two materials the ratio 

of the peak intensities was plotted with respect to offset. Figure 3.13c shows this ratio of 

peaks for multiple thickness of surface layer: 
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𝑅𝑎𝑡𝑖𝑜 =  
𝐼1001

𝐼734
⁄  

where 𝐼734 and 𝐼1001 are the areas under the peaks, in photon count, of the peaks assigned 

to Teflon and polystyrene, respectively. Figure 3.13c shows that material closer to the 

surface creates a stronger signal. Each increase in depth decreases the signal contrast of the 

polystyrene. Both Figure 3.13b and Figure 3.13c shows that the signal from the surface layer 

is maximised at the 0 mm offset and the surface suppression increases with the offset as 

there is a greater proportion of the bulk material compared to the surface material. 

3.4.2 Three-layer system 

A three-layer system is like the two-layer system but instead of a surface layer with a 

different material acting as the bulk, both the surface layer and the bulk material are the 

same material. The material of interest is sandwiched between these two layers as in Figure 

3.13a. This type of sample can be used to investigate the depth profile and find what depth 

makes the greatest contribution to the signal for a given offset. Figure 3.14b shows the 

spectra for the same fifteen offsets, from -6 mm to 8 mm as shown in Figure 3.13a. The 

same two peaks were selected to shows the relative signal from the two materials and these 

were again plotted for multiple surface thicknesses for the offsets and shown in Figure 

3.13c. As before, the 0 mm offset has the lowest signal contrast for polystyrene as a ratio of 

the signal. In the two-layer sample the signal contrast increased monotonically with offset. 

In the three-layer sample there are two layers of the bulk material, a surface layer and then 

a deeper layer behind the ROI middle layer. This means that at sufficiently large offset the 

surface suppression effect starts to supress the signal from the ROI layer and the bulk 

material behind it dominates. This leads to the fact that at between 5 mm and 6 mm offsets 

the signal contrast no longer increases for the 1.5 mm deep sample and also explains the 

reduction of signal contrast at 8 mm offset. 
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Figure 3.14 a) A schematic of a three-layer system showing how the offset between 

excitation and detection points and depth are determined, the green layer is polystyrene, 

and the blue layers are Teflon. The red arrow is the excitation laser and the black arrow is 

Raman signal collected from a point on the surface b) The spectra for a sample of depth 

3.0mm from detectors from -6mm to 8mm offset at 1mm intervals. The offset on the y-axis 

shows the offset position. c) The ratio of the signal from polystyrene and Teflon at different 

depths. 

3.4.3 Single inclusion 

For one final validation a single defect was created within the bulk material by drilling a 2 

mm diameter, 1.5 mm cylinder at a depth of 3.0 mm as can be seen in Figure 3.15a. This 

defect was chosen to demonstrate the localisation effect of SORS. 
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Figure 3.15 a) A schematic of a small defect sample showing how the offset between 

excitation and detection points and depth are determined, the green is polystyrene, and the 

blue is Teflon. b) The ratio of the signal from polystyrene and Teflon  

The initial increase in signal seen in Figure 3.15b comes from the surface suppression of 

SORS where the material at the excitation point contributes less to the total signal. As the 

offset increases further the signal contrast reaches a maximum then a decrease in signal. 

The reason for this is made clear by investigating Figure 2.7. As the offset increases, more of 

the photon distribution is offset in the direction of the detector. At sufficiently large offsets 

the main part of the photon distribution is in the bulk material and this causes the signal 

contrast to decrease. 
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Abstract: Using phantom samples, we investigated the feasibility of spatially-offset 

Raman spectroscopy (SORS) as a tool for monitoring non-invasively the mineralization 

of bone tissue engineering scaffold in vivo. The phantom samples consisted of 3D-

printed scaffolds of poly-caprolactone (PCL) and hydroxyapatite (HA) blends, with 

varying concentrations of HA, to mimic the mineralisation process. The scaffolds were 

covered by a 4 mm layer of skin to simulate the real in vivo measurement conditions. 

At a concentration of HA approximately 1/3 that of bone (~0.6 g/cm3), the 

characteristic Raman band of HA (960 cm-1) was detectable when the PCL:HA layer 

was located at 4 mm depth within the scaffold (i.e. 8 mm below the skin surface). For 

the layers of the PCL:HA immediately under the skin (i.e. top of the scaffold), the 

detection limit of HA was 0.18 g/cm3, which is approximately one order of magnitude 

lower than that of bone. Similar results were also found for the phantoms simulating 

uniform and inward gradual mineralisation of the scaffold, indicating the suitability of 

SORS to detect early stages of mineralisation. Nevertheless, the results also show that 

the contribution of the materials surrounding the scaffold can be significant and 

methods for subtraction need to be investigated in the future. In conclusion, these 
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results indicate that spatially-offset Raman spectroscopy is a promising technique for 

in vivo longitudinal monitor scaffold mineralization and bone re-growth.  

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing 

Agreement 

4.1 Introduction 
A common treatment for major bone damage is autologous bone grafting (124). 

Autologous grafting is not the optimal solution because the quality and quantity of 

bone grafts that can be harvested is sometimes not sufficient to meet demand, it 

increases the risk of infection, and can lead to haemorrhaging, cosmetic disability, 

nerve damage, and a loss of function. An alternative to autologous grafts is the use of 

tissue-engineered scaffolds that can be implanted in the defect to offer a 3D structure 

to support and stimulate the regeneration and repair of the bone (125). In vivo models 

where scaffolds are implanted in critical bone defects in large animals (e.g. sheep) 

have been commonly used to model the healing process in humans (64). These 

studies provide a better understanding of the bone repair process in order to optimise 

the physical and chemical properties of the material to reduce healing time and 

improve the quality of the newly formed bone. For a critical bone defect, the damage 

to the bone is so great that the body fails to repair the bone correctly (126). What will 

constitute a critical defect depends on the size of the bone damaged (127; 128), and 

the age and health of the patient (129; 130). When a defect reaches this critical size, 

the body fails to fill the defect with extracellular matrix (e.g. collagen) and to 

mineralise; instead, the exposed damaged bone is repaired leaving an indent or hole 

in the tissue with repaired sides, leading to bone tissue that is weaker than before the 

damage (131). When using a scaffold, the quality of the repaired bone depends on the 

ability of cells to populate and remodel the scaffold. Thus, longitudinal data regarding 

mineral deposition within the scaffold is desirable and important for optimizing the 

physiochemical properties of the scaffold.  

Typically, the quality of the repaired bone is evaluated by end-point histological tests. 

However, histology is destructive and therefore can be used only at the end time-

point (typically 4-6 weeks after implantation). 3D micro-computed tomography (μCT) 

is commonly used to analyze the morphology and mineral density of newly formed 

https://doi.org/10.1364/OA_License_v1
https://doi.org/10.1364/OA_License_v1
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bone in animal models (132), including for in vivo longitudinal studies (133; 134). μCT 

has also been combined with single photon emission computed tomography (SPECT) 

in order to obtain more detailed molecular information during the course of bone 

formation and remodelling (135). Although this technique requires radioactive SPECT 

probes, a study using synthetic hydrogel scaffolds implanted in critical size calvarial 

defects generated in mice, showed that in vivo longitudinal data regarding 

morphology and bone density agreed with end-point histological and μCT evaluations 

(135). 

Raman spectroscopy (RS) is a non-destructive spectroscopic technique that has high 

chemical specificity and does not require exogenous labels or probes (136). RS has 

been widely  used for the analysis of bone tissue (137; 138; 139) and bone tissue 

engineering scaffolds (140; 141; 142; 143; 144). Spatially-offset Raman Spectroscopy 

(SORS) is a variant RS technique that is able to recover molecular information of bone 

in vivo transcutaneously (145; 146). Recently, we demonstrated the feasibility of using 

SORS to measure Raman spectra of hydroxyapatite (HA) powder buried in layers of 

polymer and ceramic tissue engineering scaffolds as thick as few millimetres, covered 

by 1 mm thick skin layer (147). While these feasibility studies indicated the potential 

of SORS for measuring in vivo longitudinal data from small animal model studies, a 

better understanding of the SORS signals is required in order to optimise the 

instrumentation for in vivo measurements (i.e. a hand-held probe) and support the 

data analysis. By increasing the maximum offset of the device and having control over 

the size of the collection points the sensitivity of the device was optimised. 

Here we have developed a series of phantom samples to mimic the mineralisation of 

scaffolds implanted in a large animal critical bone defect and the measurement 

conditions for in vivo longitudinal study. The samples consisted of 3D printed 

composite scaffolds with polycaprolactone (PCL) and hydroxyapatite (HA) 

microparticles, for which the concentration of HA varied to simulate different degrees 

of mineralisation (148). The experiments were carried out using a table-top SORS 

instrument based on a digital micro-mirror device (DMD) (101), that allowed flexible 

adjustments of the spatial offsets in order to optimise the measurement conditions 
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and develop the design of a future fibre-optics SORS probe that could be used in real 

animal studies. 

4.2 Materials and Methods 

4.2.1 Spatially-offset Raman spectroscopy (SORS) instrument  

The DMD-based SORS instrument was equipped with a 785 nm wavelength laser (Xtra 

II, Toptica). A 100 mm focal length 2-inch diameter lens was used to focus the laser 

beam on the sample (120 mW power, spot size ~0.5 mm) and to collect the 

backscattered Raman photons. After passing through a dichroic filter that blocked the 

elastically scattered photons, the Raman photons were focused with a lens on a 

software-controlled DMD (size 14.4 mm x 8.8 mm, resolution 1920 x 1080 pixels, 

DLP6500 Texas Instrument). As the DMD was located in a plane conjugate to the 

sample, it allowed the selection of multiple spatially offset collection points (0.22 mm 

size) distributed in a semi-circle around the point conjugated to the laser excitation, 

equivalent to spatial offset values in the range of 0-4 mm. The Raman photons 

reflected by the DMD collection points were analysed by a spectrometer (Holospec, 

Andor) equipped with a deep-depletion back-illuminated CCD (iDus 420, Oxford 

Instruments). For a selected spatial offset, the SORS spectrum was calculated as the 

sum of the spectra corresponding to all DMD collection points on the corresponding 

semi-circle, after aligning and calibrating them along the wavenumber axis. For each 

spatial offset, 18 repeat spectra were measured at an acquisition time of 10 s per 

spectrum.  

4.2.2 3D printing of PCL:HA scaffolds 

Porous scaffolds with the same pore size and different dimensions were designed by 

BioCAD software. A viscous polycaprolactone (PCL)/dichloromethane (DCM) solution 

was vigorously mixed with hydroxyapatite (Sigma Aldrich, UK) to create different 

ratios of PCL and HA in the order of 4:0, 4:1, 1:1, 1:2 and 1:4 (Table 1).  
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Ratio PCL:HA Percentage HA by 

Mass  

HA density g/cm3 

(±0.01) 

1:0 0% 0 

4:1 20% 0.18 

1:1 50% 0.68 

1:2 67% 0.83 

1:4 80% 0.93 

Bone ~70% (149) ~2 (149) 

 

Table 1. Scaffold and bone samples used in this study 

 

Figure 4.1Representative images of the 3D printed PCL:HA scaffolds used in this study. 
a) CT 3D reconstruction image of a PCL:HA 1:4 scaffold (1 x 1 x 0.5 cm3), porosity = 
64.7 %; b) Images from dissecting microscope of a PCL:HA (1:4) scaffold (1 x 1 x 1 
cm3). c) scanning electron microscopy of PCL:HA scaffold with 1:2 blend ratio 

 

The solution was loaded into a printing cartridge and directly deposited through a 25G 

tip (250 µm ID, Adhesive Dispensing, UK) using 3D Discovery printer (regenHU, 

Switzerland) with a pressure of 6 bar and a printing speed of 5 mm/s. Rapid DCM 

evaporation led to solidification of the printed construct. Table 1 converts these 

weight ratios into HA concentration to allow a better comparison with data available 

in the literature for typical mineralised bone (149). 
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4.2.3 Phantom samples 

Figure 4.2 describes schematically the intended use of the scaffolds in large animal 

models and the phantom sample developed in this study to mimic the mineralisation 

process and the in vivo SORS measurements. For real in vivo experiments, the scaffold 

is implanted into a critical defect drilled to a diameter of 8 mm and 15 mm depth in 

the femur of a sheep and covered by a layer of skin (typically 3-5 mm thick) 

(150)(schematically described in Figure 4.2a-c). The phantom consists of several parts 

made of different materials (Figure 4.2d). Multiple 1.5 mm thick layers of Teflon 

where layered to create an 18 mm thick phantom with a square hole (10 mm x 10 mm 

x 10 mm) which mimicked the critical defect. Behind the Teflon slab, a 5 mm thick 

layer of polystyrene (PS) was placed in order to give an indication of whether the 

femur bone at the back of the defect would contribute to the measured SORS signal.  

After the insertion of the scaffolds (sizes 10 mm x 10 mm x 2mm) in the Teflon hole, 

the phantom sample was covered by a layer of pig skin (sourced from a local retail 

outlet) cut to 4 mm thickness, with a large enough surface area to cover the face of 

the phantom. While this phantom closely resembled the in vivo measurement 

conditions, the materials used were selected to have similar light scattering properties 

to bone (125) but distinctive Raman bands to allow an understanding of the 

contributions of various regions of the phantom to the measured SORS spectra. This is 

particularly important for SORS measurements where different parts of the sample 

can be probed depending on the value of the spatial offset. Figure 4.2e presents the 

Raman spectra of each material used for the phantom. The spectrum of HA has a 

strong band at 960 cm-1 (phosphate band) (108; 138; 139). The PCL has Raman bands 

assigned to the C-O-C  vibrations as a triplet at 1067 cm-1, 1098 cm-1, and 1110 cm-1, 

and CH2 bands at 1300 cm-1 and 1445 cm-1 (126). Teflon and PS have strong Raman 

bands at 734 cm-1 and 1004 cm-1 respectively. Therefore, the use of these two 

materials for the bone phantom effectively allows us to identify the contributions of 

the sides (Teflon) and back (PS) of the critical defect to the measured SORS spectrum 

without interfering with our measurement of the 960 cm-1 band from HA. Because the 

molecular composition of pig skin changes with depth, Raman spectra were measured 

from the top epidermis/dermis part (bands at 970 cm-1 and 1300 cm-1 assigned to 
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collagen) and from the adipose tissue at the bottom part (strong 1368 cm-1 band) 

(151; 152).  

4.2.4 Data analysis 

First, all spectra were normalised to minimum 0 and maximum 1. The difference 

between the SORS spectra of the PCL:HA scaffold and PCL-only scaffold (control 

sample) at each offset value was then calculated using an in-house iterative algorithm. 

To eliminate errors caused by small baseline or intensity variations (likely due to small 

differences in optical scattering properties between samples), a correction factor in 

the form of a 2nd order polynomial was included in the subtraction algorithm. This 

polynomial was determined by minimising the square difference between the two 

SORS spectra in an iterative method. The spectral region 930-980 cm-1 containing the 

main HA band at 960 cm-1 was excluded from the minimisation. Thirty iterations were 

used, as this was observed to lead to stable solutions in all cases. . 

 

Figure 4.2a) Diagram of the head of a femur with a critical defect drilled into it with 
the position of the scaffold shown. b) Close up of the defect filled with a PCL scaffold. 
c) A schematic of a defect in the same orientation as the phantom for comparison. d) A  
schematic of the phantom used in this study, designed to mimic a critical defect. e) 
Raman spectra of the materials that make up the phantom (spectra normalized 
between 0 and 1 and shifted vertically for clarity). 
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4.3  Results and Discussion  

4.3.1 Testing the limits of detection for the PCL:HA scaffolds 

First, we tested the detection limit of the SORS measurements for PCL:HA layers with 

varying HA concentration, placed at different depths within the phantom sample. This 

was achieved by filling the defect hole with five 2 mm thick layers of scaffold. Four of 

these were PCL-only and one layer of PCL:HA blend (Figure 4.3a). For each ratio of the 

PCL:HA blend, the PCL:HA layer was placed in turn at 0, 2, 4, 6, and 8 mm beneath the 

skin layer. A sixth sample containing five PCL-only scaffold layers was used to mimic 

the initial conditions of a newly implanted scaffold into the defect. For all samples, 

SORS spectra were acquired using spatial offsets of 0, 1, 2, 3 and 4 mm. Figure 4.3b,c 

present the SORS spectra for the phantoms containing PCL:HA layers with the lowest 

and highest concentrations of HA. 

Figure 4.3b,c show that at 0 mm spatial offset, all SORS spectra were dominated by 

bands assigned to the top skin layer, in particular epidermis/dermis. Increasing the 

spatial offset to 1 mm already enabled the detection of Raman bands assigned to the 

deeper layers of the sample, including the detection of the 960 cm-1 band assigned to 

HA, as well as bands assigned to the adipose tissue in skin (1445 cm-1 band), PCL 

(bands in the 1000-1100 cm-1 region), and Teflon (734 cm-1). When the spatial offset 

was further increased (2-4mm range), the contribution of the subsurface layers of the 

phantom increased, allowing even detection of the polystyrene (PS) (1004 cm-1 band) 

back layer. For the PCL:HA 4:1 layer (HA concentration ~10 times lower than in bone), 

the HA band was detected only when the PCL:HA layer was at the top of the scaffold, 

immediately under the skin layer (i.e. 0 mm depth). 
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Figure 4.3 a) Schematic of the phantom with a single 2 mm thick PCL:HA scaffold layer at 0, 
4 and 8 mm depth. b) SORS spectra for 4:1 PCL:HA ratio scaffolds at 0, 4, and 8mm depths. c) 
SORS spectra for 1:4 PCL:HA. The blue lines are the spectra of the phantoms containing the 
blended PCL:HA layers; the red line are for PCL only scaffolds (control). The black lines 
present the difference spectra blue minus red lines in the 830-1000 cm-1 region (2x 
magnified). 

However, for the PCL:HA 1:4 layer (HA concentration roughly half that of bone), SORS 

was able to detect the 960 cm-1 band even when the layer was 4 mm deep in the 

scaffold. The presence in the SORS spectra of the 734 cm-1 band assigned to Teflon 

indicated that the side walls of the defect hole contributed to the measured SORS 
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spectra. This result suggests that in an in vivo experiment, the bone side walls of the 

defect would also contribute to the SORS spectra and the band at 960 cm-1 may 

overlap the signal from the mineralising scaffold. This contribution, which could be 

established at the start of the experiment (i.e. day zero), will have to be taken into 

account when attempting to determine the concentration of HA within the scaffolds.  

In order to provide a quantitative measure of HA detection from the SORS spectra, the 

ratio between the 960 cm-1 band (HA) in the difference spectra and the 1445cm-1 

band in the PCL:HA spectrum (CH2 deformations, mainly in the skin and PCL scaffold) 

was calculated for all samples analysed (Figure 4.4). The 1445 cm-1 band was selected 

as an internal standard based on the assumption that the adipose tissue in the skin 

would have the lowest variation compared to any other parts of the bone defect. For 

comparison, a set of measurements were also carried out using a 2 mm thick bone 

sample from the leg of a sheep (sourced from a local retail outlet). The results in 

Figure 4.4 show that for 0 mm offset, the SORS spectra cannot discriminate between 

the different concentrations of HA present in the scaffolds. However, at 2 mm offset, 

the I960/I1445 ratio decreases as the PCL:HA layers are located deeper in the sample and 

as the concentration of HA decreases. The HA remained distinguishable until the 

PCL:HA layers were placed at 6 mm depth where the data started to overlap.  

  

Figure 4.4 The ratio between the intensity of the 960 cm-1 band in the difference spectra and 
the 1445 cm-1 band in the spectra of the PCL:HA samples. Error bars represent the standard 
error of the mean for 18 repeat measurements. 
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These results lead to the conclusion that the 4 mm spatial offset provides the highest 

detection sensitivity and resolution for detection of HA. The 4 mm offset was the 

largest offset tested in this investigation (limited by the size of the DMD and 

instrument optics), and it is possible that larger offsets may have yielded higher 

sensitivity. The larger separation between the signals means that the larger offsets 

may be able to differentiate between smaller changes in mineralisation and therefore 

be more useful for longitudinal in vivo measurements. The results indicate that the 

limit of detection for HA depends on the depth, ranging from 0.18 g/cm3 (~10x smaller 

than bone) at the top of the scaffold immediately under the skin layer to ~0.61 g/cm3 

(~1/3 of bone concentration) at 4 mm depth in the scaffold. For the PCL:bone 

samples, the 960 cm-1 band was broader compared to the bands recorded for the 

PCL:HA  scaffolds, likely due to the more complex molecular composition of bone (HA 

present in more crystalline phases). Because all spectra were analysed using the 

algorithm optimised for the PCL:HA scaffolds, the analysis led to some larger error 

bars for the PCL:bone samples at 4 mm offsets.  

4.3.2 Phantoms for mimicking in vivo mineralization patterns 

Next, phantom samples were constructed to investigate the feasibility of SORS to 

monitor in vivo biologically relevant models for bone repair, with the focus on scaffold 

mineralization. The aim was to determine the lowest levels of HA that can be detected 

and to investigate whether the SORS spectral and temporal profiles can discriminate 

between spatially homogenous and non-homogenous mineralization models.  

4.3.2.1 Uniform mineralization model 

In this model the phantoms mimicked a process by which the mineralisation of the 

implanted PCL scaffold undergoes a uniform mineralisation throughout the PCL 

scaffold. The samples used in this test were PCL-only and PCL:HA scaffolds of 10 mm x 

10m m x 10 mm inserted in the Teflon slab covered by the 4 mm pig skin layer 

(schematically presented in Figure 4.5a). The amount of HA in the PCL:HA scaffolds 

were increased using the ratios 4:1 - 1:4 in order to mimic different time steps in the 

process of mineralisation, from the moment of implantation to ~1/2 the HA 

concentration of mature bone.  
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Figure 4.5 a) A schematic of the phantoms used for the uniform mineralization model. b)  
SORS spectra of the phantoms mimicking the uniform mineralisation model.  Blue lines: SORS 
spectra of PCL:HA scaffolds, Red lines: SORS spectra of the PCL-only scaffold in the phantom; 
Black line the difference between the blue and red lines in the 830-1000 cm-1 range. 

Figure 4.5b presents the SORS spectra measured from the uniform PCL:HA scaffolds 

within the phantom sample at different spatial offsets. At 0 mm offset, the SORS 

spectra were dominated by Raman bands assigned to connective tissue in skin. The 

960 cm-1 band assigned to HA was detected only for the PCL:HA scaffolds with rations 

higher than 1:1 (~0.29 g/cm3). Increasing the spatial offset to 2 mm allowed the 

detection of the 960 cm-1 band corresponding to HA in all scaffolds, even at the lowest 

HA concentration of 4:1 (0.18 g/cm3). For a given spatial offset (apart from 0 mm), the 

intensity of the 960 cm-1 band increases with the increased concentration of HA. The 

data also indicated that for a sample with a given PCL:HA ratio, increasing the spatial 

offset value from 2mm to 4 mm led to an increase in the intensity of the 960 cm-1 

band (the Raman photons travelling or generated deeper in the scaffold contribute 

more to the spectra). The deeper sampling also led to an increase in the intensity of 

the 734 cm-1 band corresponding to Teflon (side walls of the defect). However, for a 

given spatial offset value, the contribution from the defect side walls (i.e. Teflon 
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signal) was constant and could therefore be subtracted. Compared to the SORS 

spectra in Figure 4.3, for a given spatial offset value and PCL:HA ratio, the spectra 

corresponding to the uniform PCL:HA scaffolds (Figure 4.5) show a higher ratio 

between the intensity of the bands at 960 cm-1 assigned to HA and the 1090 cm-1 band 

corresponding to the PCL.  

 

Figure 4.6 a) A schematic of the phantoms used for the gradual inward mineralization 
model. The 7 stages are shown with the shade of the layers of the phantom indicating the 
concentration of HA in the PCL/HA scaffold with a key of the colours used. c) SORS spectra 
for the graduated mineralisation model.  The blue line is read with the blended material and 
the red line is the PCL only scaffold in the phantom. The black line is the difference between 
the two. 

These results indicate that the combination between the I960/I1090 and I960/I1445 ratios 

could be used to quantify the density of the HA and the HA depth extend into the PCL 

scaffold.    



100 
 

4.3.2.2 Gradual inward mineralization 

The second model studied here was the graduated inwards mineralisation of the 

scaffold. In this model, HA mineralisation of the extracellular matrix deposited within 

the scaffold starts at the surface of the old bone defect and grows into the scaffold 

with a concentration gradient of HA into the scaffold. We used seven different 

configurations of the phantom from all PCL-only to uniform 1:4 PCL:HA (Figure 4.6). A 

naming convention was designed to describe the scaffolds in the defect: the name 

uses the ratio of concentration in each of the layers naming them from outside 

inwards so 41:PCL:PCL is the 4:1 PCL:HA blend on the outside with two layers of PCL 

inside. Figure 4.6 shows that, as with the previous samples, the Raman spectra 

recorded at 0 mm spatial offset had low sensitivity for HA as the main contribution 

was from the top skin layer. At increased offsets, the 960 cm-1 band was detected in 

all spectra, even at the lowest concentration of HA such as the 41:PCL:PCL. This 

sample represents low levels of the mineralisation starting from the surface of the 

defect, as only the exterior of the scaffold contains HA at a density of 0.18 g/cm3.  

 

Figure 4.7 Analysis of the SORS spectra for the gradual inward mineralization model. The 
ratio between the intensity of the 960 cm-1 band in the difference spectra (PCL:HA minus 
PCL-only scaffolds) and the 1445cm-1 band in the spectra of the sample containing HA. Each 
stage from 1-7 represents an increase in HA concentration. Error bars represent the standard 
error of the mean for 18 repeat measurements. 
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These results indicate that for this model, HA present in the scaffold is detectable by 

SORS even at concentrations an order of magnitude lower than the concentration of 

complete mineralisation of bone. Increasing the offset to 4 mm provided a similar 

increase in the intensity of the 960 cm-1 band, but at the same time, an increase in the 

signal from the Teflon layers surrounding the scaffold. Therefore, the use of 2 mm 

offset seemed to be more advantageous as less background signal from the side walls 

of the bone defect are detected. In real measurements, this background signal can 

overlap the signal from the newly deposited HA in the scaffold. To evaluate the 

optimal conditions for quantification of HA in the phantom samples, Figure 4.7  

presents the calculated ratio between the intensity of the 960 cm-1 band in the 

difference spectra (PCL:HA minus PCL-only scaffolds) and the 1445cm-1 band in the 

spectra of the sample containing HA (I960/I1445). The results show that the relative 

intensity of the 960 cm-1 band increased when the concentration of HA and the spatial 

offset increased. The highest sensitivity and detection resolution for HA was observed 

when using the 4 mm spatial offset. However, once the outer PCA:HA layer of the 

scaffold reached the 1:4 ratio, the I960/I1445 ratio seemed to plateau, regardless of the 

value of the spatial offset (higher than 0), indicating a decrease in detection resolution 

for HA.  

4.4 Conclusions 

The use of tissue engineering scaffolds for stimulating bone re-growth in critical bone 

defects is a promising way to improve bone healing; however, monitoring bone 

growth in-situ remains a challenge. Using phantom samples based on 3D-printed 

PCL:HA scaffolds we investigated the feasibility of SORS to monitor mineralisation of 

bone tissue engineering scaffolds in large animal models. The tests investigating the 

detection limits for mineralisation showed that SORS is able to detect HA 

concentrations at an order of magnitude lower than that found in living bone, even 

through a 4 mm thick layer of skin (mimicking in vivo transcutaneous measurements). 

These low concentrations are only detected when the HA was located immediately 

under the skin surface. As the HA concentration increased so did the depth at which 

the HA was detectable. For the highest concentration of HA, the detection depth 

increased to 4 mm. Bone has a higher concentration of HA than any of the scaffolds 
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investigated here and a 2 mm thick layer produced a stronger signal across all depths 

as seen in Figure 4.4. The I960/I1445 band ratio can be a useful parameter to attempt 

longitudinal quantification of HA concentration, but would require a means to 

measure the thickness of the skin layer, which can vary during the 4-6 week duration 

of the real in vivo experiments. Nevertheless, such changes in skin thickness may be 

measured using complementary techniques, such as ultrasound imaging. 

For the experiments mimicking the uniform scaffold mineralisation, setting a spatial 

offset larger than 2 mm allowed sensitive detection of HA. Similar results were 

observed for the inward gradual mineralisation model. Nevertheless, the highest 

sensitivity and detection resolution for HA was observed when using the 4 mm spatial 

offset (largest offset possible with current instrument), which indicates that even the 

earliest mineralisation stage included in this study was detectable (i.e. only the outer 

2 mm layer of the scaffold contained HA at a concentration ~10x lower than bone). 

The results also show that the surrounding walls of the bone defect also contributed 

to the measured SORS spectra (Teflon signal), that may overlap the Raman bands 

from the HA in the scaffold. For this reason, it would be advantageous to start the 

acquisition of SORS spectra as soon as the scaffold was implanted in order to establish 

a baseline SORS spectrum and quantify the changes in the HA signals during the 4-6 

week period of bone re-growth. The ability to follow the bone healing process on the 

same animal will provide higher quality data with ethical and economic benefits from 

reducing the number of animals used during the research. 
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5.1 Abstract 
A wide range of biomaterials and tissue engineered scaffolds are being investigated to 

support and stimulate bone healing in animal models. Using phantoms and rat cadavers, we 

investigated the feasibility of using spatially offset Raman spectroscopy (SORS) to monitor 

changes in collagen concentration at levels similar to those expected to occur in vivo during 

bone regeneration (0 – 0.84 g/cm3).  A partial least squares (PLS) regression model was 

developed to quantify collagen concentration in plugs consisting of mixtures or collagen and 

hydroxyapatite (predictive power of ±0.16 g/cm3). The PLS model was then applied on SORS 

spectra acquired from rat cadavers after implanting the collagen:hydroxyapatite plugs in 

drilled skull defects. The PLS model successfully predicting the profile of collagen 

concentration, but with an increased predictive error of ±0.30 g/cm3. These results 

demonstrate the potential of SORS to quantify collagen concentrations, in the range 

relevant to those occurring during new bone formation.  
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5.2  Introduction 

 

Bone healing involves complex spatial- and time-dependent molecular processes related to 

the development of extracellular matrix and deposition of the hydroxyapatite (HA) mineral 

phase. Understanding these molecular processes is vital for developing optimized scaffolds 

and grafts that can stimulate bone regeneration in patients. X-ray imaging is the main 

technique currently used for monitoring bone regeneration in vivo, but provides limited 

information: it shows the spatial distribution of the mineral components of bone but it is 

insensitive to the organic molecules forming the extracellular matrix (153). In addition, X-rays 

can have health risks to both patients and the clinical practitioners and therefore limits X-rays 

use for monitoring new bone formation (154). Current bone healing studies in animal models 

(e.g. rats, sheep) use micro-computed tomography (CT) to image bone resections 

corresponding to particular time points of the study (155; 64). Micro-CT provides detailed 

information regarding the morphology and mineral structure of the bone but lacks molecular 

specificity. A key challenge in understanding bone regeneration is measuring the subtle 

molecular processes related to the extracellular matrix, which occur at the earlier stages of 

the healing process and are the precursors of the later stages of bone mineralization.  

 

In this paper, we investigated the feasibility of spatially offset Raman spectroscopy (SORS) for 

in vivo detection and quantification of molecular changes related to bone extracellular matrix 

deposition as would be observed in a small animal model. Raman spectroscopy is a non-

destructive label-free optical spectroscopy technique that has been widely used for molecular 

analysis of bone tissue (156), soft connective tissue (157) and tissue engineering scaffolds 

(144). The diffuse nature of near-infrared light (785-1000 nm wavelength) in connective tissue 

and porous tissue engineering scaffolds makes diffuse Raman spectroscopy, such as SORS, 

ideally suited for probing the biomolecular processes deeper into materials, during 

regeneration of connective tissue in vivo. SORS is a type of diffuse Raman spectroscopy that 

can measure molecular information deeper into materials. SORS has been used for 

characterization of bone tissue, ex-vivo and in vivo, in animals and humans (158; 159; 160; 

101). While most SORS configurations are based on fiber optical probes, digital micro-mirror 

devices (DMDs) have been proposed recently to offer a flexible approach to optimize the 
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spatial offsets (147), and have been applied to detect hydroxyapatite (HA) in phantom 

samples mimicking transcutaneous SORS measurements of bone (116; 161). In the context of 

bone regeneration in large animal models, SORS studies using 3D-printed polymer scaffolds 

and HA have shown that HA can be detected even at depths beyond 10 mm at concentrations 

10 times lower than in mature bone (116).  

 

While detailed information regarding the mineral phase of bone can be obtained by 

measuring the intense bands of HA (e.g. 960 cm-1 band), the information regarding the 

extracellular matrix, which is the focus of this study, is more challenging to extract because of 

the weaker and overlapping bands. Collagen type 1 makes up close to 30% of healthy mature 

bone and is vitally important in conveying it’s structural properties (161; 162). Collagen is also 

the first structural component of bone to be formed during bone defect healing (22). Thus, 

the ability of SORS to measure the molecular processes at the early stages of bone 

regeneration would expand the usefulness of bone healing studies in in vivo models.  

 

Here, we used a series of phantoms to mimic the development of the extracellular matrix (i.e. 

increase in collagen concentration over time) and then the mineralization as previously 

described in a healing bone defect in a rat calvarial model. The phantoms were designed to 

follow the expected time course changes in collagen and HA concentrations reported in the 

literature (22; 163). Using these phantoms, a multivariate model based on SORS spectra was 

developed to estimate the concentration of collagen. Next, we applied the SORS model to 

quantify the concentration of collagen when mixtures of collagen and HA, at different 

concentrations, were implanted in calvarial defects in rat cadavers. We investigated the 

feasibility of discriminating the collagen concentration changes expected to occur both during 

the early stages of extracellular remodeling, as well as at the later stages when the Raman 

bands of collagen overlap with the strong bands corresponding to HA.  
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5.3  Materials and methods 

5.3.1 Spatially-offset Raman spectroscopy (SORS) instrument 

The SORS instrument was equipped with a 785 nm wavelength laser (Xtra II, Toptica). A 75 

mm focal length 50.4 mm diameter lens was used to focus the laser beam (power 120 mW) 

on the sample (spot size ~0.3 mm) and to collect the backscattered Raman photons. After 

passing through a dichroic filter that reflected the elastically scattered photons, the Raman 

photons were focused with a lens (focal length 75 mm) onto a software-controlled digital 

micromirror device (DMD) (size 14.4 mm x 8.8 mm, resolution 1920 x 1080 pixels, DLP6500 

Texas Instruments). As the DMD was located in a plane conjugate to the sample, it allowed 

the selection of multiple spatially offset collection points (diameter each 0.1 mm) distributed 

in a semi-circle centered on the point conjugate to the laser excitation, equivalent to spatial 

offset values in the range of 0-1.5 mm at 0.5 mm steps (101). A full schematic of the set up 

can be found in our earlier work (116).The Raman photons reflected by the DMD collection 

points were collimated by a 200 mm focal length lens then focused onto the entrance slit of 

a spectrometer (Holospec, Andor) equipped with a deep-depletion back-illuminated CCD 

(iDus 420, Oxford Instruments). The slit was opened to 4 mm width, as the spectral resolution 

was defined by the size of the DMD collection points (164; 165). For a selected spatial offset, 

the SORS spectrum was calculated as the sum of the spectra corresponding to all DMD 

collection points on the corresponding semi-circle, after aligning and calibrating them along 

the wavenumber axis (101). Each SORS spectrum was the average of 10 measured spectra, 

each acquired at 50 seconds integration time. A polynomial baseline (third order) was 

subtracted to remove the background in the Raman spectra.  

 

5.3.2 Calvarial bone regeneration simulation model 

Figure 5.1a describes schematically a simplified pattern of the two main components of bone 

over time for a healing bone defect in a rat skull using values taken from the literature (22; 

165). This pattern was used to select the concentrations of collagen and HA in the phantom 

samples, as collagen and HA concentrations change during the healing process (Figure 5.1b).  
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Figure 5.1 A schematic description of the four main phases of a bone critical defect healing 
(based on (22)16]. b) The time dependence model for collagen (red line) and hydroxyapatite 
(HA) (black line) concentrations during bone healing [based on (165)]. Stages 1-6 are labelled 
as the points of main interest in this study and are referenced in Table 1. 

After the initial bone damage (day 0), the repair process starts with inflammation around the 

area. Soft tissue in the form of collagen enters the defect to form the extracellular matrix 

within the first day or two post-damage. The concentration of collagen continues to increase 

during the next 4-5 days, as HA diffuses into the formed extracellular matrix and 

mineralization is initiated. After day 8-9, the density of collagen decreases as the bone 

mineralizes until the densities of collagen and HA reach the level found in normal bone. For 

this study, six time-points were selected between the initial condition to the steady state at 

the end, with concentrations of collagen between 0.085 g/cm3 and 0.43 g/cm3. The maximum 

concentration of collagen was 0.84 g/cm3, corresponding to day 7 (stage 4). 

 

5.3.3 Partial least squares (PLS) model 

A prediction model was build using n = 52 phantom samples that spanned the ranges of both 

collagen and HA concentrations typically encountered during the entire bone regeneration 

process (as determined in Section 2.2). A PLS model based on the SORS spectra was developed 

to predict the concentration of collagen in new samples, using the spectral range 800 – 1606 

cm-1. The PLS model was evaluated using a leave-one-out bootstrapping method. Four 

separate PLS models were built, one for each spatial offset (0 mm, 0.5 mm, 1 mm and 1.5 
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mm).  After the training was complete, the models were saved, and no further spectra were 

added to the training model.  

Figure 5.2 The three top components of the pls model for 1mm offset out of 5.  

Figure 5.2 shows the top three components for the pls model for the 1mm offset. The HA 

peak is clearly visible at 960cm-1. Clear biological bands are visible at 1450cm-1, 1100cm-1 and 

1300cm-1. This combination of clear biological peaks and a strong predictive power implies 

that the model has captured important data about the data set. 

The most effective models, found to correspond to spatial offsets 1 mm and 1.5 mm, were 

used in conjunction to form an improved model, whereby the collagen concentration was 

calculated as the mean of the values predicted by the two models.  

 

Table 1. Densities of collagen and HA selected to represent different stages during bone 

healing.  

 

Stage Day Collagen Density, g/cm3 HA Density, g/cm3 

1 0 0.085 0.00 

2 2 0.24 0.00 

3 3 0.64 0.00 

4 7 0.86 0.32 

5 14 0.43 1.07 

6 21 0.43 1.84 
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5.3.4 Phantom construction 

Figure 5.3a describes schematically the phantom design for the rat model used for developing 

the PLS model. The skull bone was mimicked by a Teflon sheet 1.5 mm thick with a 6.3 mm 

diameter defect drilled through it. Teflon was selected as it has similar scattering properties 

to bone (166) while the main Raman band at 734 cm-1 does not overlap with the main bands 

present in the Raman spectra of the biological materials investigated here. Chicken thigh skin 

(sourced from local shop) was used as a substitute for the rat skin as the thickness was roughly 

comparable (~1 mm thick) and more easily sourced. Porcine fat (adipose tissue; also sourced 

from a local shop) was used to mimic the brain by acting as a bulk scattering material. Fat has 

a more consistent distribution of material than brain which led to a more stable phantom for 

repeated measurements. 

Collagen and HA plugs were created by packing the correct amount of collagen fleece and HA 

into a 6.3 mm diameter mold, with a small amount of water to act as a binding agent, and 

allowed to dry for 48 hours to make sure there was no residual water. For each measurement 

a single collagen/HA plug was placed into the Teflon defect. The defect was covered with the 

skin layer. For SORS measurements, the samples were placed on the SORS instrument with 

the skin side facing the laser, which laser focused on the skin at the position corresponding to 

the defect center. 

5.3.5 Rat cadavers and skull defect 

Male Sprague-Dawley rats were purchased from Charles River Ltd, 550 g at time of death, 20 

weeks old and sacrificed using a schedule 1 method.  All animal studies were conducted in 

compliance with ethical approval and in accordance with institutional guidelines.  

First, the skin was shaved and peeled back from the skull to create a skin flap that could cover 

the defect. The skull was then drilled with a high speed Dremel rotary tool to minimize 

cracking or crushing the skull. The defect was drilled just through the skull layer with minimal 

damage to the brain underneath. The experiment was designed to maximize the similarity 

between the phantom and the actual skull so the hole was drilled at the center of the skull 

with a diameter of 6 mm. Collagen and HA plugs were created in the same way as the 

phantom experiment (Section 2.4) by packing the correct amount of collagen and HA into a 6 

mm molds.  For each measurement, a single collagen/HA plug was placed into the defect, 

then the defect was covered with the skin flap. 
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5.4 Results and Discussion 

5.4.1 Investigation on phantom samples: training and validation of the PLS model for 

prediction of collagen concentration 

Figure 5.3a describes schematically the phantoms used in this study to model the rat calvarial 

model. SORS spectra obtained from these phantom samples were used to train a PLS model 

that was used for prediction of collagen concentration for collagen:HA plugs inserted in rat 

cadavers. Figure 5.3b compares the SORS spectra (black lines) measured at 1.5 mm offsets 

with spectra measured at 0 mm offset, for samples containing increasing concentration of 

collagen and HA, from the minimum 0.085 g/cm3 (Stage 1) to 0.86 g/cm3 (Stages 3-4).  For 

collagen:HA concentrations corresponding to Stage 1 (0.085 g/cm3 collagen, 0 g/cm3 HA), the 

spectrum measured with 0 mm spatial offset is dominated by the bands at 1445 cm-1 

(assigned to C-H deformation vibrations in lipids and proteins), 1200-1400 cm-1 (assigned 

mainly to Amide III in proteins), 1000-1150 cm-1 (assigned to C-C and C-O stretching), 850 and 

938 cm-1 bands assigned to proline and hydroxyproline in collagen  (167). A small band at 

1002 cm-1, assigned to phenylalanine, can also be observed (167). These Raman bands are 

associated to collagen, lipids and other proteins in the skin layer, which is the main 

contributor to the Raman spectrum.  
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Figure 5.3 a) Schematic description of the phantom samples used to mimic the rat calvarial 
model. The materials are labelled by colour. The red and blue arrows indicate the laser 
excitation and Raman photons, respectively.  b) Typical SORS spectra acquired for training 
the PLS model, showing for simplicity only spectra acquired at 0 mm and 1.5 mm spatial 
offsets. Black lines are the spectra normalized to the 1445cm-1 band intensity, the red lines 
show the spectra difference between the spectra and the 0.085g/cm3 spectra, the blue line is 
collagen spectra for reference. The concentrations of collagen and HA are included in 
brackets. 

Figure 5.3b shows a reference SORS spectrum of collagen in blue line (bovine source). 

Collagen has a number of bands that can be used to identify collagen from other 

biomolecules: 938 cm-1 band assigned to C-C stretch/α-helix band (167), and the 1002 cm-1 

ring breathing peak. The 1220-1280 cm-1 band is also significantly different in shape to the 

broad 1200-1400cm-1 band seen from the skin. These three spectral features are highlighted 

on the spectra with the grey highlighted sections. Figure 5.3b shows that increasing the 

concentration of collagen in the defect (spectra b and c) does not change significantly the 
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spectra measured using a 0 mm spatial offset. This indicates that the spectra are not affected 

by changes in collagen concentration in the defect region. When HA is added to the defect 

region (spectrum d), the 960 cm-1 phosphate peak becomes the most intense Raman band in 

the spectrum, while no other significant spectral changes are observed. This shows that when 

selecting a 0 mm offset, the defect volume does not contribute significantly to the majority 

of the Raman signal, except for HA 960 cm-1 band, which has a much higher Raman scattering 

cross-section compared to the other components of the phantom sample. Spectral changes 

reflecting the increase in collagen concentration in the defect ore better observed in the SORS 

spectra measured using a 1.5 mm offset, at wavenumbers corresponding to collagen Raman 

bands, in particular 938 cm-1 C-C stretch/α-helix band. For the sample corresponding to Stage 

4, HA is easily detected by the 960 cm-1 band, at similar intensity as for the spectrum 

measured at 0 mm offset.  

 

Figure 5.4 presents the PLS models trained to predict the collagen concentration in the 

phantom defect based on the SORS spectra. The PLS model was built from the spectral range 

800 -1606 cm-1 in order to avoid the Teflon band at 734 cm-1 (absent when applying the model 

on rat cadavers). The data points in Figure 5.4 represent the predicted value of collagen 

concentration by the leave-one-out bootstrapping. The concentration of collagen ranged 

from 0 to 1.1 g/cm3 and the concentration of HA ranged from 0.0 to 2.2 g/cm3. These collagen 

and HA blends were selected to cover the full range relevant to bone healing as presented in 

Figure 5.1. 
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Figure 5.4 The bootstrapped data for each of the offsets for the collagen prediction each 
cross represents a sample with a known concentration with that concentration plotted 
against the predicted concentration of the model. The black line is the 1:1 relationship 

The results in Figure 5.4 show that the PLS model corresponding to the 0 mm spatial offset 

has the lowest correlation between the predicted concentration and actual concentration of 

collagen with a (RMSE) of 0.24 g/cm3. Increasing the spatial offset provides stronger signal 

from the collagen concentration and the performance of the prediction models increase from 

RMSE=0.21 g/cm3 for 0.5 mm spatial offset, RMSE=0.17 g/cm3 for 1 mm offset and RMSE=0.16 

g/cm3 for 1.5 mm offset.  

 

Increasing offset has the effect of increasing the amount of signal that is detected from deep 

within the sample relative to the total signal generated. This means the variation in signal 

from a change in collagen concentration will have a greater effect on the relevant spectral 

bands. This increase in signal to background ratio would improve the correlation between 

concentration and spectra for the PLS model to be trained on. These results show that using 
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spatial offsets of 1-1.5 mm, it is feasible to detect changes in collagen concentration occurring 

within the first 2-4 days of bone regeneration (22). Nevertheless, Figure 5.4 also shows that 

the lowest model performance occurs for concentrations of collagen between ~0.7-0.9 g/cm3, 

which corresponds to the later stage of bone regeneration. This region has an RMSE of 0.31 

g/cm3 in the 1.5 mm offset compared to the 0.17 g/cm3 for the rest of the range. At these 

stages, in addition to collagen, the samples contain collagen and HA at higher concentration. 

The intense band at 960 cm-1 assigned to HA partially overlaps with the main Raman bands of 

collagen in the 900-1000 cm-1 range, affecting the prediction accuracy. In the building of the 

PLS model a range of skin thicknesses were used, with a range of approximately 0.5-1.0 mm. 

This combined with the heterogeneous nature of skin led to an unpredictable variance in the 

spectral contribution from skin due to the varying concentrations of collagen and fat from the 

skin itself. In order to build a model that takes into account skin thickness a much larger data 

set would be needed. As well the samples varying from the minimum to maximum 

concentration of HA and collagen, they would also have skin thicknesses ranging from 

thinnest to the thickest. Using a single offset, differentiating between high concentrations 

deep within the material and low concentrations close to the surface can be difficult so a 

model that accounts for skin thickness would likely utilize multiple offsets. 

 

In both PLS models corresponding to 1.0 mm and 1.5 mm spatial offsets, there is a stronger 

prediction accuracy at lower concentrations of collagen. It is possible that this reduced 

performance at larger concentrations could be linked to a variety of factors. Over the course 

of a long measurement the collagen fibers absorb moisture from sources such as the skin. 

Greater concentrations of collagen could increase how much the skin dries out, affecting 

signal scattering.  At high concentrations of collagen and HA the packing of the material into 

the defect was a limiting factor, as the collagen needed to be packed more densely. The 

change in optical properties is due to the change in the concentration of scattering material 

within the defect. This could lead to a concentration dependence of prediction performance. 

The PLS models were then tested on new phantom samples. For these samples the 

concentrations of collagen and hydroxyapatite were selected to match specific points of 

interest along the time course of bone regeneration. These samples were not included in the 

training dataset. The selected points were demonstrated in Table 1 referencing stages along 

the healing model demonstrated in Figure 5.1. These stages were selected to investigate the 
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ability to determine the early deposition of collagen in the sample as well as ongoing soft 

tissue remodeling. 

 

Figure 5.5: Prediction of collagen concentration for a time-course model of bone healing 
using phantom samples. Black triangles represent the predicted concentrations by the PLS 
modes (5 different samples), with the black dotted line as a guiding line for the average 
values. Error bars denote the uncertainties of the prediction model obtained from the boot-
strapping evaluation. Red line is a guiding line for the actual collagen concentrations in the 
sample.  

 

The results in Figure 5.5 show a strong correlation between the actual concentration of 

collagen in the test samples and the values predicted by the PLS model. The predicted values 

of the concentration follow the overall profile of the true concentration values and the 

majority are within the expected uncertainties of the PLS model, with the larger 

concentrations exhibiting a larger variance. The model over predicts at low collagen 

concentrations and under predicts high concentrations. The observed variance between the 

predicted concentrations for different samples is likely to be caused by variations in the 

thickness of the skin layers, as each sample used a different layer of skin. It is worth noting 
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that for in vivo measurements on the animal, the SORS spectra will be acquired from the same 

location therefore variations in skin thickness are less likely to occur within the same animal.  

 

3.2. Quantification of collagen concentration in bone defects in rat cadavers 

In order to investigate the feasibility of measuring collagen concentrations directly on 

animals, prior to live animals, experiments were carried out using rat cadavers. Bone defects 

were induced in the skulls of the rats and plugs of collagen:HA were inserted, then covered 

by the skin flaps (Figure 5.6a). The PLS model from Section 3.1 was applied on the SORS 

spectra measured transcutaneously by focusing the laser spot at the center of the defect 

location, mimicking in vivo measurements. For each animal, six collagen:HA plugs were used, 

using concentrations covering all six stages of bone regeneration. In total, three animals were 

used to evaluate inter-animal variance.  Figure 5.6b presents SORS spectra measured from 

one of the animals covering the first four stages of simulated bone healing taken with a 

1.5mm offset. In all SORS spectra, Raman bands associated to collagen can be identified 

mainly in the  1200-1350 cm-1 (amide III bands with specific higher intensity at 1240-1270 cm-

1 compared to 1300-1350 cm-1) and 850 and 950 cm-1.  As the spectra were normalized using 

the 1445cm-1 band, the SORS spectra measured for the samples with lower concentration of 

collagen (e.g. Stages 1, 2) have lower signal to noise ratio compared to the samples 

corresponding to Stages 3-5. The Raman band assigned to HA phosphate vibrations at 960 

cm-1 can be identified in the SORS spectra starting with Stage 4.  

 



117 
 

 

 

Figure 5.6: a) Photographs of a rat head used in this study, showing the defect drilled in the 
skull (blue arrow).  b) SORS spectra obtained using collagen:HA plugs with concentrations 
corresponding to Stages 1 to 4 of bone regeneration (1.5 mm spatial offset). Spectra have 
baseline subtracted. The grey bars denote the spectral features that correlated best with 
collagen concentration. 

Next, the PLS model developed in Section 3 was applied on the SORS spectra measured from 

the rat cadavers (Figure 6). The results show that, for all three animals used here, the 

predicted collagen values follow the correct pattern of increasing collagen from Stage 1 to 

Stage 4, followed by a decrease at Stages 5 and 6 of the prediction. This consistency can also 

be attributed to the fact that, for each animal, the thickness of the skin covering the 

collagen:HA plugs remained the same when changing the concentrations of collagen and HA 

(skin thickness was considered the main source of variance for the phantom samples). 

Nevertheless, the results in Figure 5.7show that the predicted values of collagen 

concentration were higher than the real values, by a factor of 2 to 2.5. We speculate that 

several factors contributed to this over prediction, both caused by differences between the 
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samples used for training the PLS model and the actual rat samples. Rat skin was found to be 

significantly thinner than the chicken skin used for training the model, there was also left-

over hair on the rat skin and bone tissue surrounding the defect volume instead of Teflon for 

phantom sample. Furthermore, the cadaver had brain tissue as the scattering medium 

whereas the phantoms had porcine fat. While multiplying the predicted values of the 

concentration by a factor of 0.5 could provide an empirical correction, the results show that 

a preferable improvement in prediction accuracy could be obtained in future studies by 

training the PLS models with samples based on rat cadavers rather than phantoms.  

 
 

Figure 5.7: Time course model of simulated bone regeneration in a rat skull. Each symbol 
denotes a different rat skull, and the red line is a guide line for the actual concentration of 
collagen placed in the sample. 

5.5 Conclusions 
In this paper we showed that a SORS-based PLS model can be used to create a quantitative 

prediction model of collagen concentration within a phantom sample mimicking a rat 

calvarial defect model. The concentrations of collagen were selected to have relevant values 

to in vivo bone healing (0-0.86g/cm3). The predictive power was 0.16g/cm-1, and the main 

source of uncertainty was linked to variations in thickness of the skin layers used.  
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The PLS model was then used to predict the collagen concentration in collagen:HA plugs 

inserted in defects induced in the skull of rat cadavers. The PLS model successfully retrieved 

the overall pattern of collagen concentration across the concentrations simulating all stages 

of none healing. Nevertheless, the actual concentration values were predicted to be 

approximately 2-fold higher than the actual values. These over-prediction errors were 

associated to differences in structure and composition between the phantom samples used 

for training the PLS model and the actual rat cadaver samples. While the use of phantom 

samples for training the PLS models provides simplicity and avoids using animals, we assume 

that the predictive power could be improved if training is carried out on samples as similar 

as possible to those on which the actual measurements are to be performed.  

These feasibility results indicate that SORS could be used in a non-invasive way to measure 

molecular changes related to bone regeneration in vivo. Such studies could generate unique 

longitudinal data that will provide a better understanding of the spatial and temporal 

molecular processes underpinning the repair of bone, that would enable the optimization 

the physical and chemical properties of scaffolds. The ability to follow the bone healing 

process on the same animal, with high chemical specificity, will provide higher quality data 

with ethical and economic benefits from reducing the number of animals used during the 

research. 
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6 Chapter 6  
 

Conclusion 
6.1 Overview 

At the start of the PhD the aim of the project was to develop a DMD-based SORS and apply 

this new technique the monitoring of bone growth and healing. Building on work by Liao et 

al (101) the instrument was constructed from scratch and then tested on multiple samples 

that are highly relevant to bone monitoring samples. Through these studies, multiple 

improvements to the instrumentation and data analysis techniques were made which 

impacted and improved the efficacy of DMD-based SORS as a monitoring tool. 

6.2 Summary 
In Chapter 3 I discussed the instrumentation of the device, the fundamental principles that 

underpin the method of DMD-based SORS and the validation of the device. In Section 3.4 I 

demonstrated the ability of the device to separate signal from regions of interest of 

different geometries at depths up to 6 mm. This demonstrated the feasibility of my DMD-

based SORS approach as a method for measuring biological materials within a bulk material. 

The results also showed that the collection pattern on the DMD can be changed quickly and 

easily in software according to current needs (Section 3.2).  

In Chapter 4 I investigated the feasibly of using DMD-based SORS to monitor the 

mineralisation of bone defects in large bones. I showed that through 4 mm of porcine skin 

and fat it was possible to detect samples of hydroxyapatite (HA) with concentrations as low 

as 0.18 g/cm3, which is approximately 10% of the density found in healthy bone, and 

samples with mineral density of 0.61g/cm3 were detectable at depths up to 14 mm below 

the surface (Section 4.3). This was a clear demonstration of the capabilities of DMD-based 

SORS as a method for the monitoring of bone defects.  

Having demonstrated the capacity to detect hydroxyapatite at biologically relevant 

concentrations at depths up to 14mm, the project moved its focus to characterisation of the 

extracellular matrix and organic molecules in bone (collagen). While HA in bone has been 

measured by other groups using SORS, measurement of collagen concentration within bone 

is much challenging. The concentration and Raman scattering cross section of collagen are 

significantly lower that that of HA. Furthermore, collagen has many similar spectral features 
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with other components of biological tissue such as fats and other proteins as illustrated in 

Figure 5.2. 

Collagen deposition happens earlier in the regrowth of bone than mineralisation, so the 

target of this study was to investigate monitoring a greater portion of the regrowth. Using a 

partial least-squares (PLS) method trained on a phantom sample, I was able to create a 

prediction model that could predict the concentration of the collagen within a defect with a 

root mean square error of 0.16g/cm3 which is less than 20% of the maximum concentration 

found in healthy bone. This method was applied to rat cadavers where it successfully 

predicted the overall concentration profile. Nevertheless, systematic errors likely caused by 

differences between training and test samples led to approximately 2-fold higher predicted 

values compared than actual values. 

The work done within these chapters showed that DMD-based SORS is a flexible tool that 

allowed measurements of both the mineral and soft tissue components of bone. This ranges 

from the growth of the extracellular matrix in the early stages of bone healing to the 

possibility of long-term monitoring of the mineralisation of large bone defects deep beneath 

thick skin and fat layers. 

6.3 Key novel aspects of the instrumentation 

6.3.1 What did the device do that was novel? 

The major benefit of DMD-based SORS is that any collection point that is available on the 

DMD is an offset that can be collected from the surface of a sample. The other most 

common forms of SORS device are iSORS and SORS fibre probes. iSORS relies on a ring 

illumination with a single detection point at the centre. While this configuration increases 

laser power at the surface without increasing the laser power density, DMD-based SORS 

compensates with multiple detectors which leads to the total Raman signal collected to be 

similar (Section 3.2.1). Another benefit of multiple individual collection points is that spatial 

information is retained. While in DMD-based SORS each individual spectrum has 

information about the material between the excitation/collection point, ring-illuminated 

iSORS has only one collection point that is the summation of all the paths between the 

excitation and collection points. 

 The DMD-based SORS approach also allows the user to take measurements of multiple 

offsets at the same time (Section 3.2.2). Fibre optic probes do not suffer from the same 
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efficiency losses that DMD-based SORS does, however, once a probe is built there is only 

one configuration. The flexibility of DMD-based SORS is again the major strength of this type 

of system.  

I would argue that any research group looking to build diffuse Raman systems that are 

optimised for specific uses would benefit from building a DMD-based system to use as a test 

bench for the excitation and collection patterns. It excels particularly in its ability to adapt to 

a new sample geometry with software changes. The only hardware change that may be 

required is to replace the objective lens with another of different focal length to change the 

range of offsets available. 

6.3.2 Possible improvements to the DMD-base SORS methodology and instrumentation 

1.1.1.1 Shorten beam path length. 

Equation 3.4 shows that the overlap distance between the projected light from the 

objective lens, 𝑓0, to the DMD lens, 𝑓1, is proportional to the negative of the path length 

between the two lenses. Equation 3.5 and Figure 3.4 further demonstrate the increased 

signal losses caused by increasing path lens between these two lenses. During the 

construction of the device used for the experimental work of the thesis there were 

significant constraints on the geometry of the instrument which led to the choice of the 

1000 mm path length. Figure 3.4a shows that for larger offsets, in one case of a 4mm offset 

with a 100 mm focal lens, reducing the path length from 1000 mm to 400 mm could more 

than double the overlap of the projected signal with the DMD lens; this would have a 

proportionate effect on the signal throughput of the system. This improvement alone would 

increase the signal to noise of the larger by a factor of two or more. 

1.1.1.2 Improvements that can be made with regards to the DMD selection.  

The DMD is the focus of a DMD-based SORS device and there are a few improvements that 

could be made to the size, configuration, and efficiency of the DMD.  

A larger DMD could be used to increase the maximum range of offsets. This allows 

increasing maximum offsets at the sample or using shorter focal length objective lenses to 

achieve the same offsets. The benefits of the short focal length objective lens are the 

improved numerical aperture that will lead to significantly more Raman signal being 

collected from the sample surface. In Figure 3.5 and Table 3.1, it is demonstrated that a 
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shorter focal length lens leads to a higher signal throughput of the device when not at the 

maximum limit of its achievable offset. 

Throughout this project a DLP6500 (Texas instruments) DMD was used. This DMD has a 

nominal window transmission efficiency of 97% though the design is for visible range. In the 

785 – 900nm range that was the focus of the thesis other experimental work showed its 

efficiency to be much closer to 20%. Significant improvements in the DMD marketplace have 

been made and it is now possible to procure reasonably priced DMDs which are designed 

for the near-infra red region. The DLP4500NIR has a window transmission efficiency of 96% 

in the 700-2000nm range which would make a considerable improvement to the amount of 

signal that is reflected from the DMD onto the spectrometer, possibly increasing Raman 

signal collected by as much as three-fold. 

When these improvements are considered there is significant improvement possible for 

DMD-based SORS instruments. By combining the signal throughput improvements that 

could be made by each of these improvements it may be possible to achieve a cumulative 

improvement in the signal collected by up to an order of magnitude at the larger offsets.  

1.1.1.3 Expanding the flexibility of DMD-based SORS by expanding the software control to the 

excitation laser point 

The ability to program the collection point dynamically creates a huge amount of flexibility 

for Raman signal collection. To build on this, the next step could be to add the ability to 

change the excitation point using software. By using a programmable microscope stage it is 

already possible to scan across the surface of a sample as with conventional Raman 

microscopy, this has already been done for a surface-enhanced SORS system. Since the 

entire imaging plane is always projected onto the DMD this does not change the relative 

position of the excitation point to the DMD.  

By placing galvo-scanner mirrors in the excitation beam path it is possible to control the 

exact placement of the excitation point on the surface of the sample.  A potential benefit of 

this method of combined control over excitation and collection points is to combine the 

potential benefits of iSORS with SORS. A major limiting factor in Raman signal acquisition in 

human and animal studies is the maximum safe limit of power density at the sample 

surface. Using galvo–mirror scanners to control the beam it would be possible to scan 
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rapidly over a small area of the sample surface. This would have the effect of spreading the 

power over a larger area reducing the power density to a safe level. This can then be 

combined with many collection points to improve total signal even further. 

The final possible improvement that the galvo-scanners could bring is the ability to rapidly 

test configurations of excitation and detection geometries. This would allow the creation of 

a much more powerful tool for finding optimal configurations of excitation and collection 

point that would improve both signal contrast and signal to noise ratio. This capacity would 

open the use of DMD-base SORS not just as a tool for the implementation of spatially offset 

Raman spectroscopy but also as a powerful system for testing the configuration of collection 

and excitation points in fibre probes or iSORS. 

1.1.1.4 Combining offsets to improve prediction accuracy 

One method that improved the prediction accuracy of the model that takes advantage of 

the strengths of DMD-based SORS was the combination of the prediction model from 

multiple offsets to create a more accurate prediction model than any of the individual 

models alone. A basic form of this was implemented in Chapter 5 where the mean value of 

multiple prediction models was used. DMD-based SORS is uniquely placed as a method for 

collecting SORS signals in this way as it is possible to dynamically choose the collection point 

configurations as discussed in Chapter 3.2.4. DMD-based SORS can be used to collect 

multiple offsets concurrently so that a number of offsets may be combined with a single 

measurement.  

6.4 Future work 
While combining multiple separate models can help to increase prediction accuracy this 

does not consider the interrelationship between the different offsets chosen. Future work 

could include the combination of spectral features from multiple offsets to take advantage 

of correlations between the information with ratios of signal strength at different depths.  

To improve the capacity of DMD-based SORS as a tool for monitoring of bone defects there 

needs to be a significant improvement in both signal contrast and signal to noise ratio. 

While improvements to the instrumentation have already been suggested these do not 

address the overlapping of spectra features that makes monitoring the collagen within a 

bone defect so difficult. 



125 
 

To gain a greater understanding of the distribution of excitation light and Raman signal 

within a sample I propose further work should utilise both experimental data and 

simulation. To follow is a description of the principles underlying these ideas of combining 

simulation and experimental data to optimise the geometric configurations of the excitation 

and detection points. 

6.4.1 Improve signal contrast/ signal to noise using modelling. 

NIRFAST utilises a finite element method (FEM) (168) that models photon propagation, the 

forward problem, with diffusion theory and then recovers the optical properties, the inverse 

problem, at each FEM node.  

A key factor in chemical prediction in SORS is the spectra contrast, defined as the ratio of 

Raman photons collected that originated from a particular region of interest within the 

sample (ROI) relative to the Raman photons originated from outside the ROI.  

 

𝑆𝑖𝑔𝑛𝑎𝑙 𝐶𝑜𝑛𝑡𝑟𝑎𝑠𝑡 =  
𝑆𝑖𝑔𝑛𝑎𝑙𝑅𝑂𝐼

𝑆𝑖𝑔𝑛𝑎𝑙𝑅𝑒𝑓
                                                    [6.1] 

where 𝑆𝑖𝑔𝑛𝑎𝑙𝑅𝑂𝐼 is the signal generated within the region of interest that reaches the 

detector and 𝑆𝑖𝑔𝑛𝑎𝑙𝑟𝑒𝑓 is the signal generated within the rest of the entire sample.  

 

As well as signal contrast the other key factor in a Raman measurement is the signal to noise 

ratio (𝑆𝑁𝑅). This is defined by us as   

 

𝑆𝑁𝑅 =  
𝐼𝑅𝑂𝐼

𝛿𝐵𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑
                                                        [6.2] 

 

where 𝛿𝐵𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑is the standard deviation of the background of the signal. This can be 

calculated by taking the standard deviation of a region of spectral that has no spectra 

features. In the case where the limiting spectral noise source is source noise the noise can 

be approximated to 
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𝑁𝑜𝑖𝑠𝑒 =  √𝑆𝑖𝑔𝑛𝑎𝑙𝑇𝑜𝑡                                                         [6.3] 

 

where 𝑆𝑖𝑔𝑛𝑎𝑙𝑇𝑜𝑡 is the sum of the signal from the region of interest and the signal from the 

bulk material. This means that signal to noise ratio can be estimated within the software by: 

 

𝑆𝑁𝑅 =  
𝑆𝑖𝑔𝑛𝑎𝑙𝑅𝑂𝐼

√𝑆𝑖𝑔𝑛𝑎𝑙𝑇𝑜𝑡
                                                           [6.4] 

 

Signal contrast is therefore affected by the geometry of the excitation and detection points 

while signal to noise ratio is affected by both the geometry and integration time. This means 

that the importance of signal contrast and signal to noise ratio can be balanced against one 

another depending on the spectral features of the materials and the integration time 

constraints that may be present. 

6.4.2 Simulating and validating the optimisation approach for a simple sample 

To demonstrate the principle of optimisation for a simple sample I designed a simple sample 

that would be relevant to the previous work done in this thesis. This design was a 30 x 30 x 

30 mm cube of Teflon with a single defect that was 3 mm radius, 1.5 mm thick, and 1.5 mm 

below the surface (Figure 6.1a-b). The defect was filled with Trans-stilbene powder to 

generate a strong signal. The simulation software allows for multiple excitation and 

detection points to be simulated so two excitation points at -1mm and 0mm offset were 

simulated, each paired with 17 detectors from -8 mm to 8 mm offset with 1 mm intervals.  
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Figure 6.1 a) A three-dimensional representation of the simulated block where blue is Teflon 

and red is Trans-stilbene defect. b) A two-dimensional cross-section of the simulated block, 

the arrows denote the surface which is used to excitation and collection. c) The results of 

the NIRFast simulation measuring signal contrast at multiple detectors offset for two 

excitation points. The black crosses are the position of the detectors from the centre of the 

sample, the blue triangle is central excitation point and the red triangle is the -1 mm offset 

excitation point. The coloured area above and below the black lines show the 5% error lines 

generated by varying the scattering coefficients by 5% and recalculating. d) The 

experimental results validating the simulation; the blue line is the symmetrical SORS 

configuration, and the red line is the -1 mm excitation offset. 

To simulate the Teflon block an estimation of the scattering coefficients as taken from 

previous work with NIRFast simulated plastics. Signal contrast was defined such that 

𝐼𝑟𝑒𝑓 was the area under the 734cm-1 and 𝐼𝑅𝑂𝐼 was the area under the 1000 cm-1 peak from 

the Tran-stilbene. The signal contrast was then calculated at each detector for the two 

different excitation points and plotted against the detector offset as shown in Figure 6.1c. In 
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order to account for the possible error in scattering coefficients the simulation was run with 

values for the scattering coefficients ±5% and these error bars were plotted on the graph as 

the area above and below the line.  

Comparing the simulation, Figure 6.1c, to the experimental data, Figure 6.1d, there is a 

strong similarity between the two graphs. In both cases the 0mm excitation plot is 

symmetrical within error. Both 0 mm excitation plots have a minimum at the centre and a 

maximum signal contrast value at 3 mm detector offset. In both the -1mm excitation offset 

cases the asymmetry leads to an improvement in signal contrast at the detector offsets 

opposite to the excitation offset. This maximum value is close to 2-3 mm for both plots. 

The point of this pilot study was not to quantify the possible improvements but rather to 

demonstrate two points. Firstly, that simulation software has the capacity to be used to 

simulate SORS measurements to fasciculate data driven decision-making regarding 

excitation and detection point geometries without the need for many experimentations on 

all geometry’s samples. The qualitative similarity between Figure 6.1c and Figure 6.1d shows 

that the use of NIRFast has the potential to fulfil this role if scattering coefficients can be 

estimated.  

The second goal of the proof of concept was to show that circular SORS with a central 

excitation point may not be optimal for all configurations. In situations where signal contrast 

has a greater importance than signal to noise it may be beneficial to find different 

configurations of excitation and detection points. Figure 6.1c and d showed that placing the 

excitation point asymmetrically on the sample can lead to improved signal contrast.  

SORS typically utilises a greater surface area of collection or detection by using a ring of 

excitation/collection points. Our simple simulation of points in a straight line did not take 

this into account. There is potential for geometric improvements in the combination of 

excitation and collection points across the 2D surface of a sample. Using simulation would 

allow for all these configurations to be investigated and quantified. 

 By combining the simulation with a DMD-based SORS device, configurations found with 

simulation to be quickly validated experimentally. This will likely be a powerful tool for 

creating future SORS systems, particularly sample specific probes which cannot be modified 

once built. 
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