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ABSTRACT 
Traumatic central nervous system (CNS) injuries, or CNS trauma, are a leading cause of 

morbidity and mortality worldwide, with high-complication rates, prolonged post-

traumatic neuro-disorders requiring long-term care, and are associated with important 

socio-economic costs such as prolonged medical care, rehabilitation costs, and loss of 

productivity and economic contribution. CNS trauma often affects individuals at their 

most economically active, yet no primary disease modifying interventions. Therapeutic 

strategies continue to be explored, including photobiomodulation (PBM). Given the 

limited regenerative capacity of CNS tissue, early insights into the biochemical changes 

that occur following trauma are essential for developing effective interventions. 

Traumatic brain injury (TBI) in particular, presents with notoriously inconsistent 

symptoms, complicating the development of reliable diagnostic tools. However, current 

hospital-based diagnostic modalities are often too slow or costly to support timely 

clinical decision-making in acute care settings, creating significant barriers to effective 

TBI management. This thesis aims to ascertain the use of Raman spectroscopy as a 

method of biochemical detection on CNS tissue to identify potential therapeutic 

pathways.  

Here, we have developed an unprecedented Raman spectroscopy library of eighteen 

potential TBI biomarkers recorded on four laser wavelengths. Paired with the 

development of a probe as a portable technology capable of rapidly detecting TBI 

biochemical changes in the brain via Raman spectroscopy-based measurements of brain 

tissue, the biomarker library is a tool capable identifying therapeutic targets for TBI 



iii 
 

primary injuries, as well as an experimental guide for researchers in the field of Raman 

diagnostics for CNS trauma. Using established and emergent cranial access in secondary 

care, we have successfully demonstrated the use of the probe to classify healthy from 

injured tissue to an accuracy of 94.5% (±0.03), temporally tracking the injury pathology 

and evolution. Using a 3D printed intracranial bolt, the developed probe-device 

demonstrates the differentiation between injured and healthy controls, classifying injury 

severities via the Self-Optimising Kohonen Index Network, and quantitatively attributing 

changes to the underlying biochemistry in a murine model of simulated TBI impact. An 

additional novel approach to transcranial Raman spectroscopy is featured in its early 

stages, yielding a preliminary 92.8% (±0.06) accuracy of classification between distinct 

brain biochemical environments. Real-time direct spectroscopy of rat brain tissue post-

TBI enables improved interrogation of injury heterogeneity and subtypes, greater target 

management strategies, identification of novel targets for intervention, and allows for a 

clearer understanding of the fundamental biochemistry evolution and pathological 

dysregulation. Overall, this device demonstrates the feasibility for real-time optical brain 

spectroscopic interface. This technology can thus be directly translated for integration 

into current standards of CNS trauma care and is applicable in the research of primary 

disease modifying interventions. 

Following the identification of therapeutic targets, Raman spectroscopy has been 

established as a monitoring tool to track PBM treatment efficacy for spinal cord injury. 

Through the examination of spinal cord tissue, dorsal root ganglia (DRG), and brain tissue, 

PBM was ascertained to accelerate dendrite growth and axonal regeneration in the DRG 

and showed evidence of recovering injured spinal cord tissue towards a healthy baseline.  
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1.1 Research Motivation 
 

Traumatic central nervous system (CNS) injuries, or CNS trauma, is the designated name 

attributable to both traumatic brain injury (TBI) and spinal cord injury (SCI). The Global 

Burden of Diseases, Injuries and Risk Factors study estimated that in 2016 there was a 

55.5 million global prevalence of TBI and 27 million for SCI [1]. Traumatic CNS injuries 

range from short-term mild injuries to long-term debilitating injuries, and sometimes 

death, therefore present as a massive socio-economic burden worldwide [2]. As the 

tissues affected are widely recognised as non-regenerative, both types of traumatic 

injuries have therefore gained traction in research over the years, however, there remain 

many unknowns about both diseases in terms of diagnosis, precise understanding of 

physiological changes, and treatment. Direct access to the spinal cord and brain is 

restricted to necessary preventative medical procedures, and most diagnostic tests rely 

on imaging and compositions of alternative biofluids.  

Diagnostics tests directly on the injured tissue would elucidate the extent of the primary 

injuries, and aid in the development of direct treatments of the damage, thus reducing the 

possibility of future CNS trauma related complications and improving patient outcomes. 

Currently, TBI and SCI treatments mostly provide symptomatic relief [3, 4]. Left 

unattended, secondary injuries to the brain can progress to cognitive decline over time, 

higher risk for dementia, increased neurodegeneration, and emerging diseases such as 

chronic traumatic encephalopathy [5-7]. In the case for SCI, chronic respiratory, 

cardiovascular, or urinary and bowel complications are commonly reported, as well as 

pain syndromes and spasticity, to name but a few, all leading to increased morbidity, 
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decreased quality of life for patient and family, and a great burden for the healthcare 

industry [8, 9]. 

The aim of this research is to establish the use of Raman spectroscopy, an emerging 

analytical technique in the field of diagnostics [10-14], for i) the initiation of the 

development of a rapid, portable device to aid in the identification of key biochemical 

changes occurring in the brain following TBI, and ii) as a monitoring tool for a proposed 

SCI therapy and the tracking of treatment efficacy in various tissue types [15].  

 

1.2 Thesis Scope 
 

The main aim of this research was the development of a portable probe for TBI monitoring; 

as such, the thesis has a bias towards TBI related research. The following chapters 

include an introduction and three research articles, which have been published or 

submitted to review during the duration of this doctorate:  

• Chapter 2: An introduction to brain-based changes in TBI, current methods for 

diagnostics and treatments, and the potential for Raman spectroscopy to fit into 

the existing procedures as a diagnostic tool.  

• Chapter 3: The building of a Raman spectral library of predictive TBI biomarkers 

and their associated characterisations. 

• Chapter 4: Validation of the Intracranial Raman Spectroscopic Probe for 

instantaneous monitoring and classification of TBI, and novel approaches and 
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applications of Raman spectroscopy for transcranial TBI detection in animal 

models.  

• Chapter 5: Evaluating the efficacy of Raman spectroscopy as a neuromonitoring 

tool for the treatment of SCI derived effects via photobiomodulation in the spinal 

cord, dorsal root ganglia, and the brain in in vivo animal models.  

The thesis is then summarised in Chapter 6, where future considerations and prospects 

for this research are outlined.  
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2.1 Introduction 
 

Traumatic brain injuries are a prevalent worldwide socio-economic burden. These injuries 

can result from various external physical forces, including impacts to the skull, skull 

penetration, or rapid acceleration or deceleration. The resulting conditions range from 

mild concussions to fatal or long-term debilitating disabilities [1]. The heterogeneity of the 

disease means that the progression and presentation of the injury will be different in each 

patient, and tools for diagnosis and treatment are challenging to standardize universally. 

The lack of treatments available to treat the primary injuries are the cause of the financial 

burden from the first response, immediate medical care and any future disabilities and 

secondary injuries; addressing the primary injury at any severity could reduce these costs 

in the future. The American Congress of Rehabilitation Medicine's diagnostic criteria for 

mild TBI (mTBI) classify it based on symptoms, clinical examination, and neuroimaging, 

aiming to standardize assessment and improve consistency in both clinical care and 

research [2]. Given that the mechanisms of injury are unique to each patient, symptoms 

of different intensities will present in diverse ways, resulting in the non-conformity of 

response protocols, leading to presumptuous dismissals of severe injuries [3]. Generally, 

TBIs are classified as mild, moderate, or severe. Given the nature of the research, only 

severe TBI (sTBI) will be discussed as the biochemical environment of brain tissue is only 

accessible in cases of severe injury.  
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2.2 Raman Spectroscopy 
 

The interaction of light with matter can have three outcomes [4]. The first being the photon 

is absorbed, and the molecule excited, promoting it to a higher energy state. The second 

outcome is photon scattering, where they interact with the molecules and polarise the 

electron cloud. The polarisation, or distortion, of this cloud creates a short lived and 

unobservable quantum state, called a virtual energy state, allowing for a brief but 

recordable energy transfer. Lastly, the photon may not interact with matter altogether, and 

just traverse through. Raman spectroscopy relies on the inelastic scattering of light, a 

concept first evidenced in 1928 by its namesake when a spectrogram of monochromatic 

light shone on benzene showed two distinct spectral lines, the implication being a gain in 

energy by a photon following interaction with the molecule [5]. Raman spectroscopy is a 

sensitive, non-destructive, and label-free analytical chemistry technique, with a recent 

surge in popularity for its potential in disease diagnostics due to its ability to detect trace 

quantities of a molecule [6-13].  

This inelastic scattering of light relies on photons from a monochromatic light source to 

undergo a specific energy shift following their interaction with the virtual electronic states 

of a sample, which are influenced by the molecule’s vibrational mode [5, 14, 15]. These 

virtual states, depicted in Figure 2-1 are temporary, non-quantized energy levels that do 

not correspond to actual electronic transitions but instead represent short-lived 

distortions of the electron cloud during photon interaction [16]. The effect recorded is due 
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to a molecule’s change in vibrational energy state, enabled by variations in its 

polarizability during the interaction [4]. Vibrational energy states refer to the discrete 

levels of energy a molecule possesses due to the atoms vibrating relative to one another; 

these vibrations occur at specific frequencies depending on the molecule’s structure and 

bonding. Upon interaction with a photon, the vibrational modes can become excited or 

relaxed, resulting in a measurable energy difference [4]. The polarizability of a molecule 

is typically defined as the molecule’s tendency to procure a dipole moment following 

induction of an electric field [17]. In the case for elastic scattering, or Rayleigh scattering, 

an excited photon is raised to a virtual state and is returned with no shift in energy. 

Inelastic scattering, or Raman scattering, infers a change in energy, either from the 

photon being raised from the ground vibrational energy state and returned at a higher 

energy (Stokes), or starting in a higher vibrational energy state and returning to a lower one 

(Anti-Stokes), as depicted in Figure 2-1.  

At ambient conditions, an increased likelihood exists for the molecular vibrations to be in 

their ground state, rendering Stokes more probable and therefore more intense than Anti-

Stokes [4, 18]. For this reason, most research, and this thesis included, proceed using 

Stokes scattering. Raman spectroscopy is not to be confused with other common 

vibrational methods, such as infrared spectroscopy, which defines functional groups by 

the wavenumber (cm-1) at which it experiences a vibrational mode, absorption, to which 

the electron is raised from its ground state to a higher vibrational energy level, or 

fluorescence, also named emission or phosphorescence. In this instance, a photon is lost 

at a higher virtual state before the molecule’s return to its ground state [19, 20]. These 
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latter two examples require for the molecule to be excited, enabling the change in 

vibrational energy levels to be recorded.  

 

Figure 2-1 – Jablonski diagram demonstrating energy shifts during absorption, emission, Rayleigh 
scattering and Raman scattering (Stokes and Anti-Stokes).  

 

Since Raman is coupled to the polarisation of electrons within a molecule, the 

deformation of the electron clouds dictates the vibration types observed. Bonds can 

experience stretching, rocking, wagging or twisting, in either a symmetric or asymmetric 

fashion, shown in Figure 2-2. A Raman spectrum records bands positioned according to 

the vibration frequency of each of these bonds, measured in terms of intensity (A.U.) 

against spatial frequency (cm-1) [4]. Raman spectroscopy can therefore provide a unique 

biomolecular spectral fingerprint of target biomarkers as a rapid analytical response [21, 

22]. These spectroscopic barcodes have been shown to identify various diseases from 

direct tissue sampling and collected biofluids [10, 23-28]. Raman spectroscopy has the 
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advantage of requiring no sample preparation or biopsy, and is non-destructive and 

biocompatible, making it an ideal choice for CNS tissue evaluation over other spectral 

techniques such as infrared or fluorescence spectroscopy.   

 

 

Figure 2-2 - Raman vibrational modes. Vibrational modes are dependent on the polarizability of a 
molecule, and therefore a function of the deformation of electron clouds. Bonds specifically 
experience stretching and bending in symmetric and asymmetric manners, both in plane and out 
of plane.  

 

2.3 Raman Instrumentation 
 

In Raman spectroscopy, lasers are almost always used as the excitation source. The 

choice of laser wavelength is dependent on the molecules or sample of interest, frequent 

options being in the regions of 514, 633, 785, 830 and 1064 nm due to their commercial 

availability, cost-effectiveness and versatility across ranges of sample types. Despite the 
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promising potential for Raman spectroscopy, the small number of inelastically scattered 

photons makes it an inherently weak effect. The simpler the molecule, the higher the 

quality of the spectrum. Organic samples tend to experience increased 

autofluorescence, and therefore worsen the signal to noise ratio, lowering the overall 

quality of the acquired spectra [29, 30]. The 785 nm laser is an industrial standard used 

for fresh biological samples. Lying in the near infrared region allows for a reduced 

autofluorescence and the risk of burning the samples (e.g. photothermal damage), due 

to longer wavelengths than other common Raman laser sources, at the expense of higher 

intensity signal the shorter wavelengths could provide [29].   

The light is focussed on the sample in different ways depending on the instrument. 

Confocal Raman spectroscopy utilises the microscope objective to precisely direct the 

light, whereas most handheld devices will use a variety of filters and a lens to guide the 

light. Back-scattered light is collected at a calculated angle through the same lens, where 

dichroic beamsplitters usually redirect the light so as to keep it separate from the 

excitation light. The collected light is filtered for Rayleigh scattering, and a diffraction 

grating spatially disperses the remaining light towards a spectrometer, commonly a 

charge coupled device [4].  

2.4 Pathophysiology of TBI  
 

Following TBI, an immediate cascade of events occurs impacting a myriad of brain 

functions. Many of these processes are initially triggered as neuroprotective features, 
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however, depending on the degree of injury, degrade into disorderly responses, many of 

which impact further responses in a circular fashion.  

 

2.4.1 Excitotoxicity 
 

Damage to the blood-brain barrier (BBB) triggers a host of events, including the 

uncontrolled release of the brain’s primary neurotransmitter, glutamate, into extracellular 

fluids [31]. The immediate effect of increased glutamate is the overexcitement of N-

methyl-D-aspartate (NMDA) and α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid 

(AMPA) receptors causing a dysregulation in intracellular Na+, K+ and Ca2+ concentrations. 

NMDA and AMPA receptors work together, in which AMPA receptors influence short-term 

alterations in synaptic strength and NMDA receptors control the genes necessary for the 

long-term maintenance of these changes [32]. Under normal circumstances, the 

receptor overexcitement would be corrected for by astrocytic glutamate transporters. In 

injury, however, the excessive levels of glutamate become neurotoxic, coining the term 

excitotoxicity [31]. Measuring glutamate levels has been found to be indicative of 

outcome, although there is a lack of accessible equipment to routinely determine levels 

[31, 33]. The result of excessive intracellular calcium can be dysfunction of calcium-

dependent proteins, leading to apoptosis [34]. Studies investigating treatments into 

receptor antagonists have not been as successful as predicted, necessitating research 

into new insights into the excitotoxicity pathway [35, 36]. Untreated increased Ca2+ has 

further consequences regarding mitochondrial dysfunction and oxidative stress [37, 38].  
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2.4.2 Mitochondrial Dysfunction  
 

Cytosolic Ca2+ levels are regulated by its uptake through uniports in the inner 

mitochondrial membrane against a concentration gradient, generating a membrane 

potential driving the electron transport chain (ETC) and adenosine triphosphate (ATP) 

production [39]. Although efficient, the ETC and energy production mechanisms suffer 

from energy loss from electron leakage, producing mitochondrial reactive oxygen species 

(mtROS) [40, 41]. Whilst excessive mtROS production is usually controlled via specific 

scavengers, important roles for regulated levels of mtROS in gene expression, cell 

signalling, and general physiological and pathological performance have been elucidated 

as well [42-47].  The uniporters regulating Ca2+ levels have a limit to their efficacy, and 

exceeding this limit causes the mitochondrial permeability transition pore (mPTP) to open 

[48]. An open mPTP depolarises the mitochondria, uncouples the ETC from ATP 

production, swells the matrix and ruptures the outer mitochondrial membrane, releasing 

apoptotic proteins signalling cellular death, and increases complex III based ROS 

production [49-55]. This consequence in neurons has been identified as a potential 

trigger for neurodegenerative diseases later in life [39]. The overall repercussions of 

mitochondrial dysfunction circles back to unregulated Ca2+ levels, linking mitochondrial 

damage to oxidative stress from increased ROS and excitotoxicity [37, 38].  
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2.4.3 Oxidative Stress 
 

Increases in ROS and reactive nitrogen species (RNS) production are a consequence of 

increased metabolic rate from a higher oxygen demand in the brain post injury [56]. Brain 

parenchyma contains significant amounts of free-radical sensitive components, namely 

unsaturated and polyunsaturated fatty acids, and iron [57]. Mitochondrial function is 

disrupted by oxidative stress through free radical interactions with polyunsaturated fatty 

acids causing lipid peroxidation on mitochondrial membranes, leading to chronic 

inflammations and synaptic dysfunctions [56, 58]. The cellular Ca2+ increases promote 

production of NO and its subsequent reactions with free radical superoxides to form 

peroxynitrite, a cytotoxic derivative of NO whose inhibition has been shown to be 

beneficial following injury [59-61]. The abundance of ROS accumulating in the brain 

eventually has negative impacts on proteins, DNA, and cellular membranes [59-62]. The 

extended excitotoxicity means there is a constant release of ROS and lipid peroxidation, 

causing reduced cerebral blood flow and brain plasticity [63]. Promising studies for 

treatments have been attempted using scavenging molecules and antioxidants to correct 

for the ROS [56, 64-66].  

 

2.4.4 Neuroinflammation 
 

Studies conducted on both humans and rodents show presence of polymorphonuclear 

leukocytes and cytokines within 24 hours of trauma, upregulated in cascades following 
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primary and secondary injuries [67-70]. Prolonged cytokine upregulation induces 

multiple inflammatory responses, initially as a neuroprotective feature, but the 

maintenance of the inflammation can eventually do more harm than good [71]. Prolonged 

inflammation is also indicative of a disrupted BBB and vascular system, allowing red and 

white blood cells to penetrate the brain tissue and initiate communication between 

inflammatory cytokines, ultimately leading to neurological defects and increased 

intracranial pressure (ICP) [72].  

 

2.4.5 Axonal Damage 
 

Neurons experiencing diffuse axonal idiopathic injuries, or more modernly referred to as 

traumatic axonal injury (TAI), can severely damage or destroy the axonal cytoskeleton 

[73]. Originally, TAI was thought to be shearing and tearing as a result of direct mechanical 

force on the brain tissue, following by the formation of visible retraction bulbs [74]. It has 

since been evidenced that this is only the primary injury the axon endures, named primary 

axotomy. Following from the primary axotomy, mitochondrial respiration and glycolysis 

processes are dysregulated, lowering ATP levels [75]. Secondary axotomy is triggered 

through a cascade of molecular events, causing long term axonal inflammatory and 

eventually cellular and oligodendrocyte apoptotic responses [76]. Secondary axotomy 

and its implications of energetic failures is generally regarded as the main cause of axonal 

degeneration [77]. The degree of axon damage can be further assessed through degree of 
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degradation observed of the myelin sheath, accumulations of axonal transport proteins, 

as well as changes in axonal transport [76].  

 

2.4.6 Apoptosis 
 

Neuronal cell death can be seen for up to a year following injury [78]. Apoptosis can occur 

via two main pathways. Intrinsically, pro-apoptotic proteins can be released from the 

mitochondrial intermembrane in response to increased ROS production; Cytochrome C 

depolarised by the mitochondria activates caspase 3 through the modulation of caspases 

8 and 9 [79, 80]. The caspases activity is dictated by the Bcl-2 proteins and are a good 

indicator of prognosis [80]. Specifically, higher caspase 8 levels in blood are associated 

with higher chances of mortality [81], and higher levels of activated caspase 9 can be 

indicative of neurological outcomes, however Darwish and Amiridze’s study does not 

support that the intrinsic apoptotic pathway in its whole contributes majorly to secondary 

TBI injuries [82]. The extrinsic pathway is a result of extracellular signals causing TNF to 

integrate with the Fas cellular death receptors [79]. Clinical trials into anti-TNF drugs have 

been proposed for clinical trials as possible TBI treatments to reduce the numerous 

aspects of the pathology they influence [83]. Caspase induced apoptosis is more visible 

in mild TBI, where mitochondrial energy levels are within normal limits [84]. Caspase 

independent apoptosis is induced through the release of apoptosis inducing factor (AIF) 

and flavoprotein with NADH oxidase from the mitochondria into the cytosol as a result of 

the membrane permeabilization from mitochondrial dysfunction [85, 86]. The 
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translocation of the AIF into the cell nucleus causes cellular death. Caspase-

independent apoptosis can occur in energy impaired states, meaning it is more probable 

to be a mitigating factor in TBI induced apoptosis where cerebral ischemia is more likely 

[87, 88].   

2.5 TBI Predictive Biomarkers 
 

Biological molecules indicative of normal or abnormal physiological processes are 

referred to as biomarkers. Isolating biomarker changes following injuries help identify 

affected processes and predict further injuries, and therefore provide a basis for 

therapeutic targets. Currently, assays for TBI diagnostics rely heavily on blood-based 

biomarkers, with some research investigating complimentary biofluids such as saliva or 

urine [89-92]. Cerebrospinal fluid (CSF) has been used as an accurate source due to its 

proximity to the area of impact, however most consider it too invasive as a biofluid to 

access [93].  

S100B is a formally acknowledged mild TBI biomarker, recognised for diagnostics use in 

Scandinavia in the ALERT-TBI scheme [94, 95]. S100B is a calcium binding protein 

involved in mitochondrial function most commonly found in astrocytes, but observable in 

blood, brain tissue and CSF, which if overexpressed contributes to calcium homeostatic 

disruption and indicates cellular structural damage and death [96, 97].  Although S100B 

has been integrated as a clinical marker in Scandinavia, there are further quantitative 

studies which have shown it is not specific enough as a single marker, as its increase has 

been observed in various other neuronal and non-neuronal diseases alike, such as 
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Alzheimer’s disease, Parkinson’s disease, multiple sclerosis, psychiatric disorders, 

inflammatory bowel disease and COVID-19 [98-100].  Due to the nature of the injury, the 

specificity of a biomarker is important in determining if its increase is the result of the TBI, 

or any other injuries the patient will have incurred at the same time.  

Glial fibrillary acidic protein (GFAP) is an intermediate filament III protein found in white 

and grey matter, tasked to maintain the cytoskeleton of glial cells, neurons and the BBB 

[101]. GFAP is overexpressed as a result of TBI-induced cellular hypertrophy and can 

cause glial scars on brain tissue, delaying axonal regeneration, making it a viable 

candidate as an indicator of damage and predictive of outcomes [102]. Ubiquitin carboxy-

terminal hydrolase L1 (UCHL1) is a regulatory enzyme for axonal transport, structure and 

synapsis [103]. UCHL1 is brain-specific and selectively increased post brain injury in 

correlation with axonal damage [104]. The specificity of UCHL1 makes it a powerful 

component as a diagnostical tool. The assessment of a panel of biomarkers used in 

conjunction with each other ensures increased specificity to TBI and can provide a more 

accurate appraisal of the degree of injury. Further research towards the approval of 

clinically useful biomarkers to facilitate effective decision-making and improve patient 

stratification has the potential to drive non-imaging modalities based diagnostic 

platforms.  

 

2.6 Current sTBI Assessment  
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2.6.1 Glasgow Coma Scale 
 

The Glasgow coma scale (GCS) is an internationally recognised standard of initial 

assessment for head injuries developed in the 70s [105]. The GCS uses eye opening, 

motor responses and verbal activities, shown in Table 2-1, to provide a global outlook of 

affected brain regions. The GCS is scored between 15 and 3; scores between 3-8 are 

considered severe, 9-12 are moderate and 13 and over are mild [106, 107]. Although the 

test is subjective to the healthcare provider or emergency service worker, differences in 

scores of up to 2 points are acceptable.  
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Table 2-1 -Glasgow Coma Scale guide for initial TBI diagnosis. Each behaviour assessed indicates 
the probable site of injury, while the patient’s response indicates the degree of injury [105].  

 

2.6.2 Imaging 
 

In most cases, the first point of call for a closed head injury with a GCS score lower than 

13 would be a non-contrast computerised tomography (CT) scan [106] to identify any 

emergency requiring neurosurgery. Amongst others, neurosurgical emergencies can 

include herniations, hydrocephalus, and hematomas in the brain. However, non-contrast 

CT scans can depreciate the importance of any parenchymal contusions, TAI, or 

hypertension.  
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Magnetic resonance imaging (MRI) scans can complement what the already highly 

sensitive CT scan cannot accurately record. MRI susceptibility weighted imaging can 

allow for comparison between the magnetic susceptibility of tissues and identify 

microhaemorrhages through a 3D gradient-echo sequence that can be particularly 

sensitive to blood and blood products [108]. Mechanical changes in the brain following 

TBI can be recorded through magnetic resonance elastography, which uses low-

frequency vibrations to visualise tissue that has been compressed out of its elastic range 

[109].  

Development of the QuickBrain MRI protocol, a rapid MRI of the brain, for paediatric cases 

has been studied for hydrocephalus detection and has a sensitivity towards TBI as well, 

removing the risks associated with ionizing radiation from CT scans and anaesthesia from 

longer MRI scans [110]. The QuickBrain MRI has not been implemented as a standard of 

care yet but shows promise as a more efficient tool than a traditional MRI. 

Diffusion Tensor Imaging (DTI) is advanced MRI-based technique that visualises white 

matter structure and connectivity through the measurement of water molecule diffusion. 

Water tends to diffuse more easily along the direction of axonal fibres than across them, 

a property known as anisotropic diffusion [111]. DTI captures the direction and the 

magnitude of this movement, allowing to detect disruptions and abnormalities in the 

white matter pathways [112]. Compared to CT scans or conventional MRI, DTI is more 

sensitive to subtle changes in white matter integrity and can therefore contribute to 

assessing injury severity and predicting clinical outcomes. However, it is still not a 
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standard diagnostic tool in most clinical settings and continues to evolve in its clinical 

applications [112]. 

 

2.7 Surgical Interventions for sTBI 
 

Surgical intervention for TBI management is indicated on a patient-to-patient basis. The 

nature of the injury triggers a specific recommendation for its type. 

 

2.7.1 ICP Monitoring 
 

Invasive monitoring of the brain can be required depending on the severity of the injury. 

Intraparenchymal catheters measure the ICP or, more commonly, intraventricular 

catheters record the ICP and drain any excess CSF buildup to reduce pressure [113]. 

Monitoring cerebral perfusion can serve as a useful guide in determining whether further 

surgical intervention is required.  In accordance with the Monro-Kellie Hypothesis, which 

states that the sum of the constituents within the brain (tissue, blood, and CSF) must 

remain constant, a substantial increase in ICP can have dangerous consequences such 

as herniation or cerebral ischemia [114]. Between April 2014 and June 2015, a total of 

1136 ICP insertion procedures were performed in England and Wales, from a sample of 

15 820 patients across 187 hospitals, 26 of which had specialist neurosurgical services 

[115].   



Chapter 2 
 

24 
 

2.7.2 Decompressive Craniectomies 
 

Neuroinflammation, whilst initially a protective feature, results in more space being taken 

up in the skull than is available, and ultimately causes more structural damage to the 

brain. To resolve this, a decompressive craniectomy (DC) can be performed, a procedure 

in which a minimum of 11 cm of the bone flap is removed to allow the brain to swell 

without incurring further damage against the skull and to adequately reduce the ICP. The 

size of the bone flap removed ultimately depends on the patient's condition. Whilst a DC 

reduces the ICP, the procedure exposes the patient to infection, haemorrhaging, and 

operative complications, and patients often come out with significant permanent 

disabilities. The decision to continue with a DC must therefore be heavily indicated and is 

considered last-tier therapy [116]. Between 2014 and 2019, the Hospital Episode 

Statistics recorded 4627 DC procedures in England [117].  

Despite evidence of trephination dating back to Neolithic period and by Hippocrates in 

the Greek era, the first methods description and indications recorded was established by 

Italian physician and engineer Berengario da Carpi in the 16th century, who successfully 

performed a craniotomy on three patients [118-121]. This success has been followed by 

various randomized clinical trials from the 1900s to the 1980s of conflicting outcomes, 

eventually pausing the progress in the use of DC [122-130]. The improvement of ICP 

monitoring in the 1990s proved to be a game changer in determining the indications for 

DC. Clinical trials implementing DC in conjunction with ICP monitoring does eventually 

decrease mortality for TBI patients with a GCS score under 7 and no signs of irreversible 
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brain damage where intensive medical care has failed, thus putting DCs back on the 

therapeutic map [116, 131-134].  

 

2.8 Raman Diagnostics for Brain Tissue  
 

Brain-based tissue TBI biomarkers are under-represented in research due to blood-based 

diagnostic analysis techniques being more readily available, however crucial 

understanding of the damage being incurred in the brain itself may be misrepresented by 

the time biomarkers are circulating through the blood. Previous work by Harris and 

colleagues, represented in Chapter 3 of this thesis, has produced an unparalleled Raman 

based TBI biomarker library [12], elucidating the Raman spectra for a panel of eighteen 

blood, CSF, and tissue-based biomarkers in both their raw state and in aqueous solutions 

at four commonly employed Raman spectroscopy laser wavelengths. 

The implementation of Raman devices for invasive brain monitoring following TBI has 

been investigated by Surmacki and colleagues, in which brains from mice inflicted with 

TBI were assessed for spectroscopic changes in different areas of the brain at day 2 and 

7 post injury [6]. Raman spectroscopy was sensitive to biochemical changes relating to 

both proteins and lipids in the mice brains at both day 2 and 7, as well as in the 

contralateral region from the injury. Potential repair mechanisms underway at day 7 were 

observed through cholesterol levels and signals related to bleeding observed at day 2 

were absent by day 7. This research provides a basis for the potential of Raman 
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spectroscopy as a tool to precisely analyse the brain following TBI, introduced in Figure 

2-3. 

 

Figure 2-3 – Depiction of portable Raman spectroscopy probe application. A) Probe showing light 
path onto contusion point in brain. B) Collected spectra from different conditions are analysed 
against C) TBI biomarker Raman profiles. Machine learning multivariate analysis yields a D) self-
organising map discriminant index (SOMDI), used to identify key wavenumbers used to 
distributed spectra on the E) self-organising map (SOM), a dimensionally reduced representation 
of the spectral differences.  

 

Our group has previously employed a Raman spectroscopy probe paired with a 785 nm 

laser and commercial confocal Raman spectrometer (Renishaw, Inc.) to distinguish TBI 

brains from healthy in murine species [8]. This proof-of-concept discusses the potential 
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for a fully portable probe, described in Figure 2-3A, to be included in brain monitoring 

surgeries such as ICP placements and decompressive craniectomies. Considerations 

such as size requirements, brain herniation, and biocompatibility are all accounted for 

when designing the probe clip employed to stabilise the device, all the while ensuring a 

high signal to noise ratio [135]. Initial probe results indicate differences in certain spectral 

ratios, relating to specific biomarker shifts, discussed further in Chapter 4. With the help 

of a machine learning multivariate analysis tool developed by Banbury and colleagues 

(Figure 2-3D-E) [136], a fully portable in situ biomarker-based classification of sTBI using 

Raman spectroscopy is a feasible area of research, and thus opens the door towards 

patient-specific targeted therapies.  
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3. Chapter 3: Raman Spectroscopy 
Spectral Fingerprints of Biomarkers of 
Traumatic Brain Injury 



Chapter 3 
 

38 
 

 
This chapter was submitted to and published by Cells as a research article. All work 

including conceptualisation, methodology, data acquisition, data curation, formal 

analysis and writing was primarily carried out by the co-first authors, Dr G. Harris and 

Miss C. A. Stickland. Additional author contributions include Prof P. Goldberg 

Oppenheimer (conceptualisation, resources, reviewing, editing) and Mr M. Lim (data 

acquisition). Parts of the introduction were altered to avoid repetition and improve clarity. 

 

3.1 Abstract 
 

Traumatic brain injury (TBI) affects millions of people of all ages around the globe. The 

immediate severity of TBI is notoriously hard to diagnose at the point of care, resulting in 

incorrect patient management, further neurodegenerative complications, and increased 

costs. It is vital to develop timely, alternative diagnostics for TBI to assist triage and 

clinical decision making, complementary to current techniques such as neuroimaging 

and cognitive assessment. These could deliver rapid, quantitative TBI detection, by 

obtaining information on biochemical changes from patient’s biofluids. If available, this 

would reduce mis-triage, save healthcare providers costs (both over- and under-triage are 

expensive) and improve outcomes by guiding early management. Herein, we utilize 

Raman spectroscopy-based detection to profile a panel of 18 raw (human, animal, and 

synthetically derived) TBI-indicative biomarkers (N-acetyl-aspartic acid (NAA), 

Ganglioside, Glutathione (GSH), Neuron Specific Enolase (NSE), Glial Fibrillary Acidic 
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Protein (GFAP), Ubiquitin C-terminal Hydrolase L1 (UCHL1), Cholesterol, D-Serine, 

Sphingomyelin, Sulfatides, Cardiolipin, Interleukin-6 (IL-6), S100B, Galactocerebrosides, 

Beta-D-(+)-Glucose, Myo-Inositol, Interleukin-18 (IL-18), Neurofilament Light Chain (NFL) 

and their aqueous solution. The subsequently derived unique spectral reference library, 

exploiting four excitation lasers of 514, 633, 785, and 830 nm, will aid the development of 

rapid, non-destructive, and label-free spectroscopy-based neuro-diagnostic 

technologies. These biomolecules, released during cellular damage, provide additional 

means of diagnosing TBI and assessing the severity of injury. The spectroscopic temporal 

profiles of the studied biofluid neuro-markers are classed according to their acute, sub-

acute, and chronic temporal injury phases and we have further generated detailed peak 

assignment tables for each brain specific biomolecule within each injury phase. The 

intensity ratios of significant peaks, yielding the combined unique spectroscopic barcode 

for each brain-injury marker, are compared to assess variance between lasers, with the 

smallest variance (σ2) found for UCHL1 (σ2 = 0.000164) and the highest for sulfatide (σ2 = 

0.158). Overall, this work paves the way for defining and setting the most appropriate 

diagnostic time window for detection following brain injury. Further rapid and specific 

detection of these biomarkers, from easily accessible biofluids, would not only enable 

the triage of TBI, predict outcomes, indicate the progress of recovery, and save healthcare 

providers costs, but also cement the potential of Raman-based spectroscopy as a 

powerful tool for neurodiagnostics. 
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3.2 Introduction 
 

Recent research [1-6] has been focusing on establishing the temporal profile of TBIs and 

the associated biomarkers including their emergence (i.e., acute phase), crucial for early-

stage diagnostics, persistence, and decline (sub-acute and chronic phases)—indicative 

of the longer-term effects and prognosis as well as development of new therapeutics. TBI 

biomarkers have been shown to have a characteristic timeframe of acute (<24 h), sub-

acute (1 day–3 weeks) and chronic (3 weeks–6 months), as the initial insult causes acute 

damage to the brain, is typically followed by a biochemical cascade leading to secondary 

injuries over the following month [7-9]. This indicates that identifying TBI in the acute 

phase and intervening before further damage occurs is vital for long-term neurological 

recovery. However, despite the important time window alongside an estimate of 69 million 

people suffering from TBI each year worldwide, the development of point-of-care, timely 

TBI diagnostic technologies remains an unmet need and there is no definite triaging and 

therapeutic patient pathway [10]. 

The main challenge lies in the fact that pre-hospital and emergency department (ED) 

assessment is predominantly based on insensitive GCS and history acquisition with 

guidance on CT being often vague and costly. mTBI is often underdiagnosed if not 

identified rapidly at the point of injury, with 90% of acute cases requiring medical 

attention going undetected and not admitted to ED [11, 13, 14]. Therefore, development 

of successful TBI biomarker diagnostics from blood [15], or other biofluids, i.e., CSF [6], 
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saliva [16], urine [17], and tears [18], would lead to improved triage of severe and high-risk 

injuries and improve outcomes, whilst appropriate classification of low-risk and mTBI 

patients would allow for the focusing of resources on those who need it the most. 

Furthermore, reduced resource demand would mitigate the relatively low costs of the 

investigation in comparison to ED assessment, CT imaging and hospital admission, and 

have distinct yet complementary use cases. In the pre-hospital space, improved triage of 

TBI as mild will support decision-making by pre-hospital healthcare providers to reduce 

referral to hospital care, reducing the number of ED visits. 

Concurrently, Raman spectroscopy has been increasingly used in medical and diagnostic 

applications for producing non-destructive chemical information [19]. In contrast to the 

in vitro bioassays, the availability of inexpensive, portable Raman devices makes this 

technique particularly attractive for point-of-care testing, analysis, and screening of 

biofluids. There is limited yet growing research in the development of Raman 

spectroscopy for biofluid-based neurodiagnostics [31-35]. Whilst research continues to 

unravel new technologies for rapid point-of-care technologies for TBI diagnostics from 

biofluids and tissue, it is imperative to establish fingerprints of the inherent 

characteristics of TBI biomarkers in various injury phases, where the detected changes 

via Raman spectroscopy could, in the long-term, be attributed to underpinning the 

variations in TBIs with various severity and as a function of temporal evolution. 

Herein, we consistently study a broad panel of TBI biomarkers via Raman spectroscopy 

profiling and establish a spectral reference library for the interpretation of the Raman 

fingerprints of TBI-indicative biomarkers via biologically applicable laser excitation 
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wavelengths in different post-injury phases. A carefully selected cohort of TBI-indicative 

biomarkers are classed into three main injury phases with spectra in the raw and 

reconstituted (mimicking the biomarker biofluid) state forms acquired via a range of 

Raman-applicable laser excitation wavelengths of 514, 633, 785, and 830 nm. 

Subsequently, for each post-TBI phase, Raman spectroscopy temporal-phase biomarker-

profiling establishes an important baseline library in the form of a “multi-biochemical 

barcode”, yielding a characteristic tool for ongoing and future spectroscopic studies for 

diagnostic applications.  

Awareness of the spectroscopic temporal profiles of TBI biomarkers provides an essential 

pathway for defining and setting the most appropriate diagnostic time window for 

sampling after injury. The derived Raman fingerprints, combined with the identified 

biochemical peaks, closely matching notable biomarker characteristics, equip us with 

the knowledge of the molecule’s physiological role. This could not only improve the 

treatment of TBI through specific targeting of the damage in contrast to current methods, 

which mostly rely on symptomatic relief [36], but could also provide a further panel of 

candidate first-line screening TBI-indicative biomarkers. This lays the platform for 

defining their functionality in the complex TBI aetiology and, in the longer term, cements 

Raman spectroscopy as a powerful technique for future biomarker discovery in both 

neurodiagnostics as well as for other detrimental diseases with many ramifications. 

 

 

 



Chapter 3 
 

43 
 

 

3.3 Materials and Methods  
 

3.3.1 TBI Biomarkers  
 

The selected raw biomarkers were purchased without purification and tested in both solid 

and solution states. These were divided into three main groups of acute, sub-acute, and 

chronic phases (Figure 3-1). The TBI cohort selection was based on an extensive literature 

overview of recent research on TBI biomarkers (animal and human) and temporal courses 

studied in a range of biofluids including blood, plasma, CSF, urine, and the key biomarkers 

of neuroinflammation [1, 37-44]. Biomarkers included in the panel were obtained in the 

purest form without any active additives, to avoid impacting spectral signatures. This 

yielded a cohort of 18 biomarkers including the N-acetyl-L-aspartic acid (NAA), 

ganglioside, glutathione (GSH), neuron-specific enolase (NSE), glial fibrillary acidic 

protein (GFAP), ubiquitin carboxyl-terminal hydrolase isozyme L1 (UCHL1), cholesterol, 

D-serine, sphingomyelin, sulfatide, cardiolipin, interleukin-6 (IL-6), S100B, 

galactocerebroside, glucose, myo-inositol, interleukin-18 (IL-18), and Neurofilament light 

chain (NFL). Subsequently, reconstituted biomarker samples were prepared following the 

technical details provided in the individual data sheets. Typically, this included 

centrifugation at 8 G for 2 min prior to adding the solvent of distilled H2O (18.2 MΩ) or 

chloroform/ethanol, yielding 1:1 v/v solutions. After 20 min, to allow full dissolvement, 3 

µL samples of each biomarker were deposited onto an aluminium slide and dried in an 

ambient environment for Raman measurement.  
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3.3.2 Reference Chemicals 
 

 Human-form biomarkers included the S100B (HY-P70659, Cambridge Bioscience, 

Cambridge, UK), IL-6 (H7416-10UG, Merck, Darmstadt, Germany), NSE (13219-H08E-SIB-

50 ug, Stratech, Ely, UK), GFAP (C227-10 ug, Generon, Slough, UK), IL-18 (CSB-

YP614514HU, Antibodies.com, Cambridge, UK), NFL (pro-2584-10 ug, Generon), and 

UCHL1 (UC1-H5140-50 ug, Generon). Animal derived biomarkers included the 

galactocerebroside (C4905-10MG, Merck), sphingomyelin (1051-25 mg, Cambridge 

Bioscience), ganglioside (860053P-10MG, Scientific Laboratory Supplies, Nottingham, 

UK), sulfatide (56-1085-7-LAO-25 mg, Stratech), and cardiolipin (C0563-10MG, Merck). 

Synthetically produced biomarkers included the NAA (00920-5G, Merck), cholesterol 

(C8667-1G, Generon), glucose (CAY23733-50, Cambridge Bioscience), D-serine 

(A11353.06, VWR International, Lutterworth, UK), myo-inositol (A13586.22, VWR 

International), and GSH (G4251-300MG, Merck) 

 

Figure 3-1 - Schematic timeline overview of the TBI biomarkers and their phases, acute (blue), 
sub-acute (orange), and chronic (green), during which each biomarker has been reported to either 
increase, persist, or decline post-injury [2, 7, 39, 43, 45-63]. Biomarkers: N-Acetyl-L-aspartic acid 
(NAA), Glutathione (GSH), Neuron-Specific Enolase (NSE), Glial fibrillary acidic protein (GFAP), 
Ubiquitin carboxyl-terminal hydrolase isozyme L1 (UCHL1), Interleukin-6 (IL-6), Interleukin-18 (IL-
18), and Neurofilament light chain (NFL). 

https://www.ncbi.nlm.nih.gov/core/lw/2.0/html/tileshop_pmc/tileshop_pmc_inline.html?title=Click%20on%20image%20to%20zoom&p=PMC3&id=10670390_cells-12-02589-g001.jpg
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3.3.3 Raman Spectroscopy  
 

Raman measurements were carried out using the InVia Qontor confocal Raman system 

(Renishaw) equipped with four excitation lasers, which were adjusted for optimal 

throughput, fluorescence control, and sensitivity. Optical measurements were carried 

out with a specially adapted research-grade microscope (Leica [Wetzlar, Germany] DM 

2700M) equipped with an incoherent white light source, allowing confocal measurements 

with a 2.0 µm depth resolution. Four excitation wavelengths of 514, 633, 785, and 830 nm 

were employed in this study to enable a breadth of spectral profiles. To avoid 

photochemical effects in the spectra, sample damage or degradation, extended spectral 

Raman scans were acquired over a range of 200–3200 cm−1, 50× objective lens, and an 

acquisition time of 10 s with 5 accumulations. All Raman spectra were collected at 

ambient temperature. 

 

3.3.4 Data Analysis 
 

 The acquired Raman spectra were collected using Renishaw WiRE 5.2 (Renishaw Plc, 

Wotton-under-Edge, UK) and cosmic rays were removed during baseline subtraction with 

a polynomial order of 11 and a 1.5 noise tolerance. Extended spectra were subsequently 

averaged per biomarker, taking into account the laser excitation wavelength as well as the 

raw and reconstituted states. The Peak Pick tool (WiRE 5.2) was utilised across the x-axis 

range to select the six characteristic bands for each assignment, while the slope 
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detection method was utilised with 15 smooth points and a peak threshold height of 500 

counts.  

 

3.4 Results and Discussion  
 

The Raman spectrum is commonly referred to in terms of discrete regions, the low 

wavenumber region (100–200 cm−1), the fingerprint region (500–2000 cm−1), and the high 

wavenumber region (2000–4000 cm−1) [64, 65]. In this study, Raman spectra were 

collected in the extended spectral regions of 200–3200 cm−1, however, only the fingerprint 

region from 200 to 1800 cm−1 was used where the main bands of interest were identified. 

The biomarkers studied, based on references to TBIs in the literature, were classified 

within three main injury phases as acute, sub-acute, and chronic (Figure 3-1), the 

corresponding detailed information for each biomarker, including the accessible biofluid 

source, physiological function, post-TBI response, and the role they play in head injuries 

along with the associated phase behaviour are summarised in Table 3-1. Spectral profiles 

for each biomarker were acquired for both solids as well as of the solute forms, with the 

former inherently yielding better resolved, sharper Raman peaks. It is well-established 

that Raman band frequencies are more complex and shifted in the liquid phase, relative 

to the solid, due to the higher variability of the intermolecular forces and molecular 

collisions in the liquid phase, which shift the frequencies of intra-molecular vibrations 

and broaden the bands, relative to the highly regular and stable solid structures. Since 

the behaviour of biomarkers in aqueous solutions is of particular importance, given that 
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an aqueous medium is a natural environment for biological molecules, we have identified 

the spectral signatures of the reconstituted solutions of TBI biomarkers classified by 

injury state (Figure 3-2, Figure 3-3, Figure 3-4).  

Table 3-1 - Overview of the studied TBI biomarker cohort with the corresponding physiological 
significance. Source refers to the biofluid in which the biomarker has been analysed in the 
literature. N-Acetyl-L-aspartic acid (NAA); Glutathione (GSH); Neuron-Specific Enolase (NSE); 
Glial fibrillary acidic protein (GFAP); Ubiquitin carboxyl-terminal hydrolase isozyme L1 (UCHL1); 
Inter-leukin-6 (IL-6); Interleukin-18 (IL-18); and Neurofilament light chain (NFL). Increase in 
concentration (↑), decrease in concentration (↓). 

Biomarker Source Physiological 
Function TBI Role TBI 

Response Reference 

NAA 
Blood 
CSF 

Synthesised in 
neurons, 
specific to the 
nervous 
system. 
Has roles in 
maintaining 
myelin lipid 
synthesis and 
in promoting 
neuronal 
mitochondria 
ATP production. 

Marks injury 
type. 
Depletion in 
grey matter 
and white 
matter 
represent 
neuronal loss 
and axonal 
damage, 
respectively. 
Rate of 
replenishment 
is inversely 
proportional 
to injury 
severity. 

↓ [32, 66, 67] 

Ganglioside 
Serum 
CSF 
Brain 

Cellular 
signalling, 
protein, and ion 
channel 
modulator. 
Main carrier of 
sialic acid in 
the nervous 
system, 
improving 
intercellular 
communication
s. 

Functional 
disruption 
causes 
neurodegener
ation, cellular 
dysfunctions 
and promotes 
disease 
pathogenesis. 

↑ [68] 
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Biomarker Source Physiological 
Function TBI Role TBI 

Response Reference 

GSH Blood 
CSF 

Essential 
antioxidant, 
converted from 
its reduced 
state (GSH) to 
its oxidised 
form to regulate 
free radicals 
from the brain. 

GSH depletion 
coupled with 
neuroinflamm
ation leads to 
build-up of 
free radicals, 
further 
damaging the 
brain and 
neurons. 

↓ [60, 69] 

NSE CSF 

Tissue-specific 
cytosol-based 
enzymes, upon 
stimulation 
they 
translocate to 
the cell surface 
to act as a 
plasminogen 
receptors. 

The degree of 
damage is 
directly 
correlated to 
the amount of 
NSE 
expressed. 

↑ [70] 

GFAP Blood 
CSF 

Intermediate 
filament III 
protein. 
Maintains glial 
cytoskeleton 
structure, 
neighbouring 
neurons, and 
blood-brain 
barrier (BBB). 

Post-trauma, 
astroglial cells 
undergo 
astrogliosis, 
causing 
cellular 
hypertrophy 
and increased 
GFAP 
expression. 
Excess GFAP 
can cause 
glial scars in 
brain tissue 
which delays 
axon 
regeneration. 

↑ [71-73] 

UCHL1 Blood 
CSF 

A brain-specific 
enzyme 
features in the 
ubiquitin-
proteasome 

Selectively 
increases 
upon axonal 
damage, 
utilised to 

↑ [74, 75] 
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Biomarker Source Physiological 
Function TBI Role TBI 

Response Reference 

pathway to 
maintain axonal 
protein 
integrity. 
Regulates 
axonal 
transport, 
structure, and 
synapsis. 

remove 
damaged and 
defective 
proteins from 
axons. 

Cholesterol 
CSF 
Brain 
Serum 

Key component 
of the cellular 
membrane, 
maintaining 
structure and 
fluidity. 
Cholesterol 
and 
phospholipids 
are transported 
to nerve cells 
for repair, 
upkeep and to 
promote 
neurite 
proliferation. 

Increased 
cholesterol is 
in proportion 
to cellular 
damage. 
Removing 
excess 
cholesterol 
has an anti-
inflammatory 
effect. 
Dysregulation 
of brain 
cholesterol 
negatively 
affects 
neuronal and 
glial function. 
Cholesterol 
builds up from 
dysregulation 
causes 
cellular 
toxicity. 

↑ [63, 76-79] 

D-Serine 
Brain 
CSF 
Blood 

α-amino acid, 
abundant in the 
brain. Binds to 
N-methyl-d-
aspartate 
(NMDA) and 
δ2 glutamate 
receptors to 
contribute to 

Reactive glial 
cells become 
D-Serine 
synthesisers 
under 
inflammatory 
conditions, 
causing 
NMDA 

↑ [80] 
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Biomarker Source Physiological 
Function TBI Role TBI 

Response Reference 

learning and 
memory 
function. 

receptor 
hyperactivatio
n, and leading 
to 
hippocampal 
synaptic 
damage. 

Sphingomyelin CSF 
Blood 

Vital in 
regulation of 
cellular growth 
rate, 
differentiation, 
and death in 
the central 
nervous 
system. 
Supports 
myelination in 
the brain, and 
aids in 
cognitive 
maturation and 
regulation of 
inflammatory 
responses. 

Increased 
levels are 
reported in 
the 
hippocampus 
over 12 
months after 
TBI, 
contributing 
to 
neurological 
disease 
pathogenesis. 
Breakdown 
products 
regulate the 
sphingomyelin 
cycle which 
inhibits 
protein kinase 
c, regulating 
neuronal 
signal 
transduction 
and function. 

↑ [81-85] 

Sulfatides 
Brain 
CSF 
Serum 

Abundant in 
myelin sheath 
and myelinating 
cells. 
Negatively 
regulates and 
improves 
oligodendrocyt
e differentiation 
and survival. 

Effects 
functional 
properties of 
the 
membrane, 
and 
dysregulation 
of sulfatides 
can lead to 
seizures. 

↓ [86] 
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Biomarker Source Physiological 
Function TBI Role TBI 

Response Reference 

Maintains 
myelin and 
axonal-glial 
signalling. 

Cardiolipin 

Inner 
Mitoch
ondrial 
Membr
ane 

Involved in 
regulating 
mitochondrial 
metabolism. 
The structural 
component of 
mitochondrial 
membranes 
regulates 
protein and 
enzyme activity 
central to 
mitochondrial 
function. 

Damaged 
mitochondria 
trigger 
neuronal 
death when 
oxidised. 
Cardiolipin 
acts as an 
elimination 
signal for 
damaged 
mitochondria, 
thus limiting 
neuronal 
damage and 
preserving 
cognitive 
functions. 

↑ [87-89] 

IL-6 
CSF 
Serum 
Blood 

Pleiotropic 
cytokine with 
operations in 
immunity 
regulation, 
regeneration 
processes, 
neural 
functions, and 
cardiovascular 
protective 
mechanisms. 

Usually 
undetectable 
in healthy 
brain 
parenchyma 
but present 
within an hour 
following TBI. 
Upregulated 
production 
following 
trauma from 
inflammatory 
cascades to 
salvage 
neurons. 
Sustained 
inflammation 
is ultimately 
damaging. 

↑ [51, 90-92] 
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Biomarker Source Physiological 
Function TBI Role TBI 

Response Reference 

S100B 
Blood 
CSF 
Brain 

Calcium-
binding protein 
involved in 
long-term 
synaptic 
plasticity 
modulation, 
cellular growth 
and structure, 
calcium 
concentration 
maintenance, 
and energy 
metabolism. 
Mitigates 
mitochondrial 
failure through 
calcium 
modulation. 

Overexpressio
n leads to 
disrupted 
calcium 
homeostasis. 
Increased 
levels indicate 
structural 
damage and 
cellular death. 

↑ [93, 94] 

Galactocerebro
side 

CSF 
Brain 

Major lipid 
component in 
the brain, which 
maintains 
myelin sheath 
structure and 
stability. 
Important for 
development of 
normal myelin 
in the central 
nervous 
system. 

Galactosylceri
midase 
dysfunction 
prevents 
Galactocerebr
oside from 
degrading, 
instead it 
accumulates 
in globoid 
cells in the 
brain, leading 
to white 
matter 
diseases. 

↑ [54, 95, 96] 

Glucose Blood 

Main energy 
source to the 
brain, used for 
action potential 
and 
postsynaptic 
potential 
generation. 

Early low 
glucose levels 
and low 
lactate/glucos
e ratio post-
TBI are 
associated 
with poor 

↓ [97-99] 
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Biomarker Source Physiological 
Function TBI Role TBI 

Response Reference 

Synthesises 
BBB-regulated 
neuroactive 
compounds 
and sustains 
brain 
homeostasis. 

outcomes. 
Not 
associated 
with ischemia. 

Myo-Inositol CSF 
Blood 

Regulates glial 
and neuronal 
activity and 
participates in 
intracellular 
signalling 
pathways. 
Regulates 
intracellular 
[Ca2+] and 
membrane 
permeability. 

Increased 
levels are 
correlated to 
glial 
proliferation, 
increased rate 
of membrane 
turnover, and 
myelin sheath 
damage. 
Correlated to 
astrogliosis 
and 
dysregulation 
of cellular 
osmotic 
functions. 

↑ [100-103] 

IL-18 CSF 

Inducer of 
inflammatory 
cytokines; 
synthesised as 
an inactive 
precursor in 
microglia and 
activated by 
caspase-1 in a 
forward loop. 

Has roles in 
neuroinflamm
ation and 
neurodegener
ation. Induces 
respiratory 
burst and 
degranulation 
of 
polymorphon
uclear 
leukocytes 
resulting in a 
release of 
neurotoxic 
enzymes. 

↑ [104, 105]  

NFL CSF 
Blood 

Integral in 
maintaining 

NFL levels 
rapidly ↑ [106-108] 



Chapter 3 
 

54 
 

Biomarker Source Physiological 
Function TBI Role TBI 

Response Reference 

axonal 
cytoskeleton 
through radial 
growth. Larger 
myelinated 
axons result in 
more NFL, 
leading to 
faster 
conduction 
speed. 

increase 
following 
trauma to 
account for 
damaged 
axons and 
NFL is 
released into 
the interstitial 
space and 
integrated into 
CSF. 
Indicates 
significant 
axonal 
damage and 
progression 
rate of 
disease. 

 

3.4.1 Acute Phase  
 

Acute TBI biomarkers have been shown to be applicable in triaging, diagnosing, and 

eliminating the presence of TBI at the earliest stages (i.e., golden-hour biomarkers) and 

are thus particularly important for the development of diagnostic point-of-care 

modalities as well as intervention for TBI [109, 110]. Therefore, biochemical changes and 

concentration variations in biomarkers are reflected through the spectral information 

when comparing healthy control cohorts to acute, sub-acute, and chronic phases, which 

are vital for PoC diagnostics and injury monitoring. Representative average spectra of 

acute TBI biomarkers are presented in Figure 3-2 alongside peak assignment provided in 

Table 3-2. Each biomarker produced unique and distinctive spectral features. Strong 
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characteristic peaks of NAA are found in the 949–957 cm−1 and 987–992 cm−1 regions for 

the four-excitation laser used (Figure 3-2A), with the main peaks being associated with 

the C-N stretching as well as CH2-CH wagging [111]. NAA is an amino acid derivative 

located in neurons where the decreasing levels are proportional to neuronal loss and 

axonal damage [68] and, thus, a decrease in characteristic Raman peak intensity can be 

an important indicator following brain trauma. The most intense peaks of ganglioside, a 

sialic acid-bearing glycosphingolipid [59], are detected at 1297–1298 cm−1 and 1437–1442 

cm−1 (Figure 3-2B). The bands at 1297 and 1440 cm−1 are assigned to bending and twisting 

of CH2 bonds [112], which optimally could be employed relative to other characteristic 

peaks of ganglioside post-TBI [113]. These peak intensities have been reported to 

decrease in counts in tandem with cell loss [113], in contrast to the other characteristic 

peaks of ganglioside (Table 3-2), which are typically shown to increase in response to 

neurodegeneration and cellular dysfunction (Table 3-1) [68]. GSH, a non-enzymatic 

antioxidant tripeptide present in cells to protect membranes from oxidative damage 

[114], exhibits the most intense peaks located at 1420–1424 cm−1 and 1660–1662 cm−1 

(Figure 3-2C), attributed to the -CH2 bending mode of proteins [115], and symmetrical 

stretching of the carboxylic acid COO− [116], and the Amide I region, indicative of amino 

acids [117], respectively. Post-TBI apoptosis could lead to GSH depletion and thus a 

reduction in characteristic peak intensity which, when coupled with neuroinflammation, 

results in TBI secondary injury due to free radical build-up further damaging neurons and 

the brain (Table 3-1) [69]. NSE is a glycolytic tissue-specific enzyme associated with 

neuronal damage and post-traumatic inflammation [40, 62], increasing in expression with 

injury severity [70]. The strongest peak for NSE (Figure 3-2D) at 875–877 cm−1 at all four 
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employed excitation wavelengths is assigned to the stretching of C-C bonds and the 

asymmetric stretching of C-N bonds [54, 118] associated with phenylalanine. A 

secondary peak of interest at 1077–1082 cm−1 is attributed to the stretching of C-O and C-

C bonds [119] along with the twisting of CH2 bonds [120]. NSE is plausible for monitoring 

post-TBI changes since it is only expressed in a direct correlation to the degree of damage 

and translocated from the cytosol to cell surface upon stimulation, acting as a 

plasminogen receptor [61, 70, 121].  

 

Figure 3-2 - Characteristic Raman spectra fingerprints of acute-phase TBI biomarkers, acquired 
at excitation wavelengths of 514 nm (green), 633 nm (red), 785 nm (blue), and 830 nm (yellow). 
Significant Raman peak assignments for each are summarized in Table . N-Acetyl-L-aspartic acid 

https://www.ncbi.nlm.nih.gov/core/lw/2.0/html/tileshop_pmc/tileshop_pmc_inline.html?title=Click%20on%20image%20to%20zoom&p=PMC3&id=10670390_cells-12-02589-g002.jpg
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(NAA); Glutathione (GSH); Neuron-Specific Enolase (NSE); Glial fibrillary acidic protein (GFAP); 
and Ubiquitin carboxyl-terminal hydrolase isozyme L1 (UCHL1). 

 

GFAP is a structural filament protein of astrocytes [13], with its levels known to increase 

in response to astrogliosis post-trauma, as discussed in Table 3-1. The most intense 

detected spectral bands are found in the region of 914–918 cm−1 (Figure 3-2E), assigned 

to C-N stretching [118], and asymmetric vibration of the pyranose ring [111], also present 

in the UCHL1 spectrum (Figure 3-2F), increasing in response to TBI, and thus might 

collectively be an important candidate peak of interest for TBI Raman-based diagnostics. 

 

Table 3-2 - Acute TBI phase associated Raman bands and their assignments. vib = vibration; v = 
stretching; δ = bending; τ = twisting; ρ = rocking; ω = wagging; s = symmetric; a = anti-
symmetric; arom = aromatic; skel = skeletal. 

Wavenumber 
(cm−1) Assignment Origin Reference 

347–353 vskel(C-C) NAA [111] 

473–475 v(S-S) NSE [124] 

518–521 C(OH), Ring deformation GFAP [111, 118] 

647–651 v(C-S), τ(C-C), Ring breathing  NAA, NSE, 
Ganglioside 

[118, 125, 
126] 

679–682 v(C-S) GSH [118] 

705–708 Ring deformation UCHL1 [118] 

806 vs(C-N-C) UCHL1 [111] 

819–821 CH deformation GSH [111] 

843–845 δ(H(C-O-H)), ρ(H(C-O-H)) UCHL1 [118] 

875–877 v(C-C), va(C-N) NSE [54, 118] 

889–891 varom(C-O), v(C-C), ω(CH2) Ganglioside [127-129] 

914–918 v(C-N), viba(pyranose ring) GFAP, UCHL1 [111, 118] 

949–957 v(C-N) NAA [111] 

974–980 va(C-C), ρ(CH2) GFAP [118, 130] 
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Wavenumber 
(cm−1) Assignment Origin Reference 

987–992 v(C-N), ω(CH2- CH) NAA [111] 

1031–1037 δ(C-H), v(C-C), va(C-C-N+) GSH, NSE [131, 132] 

1060–1068 v(C-O), vskel(C-C), τ(NH2) Ganglioside, GFAP [118, 123, 
133] 

1077–1082 v(C-O), v(C-C), τ(CH2) NSE, UCHL1 [119, 120] 

1127–1130 v(C-N), v(C-C) Ganglioside, UCHL1 [134, 135] 

1131–1138 v(C-C) NAA [136] 

1297–1298 τ(CH2) Ganglioside [113] 

1311–1315 δ(C-H) GSH [137] 

1328–1336 ω(CH2), τ(CH2) GFAP [118] 

1352–1354 τ(CH2) UCHL1 [120] 

1378–1383 vs(COO−) NAA [138] 

1408–1410 δ(C-H), vs(COO−) GFAP [118, 122] 

1420–1424 δ(CH2), vs(COO−), vs(CO2) GSH [115, 116, 
137] 

1437–1442 δ(CH2), τ(CH2) Ganglioside [112] 

1458–1460 δ(CH2) NSE [139] 

1660–1662 v(C-N(H)-C=O), v(C=C) GSH [111] 
 

A further sharp peak present in the 1408–1410 cm−1 region is assigned to the bending of 

C-H bonds and symmetrical stretching of COO− bonds [118, 122], along with a wider band 

at 1060–1068 cm−1, assigned to the skeletal stretching of C-C bonds and indicative of 

changes in protein levels [123]. GFAP has been shown to increase after brain trauma 

because of reactive astrogliosis. Its overexpression, causing scarring of the brain, can be 

used to distinguish between the healthy and damaged tissue, giving an indication of the 

amount of damage, and delaying the axonal regeneration [72]. 

UCHL1, a cytoplasmic enzyme found in neurons, is selectively increased following axonal 

trauma to remove damaged and defective proteins from axons [74, 140]. Unfortunately, 



Chapter 3 
 

59 
 

the glycerol-environment buffer of this protein dominates the spectral fingerprint with 

aliphatic chains [120, 141] and, therefore, only smaller peaks in the 600–800 cm−1 region 

are identified to be unique to the UCHL1 marker (Figure 3-2F) with the 705–708 cm−1 band 

assigned to ring deformation [118], and the 806 cm−1 peak assigned to the symmetrical 

stretching of C-N-C bonds present in amino acids [111]. 

 

3.4.2 Sub-Acute Phase 
                                              

Detection of sub-acute TBI biomarkers is vital for multiple-level diagnostics when the 

patient is admitted to hospital and a complementary rapid diagnostic technique is 

required alongside structural neuroimaging. This lays the platform for not only enabling 

timely TBI management at ED, A&E, etc. for early neuroprotective measures but also for 

the correct transfer to the most appropriate neurological facility. Rapid diagnosis in the 

early clinical phase will lay a platform for a range of improvements in personalised 

medicine and management, reduce strain on the healthcare system, and enable better-

quality post-neurotraumatic care. Similarly, in the military context, where neurosurgical 

support is not routinely deployed and TBI management often requires evacuation, the 

ability to diagnose and assess TBI severity pre-hospital would avoid unnecessary strategic 

evacuation and maintain operational effectiveness. Representative average spectra of 

sub-acute TBI solute-form biomarkers are shown in Figure 3-3 with the corresponding 

peak assignments summarised in Table 3-3. 
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Cholesterol’s sterol-centred structure presents a unique and large number of intense 

peaks (Figure 3-3A), including the 700 cm−1 band of the in-plane deformation of its B ring 

[142], as well as a sharp peak at 1673 cm−1, assigned to the B ring C=C stretching [143]. 

Cholesterol is structurally important in the cellular membrane with its increases following 

TBI proportionally related to the cellular damage [144]. As a response to neuro-

inflammation, apolipoprotein E transports cholesterol and phospholipids by forming a 

protein–lipid complex to damaged nerve cells to assist the cellular damage as well as to 

increase neurite proliferation [76, 77]; whilst cholesterol removal is associated with the 

anti-inflammatory response [63, 78]. If left unchecked, the dysregulation of cholesterol in 

the brain can negatively affect neuronal and glial functions and in due course, leading to 

cellular toxicity [79]. 

D-serine is a non-essential polar amino acid, which serves as a precursor to purines and 

pyrimidines, and is an important neurotransmitter [145]. The characteristic fingerprint of 

D-serine (Figure 3-3B) exhibits strong peaks in the range of 917–923 cm−1, attributed to its 

C-C backbone stretching [139], as well as at 1327–1336 cm−1 from the twisting of its CH2 

groups [118]. Serine is a co-ligand activator of NMDA receptors and of δ2 glutamate 

receptors, which have regulatory roles in synaptic plasticity and long-term potentiation 

[80]. Increases in serine following TBI is caused by reactive glial cells, which under 

inflammatory conditions turn into D-serine synthesisers. An increase in D-serine leads to 

hyperactivation of NMDA receptors, which damages hippocampal synapsis and is known 

to disrupt learning and memory formation [45, 80]. Blocking D-serine production under 

inflammatory conditions has been related to improved outcome following brain trauma 

[80]. 
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Sphingomyelin can be spectrally identified by a characteristic set of peaks in the range of 

717–720 cm−1 and 1295–1299 cm−1, due to the symmetric stretching of C-N and the 

twisting of CH2, respectively [113, 118] (Figure 3-4C). Sphingomyelin is a prominent 

sphingolipid, found in the plasma membrane with a distribution ratio correlating 

specifically with cholesterol for suitable membrane function [146]. This lipid plays vital 

roles within the CNS in terms of cellular growth, differentiation, and death [81]. In the 

brain, sphingomyelin is also associated with improved cognitive maturation, brain 

myelination, and regulation of inflammatory responses [82, 147]. Levels of sphingomyelin 

have been shown to increase following TBIs for over 12 months, rendering it a neuro-

marker for both sub-acute as well as chronic phases [83]. Disruption of sphingomyelin 

metabolism is known to dysregulate the mitochondrial energy pathways, slowing the 

healing process and increasing the risk of secondary injuries, contributing to the overall 

TBI pathogenesis [148]. 

Sulfatides are a class of sulfo-lipids, abundantly present in brain tissue and are a main 

feature in myelin sheath and within myelinating cells [86]. Spectral characteristic 

fingerprints of sulfatides are shown in Figure 3-4D. These representative peaks include 

the stretching of the C-OH from the sulphated pyranose ring and C-C backbone along with 

the CH2 wagging in the range of 888–893 cm−1 [127-129], with the anti-symmetric 

stretching of the SO4 group identified at 1107–1111 cm−1 [149]. Sulfatides, directly derived 

from galactocerebrosides, constitute promising candidate TBI biomarkers due to their 

roles in protein trafficking, neuronal transduction, and negative regulation in 

oligodendrocyte differentiation [150]. Following TBI, sulfatide levels decrease in the brain 

subsequently, allowing the oligodendrocyte production to occur at a higher rate, thus 
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providing axonal myelin wrapping with improved action potential and transmission. 

However, due to the functional role of sulfatides within the membrane, the dysregulation 

can lead to physiological responses such as seizures [86]. 

Cardiolipin, a mitochondrial-specific phospholipid, which signals damaged 

mitochondria [87] (Figure 3-4E), is found to exhibit dominant PO4 vibrations at 959–964 

cm−1 and C-O stretching from the linoleic acid groups in the range of 1266–1268 cm−1 [151, 

152]. Cardiolipin is known to be central to mitochondrial function, with roles in both 

regulation of metabolism and membrane structure maintenance [87], with damaged and 

dysregulated mitochondria triggering neuronal death [88, 89]. Cardiolipin is externalised 

from the inner mitochondrial membrane to signal damaged mitochondria and promote 

mitophagy, ultimately limiting further neuronal damage and retaining cognitive functions 

[89], resulting in increases in its concentration linked to the extent of mitochondrial 

damage [88, 89]. 

IL-6, an inflammatory cytokine, yields a distinctive spectral signature (Figure 3-4F) with 

peptide bonds bending within the protein detected in the 520–525 cm−1 region [111], and 

a sharp peak at 959–964 cm−1, associated with the symmetric stretching of the C-N-C 

bonds of proteins [111]. The pleiotropic IL-6 is involved in immunity, regeneration, and 

neural functions [92]. Whilst in healthy brain tissue it is not typically detectable, it has 

been found to be present within an hour of brain injury, making it a reliable marker of TBI-

induced damage [90, 91]. IL-6 is further upregulated during inflammatory cascades to 

help healing including the salvation of neurons; however, a prolonged detection of this 
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biomarker is indicative of sustained inflammation, resulting in more damage over healing 

[89]. 

 

Figure 3-3 - Characteristic Raman spectra fingerprints of sub-acute-phase TBI biomarkers, 
acquired at excitation wavelengths of 514 nm (green), 633 nm (red), 785 nm (blue), and 830 nm 
(yellow). Significant Raman peak assignments for each are summarised in Table 3-3. 
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Table 3-3 - Peak assignments of significant peaks present in the sub-acute TBI biomarker 
phase. vib = vibration; v = stretching, δ = bending, τ = twisting, ρ = rocking, ω = wagging, s = 
symmetric, a = anti-symmetric, arom = aromatic, skel = skeletal. 

Wavenumber (cm−1) Assignment Origin References 

512–516 ρ(COO−) D-Serine [139] 

520–525 δ(N-C=O) IL-6 [111] 

549 δ(N-C-S) IL-6 [111] 

561 -OH out of plane 
deformation IL-6 [111] 

700–702 In-plane deformation of B 
ring 

Cholesterol [142] 

717–720 vs(C-N) Sphingomyelin [118] 

809–815 v(C-C) D-Serine [111] 

850–854 ρ(CH2) D-Serine [139] 

888–893 varom(C-O)4, v(C-C), ω(CH2) Sulfatide  [127-129] 

917–923 v(C-C) D-Serine [139] 

959–964 vib(PO4), vs(C-N-C), δ(C-H) Cholesterol, IL-6, 
Cardiolipin [111, 151] 

970–974 v(C-N) D-Serine [139] 

1062–1067 v(C-O), v(C-C), τ(NH2) Sphingomyelin, 
Sulfatide, IL-6 

[118, 123, 
133]  

1107–1111 va(SO4), v(C-N), v(C-C), v(C-
OH), 

Sulfatide, 
Cardiolipin [22, 149] 

1127–1130 v(C-N), v(C-C), vskel(C-C) Sphingomyelin, 
Sulfatide, IL-6 [134, 135] 

1176–1179 vskel(C-C) Cholesterol [143] 

1266–1268 v(C –O) Cardiolipin [152] 

1295–1299 τ(CH2) Sphingomyelin, 
Sulfatide [113] 

1302–1304 τ(CH2) Cardiolipin [142] 

1327–1336 ω(CH2), τ(CH2) Cholesterol, D-
Serine [118] 

1436–1441 δ(CH2), τ(CH2), v(CH2/CH3) 

Cholesterol, 
Sphingomyelin, 
Sulfatide, 
Cardiolipin 

[112, 153] 
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Wavenumber (cm−1) Assignment Origin References 

1656–1660 v(C=O), v(C=C) Sphingomyelin, 
Cardiolipin [117, 154] 

1672–1674 v(C=C) Cholesterol [143] 
 

3.4.3 Chronic Phase 
 

Chronic TBI biomarkers span a larger timeframe and are particularly important in cases 

of undiagnosed mTBI, frequently causing patients long-term effects. Certain chronic 

biomarkers are expressed in the early phase, during the acute phase, and continue to be 

expressed in the longer-term [39, 52, 55]. The chosen representative chronic biomarkers 

(Figure 3-1) provide important underpinning spectral fingerprints, contributing towards 

ongoing investigations on chronic biomarkers and their post-TBI mechanisms and, once 

confirmed, the emerging findings would enable the detected biomarker levels at late time 

points to be used to identify TBI survivors who are at high risk of progressive neurological 

damage, triggered by their initial TBI. Rapid detection and an in-depth understanding of 

chronic TBI biomarkers would aid the development of TBI therapeutics and enable in situ 

tracking of TBI pathology and injury evolution at hospital. Real-time spectroscopy for TBI 

monitoring would further improve target management and understanding of injury 

heterogeneity, evolution, penetrance of pharmacological agents, identify novel targets for 

intervention, and could lead to the development of modalities for tactful therapeutic 

modifying therapies in TBIs. Representative average spectra of chronic, TBI, solute form 

biomarkers are shown in Figure 3-4 with the corresponding peak assignments 

summarised in Table 3-4. 
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S100B is a calcium-binding protein expressed in astrocytes and is the first brain 

biomarker to be recognised and utilised within clinical practice guidelines [13, 155]. 

S100B, known to be neuroprotective and neurotrophic, is regarded as a suitable marker 

due to its involvement in the modulation of long-term synaptic plasticity and energy 

metabolism by maintaining calcium concentration and ensuring correct mitochondrial 

function [93, 94]. Characteristic dominant spectral peaks are identified for S100B 

throughout the entire 200–1800 cm−1 region (Figure 3-4 and Table 3-4). The most intense 

bands are at 936–937 cm−1, assigned to stretching of the C-C bond of proline and valine 

[156], and at 1002–1004 cm−1, due to aromatic phenyl breathing of the C-C bond of the 

phenylalanine [118, 157]. Post-TBI, increased S100B levels accompany structural 

damage and cellular death [94]. This would result in higher intensity of identified Raman 

peaks, posing it as a promising marker for Raman-based neuro-diagnostics. 

Physiologically, the implication of increased S100B levels disrupts the correct calcium 

homeostasis, leading to mitochondrial failures and damaging long-term hippocampal 

potentiation [93, 94]. 
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Figure 3-4 - Characteristic Raman spectra fingerprints of chronic-phase TBI biomarkers, acquired 
at excitation wavelengths of 514 nm (green), 633 nm (red), 785 nm (blue), and 830 nm (yellow). 
Significant Raman peak assignments for each are summarised in Table 3-4. 

 

Galactocerebrosides are a major glycolipid of the myelin within the CNS and the most 

abundant glycolipid component of myelin [158, 159]. Figure 3-4B exhibits dominant 

spectral peaks in the fingerprint spectrum, particularly, above the 1000 cm−1 region. A 

characteristic peak in the 1128–1133 cm−1 range is assigned to the C-N stretching of the 

amine bond in the acyl chain [118], and the C-C bond skeletal stretching of the acyl 

backbone common to lipids [135], and further in the 1295–1298 cm−1 region, assigned to 

https://www.ncbi.nlm.nih.gov/core/lw/2.0/html/tileshop_pmc/tileshop_pmc_inline.html?title=Click%20on%20image%20to%20zoom&p=PMC3&id=10670390_cells-12-02589-g004.jpg
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the twisting of CH2 bonds of lipids [113]. This biomarker accumulates in the brain in 

globoid cells when there is galactosylcerimidase dysfunction, preventing 

galactocerebrosides from degrading, potentially leading to a long-term white matter 

disease (Table 3-1). 

Overall, peaks in the range of 1295–1299 cm−1 are also present in the spectra of 

sphingomyelin, sulfatide and ganglioside, creating a potential band of interest for the 

detection of chronic TBI biomarkers via Raman spectroscopy as well as to assess post-

TBI recovery and response to interventions. 

Glucose is the predominant and preferred energy source of the mammalian brain, with 

levels present indicating metabolism in astrocytes [55, 99]. Overall, biomarkers in the 

chronic phase had a larger number of characteristic peaks identified in the lower 

wavenumber and fingerprint regions 200–800 cm−1 than the earlier phases with two 

intense bands determined from the glucose spectrum (Figure 3-4C) in the 422–424 and 

517–520 cm−1 regions, with the former attributed to the in-plane aromatic bending of the 

C-OH bond [111] and the latter assigned to C-OH bond deformation (Table 3-4) [111]. 

Decreases in glucose levels post-TBI have been shown to be associated with poor 

outcomes due to the indication of an increased need for energy for tissue repair. Glucose 

metabolism post-trauma has also been shown to lead to an increase in anaerobic 

glycolysis; however, this has been specifically proven to be a result of ischemia. 

Furthermore, glucose levels can be compared to other metabolites downstream in the 

glycolytic pathway such as the ratio of pyruvate (aerobic product) to lactate (anaerobic 

product). A larger ratio typically correlates to more glycolytic than mitochondrial activity 
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and is associated with worse outcomes, due to an indication that neurons might be too 

damaged to take up lactate for the TCA cycle [99]. 

Myo-inositol, a sugar derivative, has been reported to increase in proportion with TBI 

severity [160], and in correlation with glial proliferation, membrane turnover, and myelin 

sheath damage (Table 3-1). Spectral peaks of myo-inositol are highly consistent across 

the four excitation wavelengths used (Figure 3-4D) with the most intense bands at 504–

506 cm−1, assigned to out-of-plane deformation of -OH bonds and further in 1116–1121 

cm−1 and 1217–1218 cm−1 regions, attributed to stretching of the C-C bonds [161-163]. 

Further intense peaks at 896–899 cm−1 and 1357–1359 cm−1 arise from CH bending within 

the aliphatic structure of myo-inositol [111]. Increases in myo-inositol levels post TBI 

provide a good marker of proliferation of glial cells, membrane turnover, myelin sheath 

damage as well as astrogliosis and cellular osmotic dysregulation [100-103].  
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Table 3-4 - Peak assignments of significant peaks present in the chronic TBI biomarkers phase. v = 
stretching, δ = bending, τ = twisting, ρ = rocking, ω = wagging, s = symmetric, a = anti-
symmetric, arom = aromatic, skel = skeletal, Δ = ring breathing vibration. 

Wavenumber (cm−1) Assignment Origin References 

422–424 In-plane δarom(C-OH) Glucose [111] 

504–506 OH out-of-plane 
deformation Myo-Inositol [111] 

517–520 C-OH deformation Glucose [111] 

559–560 OH out-of-plane 
deformation S100B [164] 

606–607 CCC in-plane 
deformation NFL [165] 

804–807 vs (C-N-C) IL-18 [111] 

842–844 Out-of-plane δarom(CH), 
ρ (H(C-O-H)) IL-18 [118, 141]  

891–893 vs(COO−), v(C-C) NFL [166, 167] 

896–899 valiphatic(C-H) Myo-Inositol [111] 

912–914 v(C-CH3) IL-18 [168] 

936–937 v(C-C) S100B [156, 169] 

1002–1004 Δarom(C-C) S100B [118, 170]  

1008–1010 Δarom(C-C) Myo-Inositol [171] 

1040–1041 v(C-CH3), v(C-C), δ(CH) NFL [157, 172] 

1058–1066 v(C-O), vskel(C-
C), τ(NH2) 

S100B, 
Galactocerebroside, 
Glucose 

[123, 133] 
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Wavenumber (cm−1) Assignment Origin References 

1077–1080 v(C-C), v(C-O) IL-18 [118, 119]  

1116–1121 δ(CH), v(C-C), Myo-Inositol [160, 173] 

1124–1127 v(C-C) Glucose [134] 

1128–1133 vskel(C-C), v(C-N) 
S100B, 
Galactocerebroside, 
IL-18 

[118, 134, 
135]  

1143–1146 v(C-N), δ(CH) NFL [137, 174, 
175] 

1217–1218 v(C-C) Myo-Inositol [162] 

1259–1261 Amide III (v(CN) δ(NH) IL-18 [176, 177] 

1295–1298 τ(CH2) Galactocerebroside [113] 

1321–1323 δ(CH), τ(CH2), NFL (glycine) [178, 179] 

1357–1359 valiphatic(CH) Myo-Inositol [111] 

1368–1371 δ(CH2) Glucose [180] 

1409–1411 v(C-C), δ(C-H) NFL [118] 

1439–1441 v(CH2/CH3) Galactocerebroside [153] 

1458–1464 
ω(C-
H), δ(CH3), v(C=O), varom

(C=C) 

Galactocerebroside, 
Glucose, IL-18 [181-183]  

1603–1608 va(COO−), v(C=C), v(C=
O) S100B [118, 137, 

184]  

1672–1676 v(C=C) Galactocerebroside [143] 
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IL-18 is a pro-inflammatory cytokine, produced by microglia and stored in the cytosol as 

an inactive precursor (Figure 3-4E) [104]. The most representative fingerprint peaks of IL-

18 are identified at 1259–1261 cm−1, from the amide III stretching of C-N and bending of 

N-H, specific to proteins [176, 177], and a sharp peak at 806 cm−1, assigned to the protein 

specific symmetrical stretch of C-N-C bonds [111]. Following TBI, IL-18 is known to 

externalise and bind to the plasma membrane. Uncontrolled or dysregulated IL-18 can 

lead to releases of neurotoxic enzymes as well as cause chronic inflammatory diseases, 

whilst IL-18 inhibition has been shown to prevent further damage [105, 185]. 

Finally, the NFL marker has been shown to play a role in maintaining the axonal 

cytoskeleton [106], and although not necessarily specific to TBI, its rapid increase in CSF 

is indicative of a considerable axonal injury with change in its concentration correlating 

the severity of damage [107]. It has been therefore suggested that monitoring the NFL 

levels is useful for determining the extent of trauma as well as the response to any 

therapeutic interventions [108]. This marker exhibits a characteristic spectral fingerprint 

consisting of sharp peaks (Figure 3-4F), with the most prominent at 891–893 cm−1, due to 

symmetrical stretching of carboxylic acids and C-C bonds [166, 167], and the 1321–1323 

cm−1, attributed to CH bending and CH2 twisting modes [178, 179]. 

3.4.4 Laser Specific Ratio Analysis 
Further to the spectral assignments of brain-specific molecular species, it is of 

importance to consider the identified and selected group of correlative changes in Raman 

peak ratios with key features of these representing quantifiable biochemical changes. The 

use of characteristic Raman peak ratios allows for the important information to be easily 

extracted from spectra (particularly, for multiplex mixtures in complex biological 
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environments such as the body fluid or brain tissue) to gain more information and in 

conjunction with multivariate analysis methods, the ratio-metric inspection and 

assignment of Raman spectra can be used to identify spectral changes informed by 

chemical and spectroscopic knowledge, showing clear systematic trends with 

identifiable features of biomolecules. With these key Raman peak ratios correlating with 

structural and quantitative biomarker information, analysis of fingerprint spectra could 

be performed more accurately than the individual peak changes, which could be often 

masked in complex biofluids. We have thus utilised dominant peak ratios of the solute 

state TBI biomarkers, which also allows comparison of their variation across the four 

excitation wavelength lasers (Figure 3-5). Characteristic peaks were selected without bias 

from the six assigned bands identified via the peak pick method for each studied 

biomarker in acute, sub-acute and chronic phases, generating the unique intensity ratios 

barcode in the fingerprint region. The use of the relative peak ratio intensity provides more 

accurate and reproducible information over the absolute Raman intensity, which differs 

among different Raman devices and changing conditions, and is of further importance for 

multivariate analysis methods often employed in conjunction with Raman spectroscopy 

detection and analysis [186, 187]. These peak ratios yield the combined unique 

spectroscopic barcode for each brain-injury marker, which could be used as a reference 

for rapid and accurate diagnostics of TBI in easily accessible biofluids as well as allow to 

easier quantify the performance of emerging spectroscopic techniques via the standard 

variation of the ratios between the amplitudes of two Raman bands from a given 

biomarker over repeated measurements (Figure 3-5). 
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Figure 3-5 - Characteristic peak ratios identified from spectral fingerprints per each studied TBI-
indicative biomarker at four excitation wavelengths of 514 nm (green), 633 nm (red), 785 nm (blue), 
and 830 nm (yellow). (p < 0.0001, one-way ANOVA). N-acetyl-L-aspartic acid (NAA); Glutathione 
(GSH); Neuron-specific enolase (NSE); Glial fibrillary acidic protein (GFAP); Ubiquitin carboxyl-
terminal hydrolase isozyme L1 (UCHL1); Interleukin-6 (IL-6); Interleukin-18 (IL-18); and 
Neurofilament light chain (NFL). 

https://www.ncbi.nlm.nih.gov/core/lw/2.0/html/tileshop_pmc/tileshop_pmc_inline.html?title=Click%20on%20image%20to%20zoom&p=PMC3&id=10670390_cells-12-02589-g005.jpg
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 For the majority of the biomarkers, within the experimental error, there was no significant 

difference in the identified peak ratios when varying the excitation laser except for GFAP, 

sulfatide and glucose (p *** < 0.0001, one-way ANOVA), which had the largest variance 

per phase group, with sulfatide having the highest variance (σ2) of the entire cohort (σ2 = 

0.158). This suggests that greater consideration should be given to the choice of the 

Raman excitation laser to detect this biomarker, since the molecular bonds of interest are 

excited at varied intensity strengths depending on the laser wavelength. Conversely, 

UCHL1, cardiolipin, and IL-18 exhibited the lowest variance within their corresponding 

phase group, with the lowest overall cohort variance found to be for UCHL1 (σ2 = 

0.000164) with the highest peak agreement amongst the four excitation lasers. 

 

3.5 Current Challenges and Future Outlook 
 

Overall, Raman based diagnosis of TBI pathologies via biofluid detection is emerging as a 

promising tool for rapid point-of-care diagnostics, and with the addition of the identified 

molecular profiles, a simple process of a ‘spectroscopic barcode’ will ensure variation 

due to the presence and/or change in the level of a particular TBI-indicative biomarker 

and, further, therapeutic treatments and various underlying conditions will be taken into 

account and reduce the error in the data interpretation of the associated changes, leading 

towards improved diagnostic accuracy. 

It is worth noting, however, that whilst important progress has been accomplished herein 

via Raman spectroscopy spectral fingerprints of biomarkers of TBI, several limitations and 
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challenges remain. Firstly, in terms of study design, biomarkers were sourced with the 

intention to avoid Raman-active additives such as buffers, which would impact the 

accuracy of the characters’ fingerprint. This has, therefore, removed several candidate 

biomarkers identified in the literature since pure forms were not available. Furthermore, 

we used a varied source of human/animal TBI biomarkers, with five out of the overall 

eighteen investigated biomarkers derived from animals, due to limitations in availability. 

Whilst animal model systems frequently share similarities of specific aspects of TBIs, 

providing the opportunity to target specific biomarkers, animal neuromarker models, 

however, can occasionally recapitulate only parts of the pathology observed in human TBI 

[188-193]. Recognising the opportunities and limitations of translational biomarkers is 

therefore critical to advancing human TBI therapies. Importantly, this study aims to bridge 

the gap between preclinical and clinical research as well as to better demonstrate 

interactions between central expression of TBI pathological markers and peripheral 

examinations, which could subsequently be used for diagnosis and evaluation of 

treatment efficacy. Nevertheless, it is important to note, that we did not carry out 

spectroscopic detection and classification of TBI vs. healthy biomarkers but rather 

established the characteristic fingerprints for each chosen biomarker, which is a 

standalone spectroscopic barcode for either human- or animal-derived neuromarkers. In 

each case, there is a value and significance to having the ‘baseline’ fingerprint data, as in 

the case of a rapidly evolving and multifaceted pathology such as TBI, they may provide 

integrative and complementary clinically useful information, or may be useful for different 

investigations, time points, or settings. For instance, animal biomarker models provide a 

major advantage for investigating preclinical measures of therapeutic efficacy [188, 189]. 



Chapter 3 
 

77 
 

Faster and less expensive results can be garnered from these allowing only the most 

promising candidates to advance to more costly clinical trials (e.g., Sabbagh et al. [194]) 

and represent an important approach to exploring the translational utility of a novel 

compound. In preclinical systems, animal biomarkers could also be effective for valuing 

the translational worth of a compound before costly human trials are initiated. Animal 

model biomarker assessments can verify proof of concept for a candidate treatment. 

Furthermore, the identification of consistent biomarkers may shed light on core 

mechanisms responsible for the disorder, as well as interactions between several of the 

identified pathologies. Notably, the subsequent use of both human and animal 

biomarkers can form a bridge between animal and human studies to facilitate 

translational research. By using the same biomarkers in animals and humans, 

observations in the preclinical stage can be more easily extended to clinical trials. This 

forward translation can be complemented by a backward one, where observations in 

humans can be studied via animals. 

An additional challenge is that the spectral bands associated with some biomarkers are 

also present in several other proteins, and so these changes cannot always solely be 

attributed to a particular molecule. Therefore, a broad panel of biomarkers should be 

used in such cases, essential to delivering a diagnosis with high accuracy and specificity. 

This, with further emerging novel hybrid Raman-AI techniques [195, 196], will in turn 

enable supporting large-scale triaging and screening for early signs of brain injury, 

particularly useful for identifying high-risk patients and implementing intervention 

measures, given both the increased incidence and the prevalence of TBIs. Indeed, 

considerable research in recent years has focused on potential biomarkers to improve 
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diagnosis and patient phenotyping to enable timely and targeted management. For 

instance, S100B has been implemented in Scandinavian countries and the ALERT-TBI 

study showed high sensitivity for the combination of GFAP and neuronal UCHL1 

measured within 12 h of injury, forming the basis of the first FDA-approved TBI test for 

triaging the need for CT scanning [197]. 

One further issue that needs to be addressed for real-world adoption is a lack of 

standardisation in methods used within the current literature, from matters pertaining to 

biofluid collection, storage and pre-processing, to those concerning Raman 

measurement protocols and chemometric analyses and classification. Standardisation 

of protocols and conducting larger-scale clinical studies are vital for advancing the 

clinical translation of Raman spectroscopy biomarker profiling in TBI diagnostic and 

prognostic applications. 

Finally, there has been an increase in the literature surrounding the development of 

Raman spectroscopy-based technologies for TBI detection, utilising surface-enhanced 

Raman spectroscopy (SERS), microfluidics, and Raman probes [32, 34, 35, 198, 199]. As 

such new spectroscopic technologies are being engineered and prototyped, it is essential 

to improve the understanding of brain injury biomarkers and their mechanism in various 

post-TBI phases, which will continue to grow alongside these, particularly when utilising 

human biofluids and TBI models. 
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3.6 Conclusions 
 

A Raman spectroscopy fingerprint library has been generated for a large cohort of TBI-

indicative biomarkers. The spectral fingerprint of each studied biomarker generates a 

unique signature and comparisons of certain values for determined frequencies and their 

raw and aqueous solution states are determined. These spectra provide the fundamental 

information necessary to track the biochemical changes induced by the neurological 

markers categorised according to the different stages post-brain injury, i.e., the acute, 

sub-acute and chronic phases. These can not only assist in understanding the TBI 

mechanism and check the presence, persistence or fading of characteristic 

biomolecules in brain tissue or biofluids following injuries but also establish Raman 

spectroscopy-aided diagnosis of TBI as a complementary point-of-need technique. The 

longer-term goal would be to identify biomarkers or distinctive patterns, which would help 

to rapidly detect, triage, and monitor TBIs by analysing the differences in Raman spectral 

signatures. 

The most dominant peak ratios for each biomarker have been further identified, 

highlighting the various advantages amongst which, by using the ratio-metric approach 

over the absolute Raman intensity of individual bands, is elimination of the need to 

measure the amplitude of each peak, often necessary for ensuring consistency and 

reproducibility of the intensity and/or wavenumber position, which can be challenging 

between each measurement, especially when performed by a non-expert at the point of 

care. 
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Reliable point-of-care diagnostic tools, such as Raman spectroscopy, could improve the 

specificity of diagnosis and triage of TBI and would greatly aid resource availability in 

healthcare by reducing the number of unnecessary ED visits for mild TBI and increasing 

the proportion of patients with moderate/severe TBIs appropriately triaged to attend 

trauma facilities. With millions of ED visits every year and the high cost per visit without 

treatment or investigation, even a small reduction will result in massive cost savings. 

Furthermore, the pathophysiology of injury evolution is multi-faceted, and not 

understood well enough to provide effective pharmacological targeting to reduce burden 

or progression. An in-depth understanding of the biochemical injury evolution will allow 

interventions to be used more effectively and identify novel therapeutic targets to guide 

tactful treatments. The generated spectral library would further assist in the emerging 

developments of Raman spectroscopy-based technologies, for rapid acquisition of 

molecular fingerprints of TBI biochemistry to safely measure proxies for cerebral injury via 

the body fluids, which will soon provide a tangible path towards non-invasive point-of-

care diagnostics for TBI.  
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4.1 Abstract 
 

The development of an optical interface to directly distinguish the brain tissue’s 

biochemistry is the next step in understanding TBI pathophysiology and the best and most 

appropriate treatment in cases where in-hospital intracranial access is required. Despite 

TBI being a globally leading cause of morbidity and mortality in patients under 40, there is 

still a lack of objective diagnostical tools. Further, given its pathophysiological complexity 

the majority of treatments provided are purely symptomatic without standardized 

therapeutic targets. Our tailor-engineered prototype of the intracranial Raman 

spectroscopy probe (Intra-RSP) is designed to bridge the gap and provide real-time 

spectroscopic insights to monitor TBI and its evolution as well as identify patient-specific 

molecular targets for timely intervention. Raman spectroscopy being rapid, label-free and 
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non-destructive, renders it an ideal portable diagnostics tool. In combination with our in-

house developed software, using machine learning algorithms for multivariate analysis, 

the Intra-RSP is shown to accurately differentiate simulated TBI conditions in rat brains 

from the healthy controls, directly from the brain surface as well as through the rat’s skull. 

Using clinically pre-established methods of cranial entry, the Intra-RSP can be inserted 

into a 2-piece optimized cranial bolt with integrated focussing and correctly identify a 

sample in real-life conditions with an accuracy >80%. To further validate the Intra-RSP’s 

efficiency as a TBI monitoring device, rat brains mildly damaged from inflicted spinal cord 

injury were found to be correctly classified with 94.5% accuracy. Through optimization 

and rigorous in-vivo validation, the Intra-RSP prototype is envisioned to seamlessly 

integrate into existing standards of neurological care, serving as a minimally invasive, in-

situ neuromonitoring tool. This transformative approach has the potential to revolutionize 

the landscape of neurological care by providing clinicians with unprecedented insights 

into the nature of brain injuries and fostering targeted, timely and effective therapeutic 

interventions. 

 

4.2 Introduction 
 

Development of applicable, timely, and cost-effective in-vivo and point-of-need triaging 

and monitoring tools is of a vital importance to address the current unmet needs around 

TBI [1]. Due to the complex pathophysiology of the traumatic brain injuries and various 

degrees of severity, there is a potential for a large array of therapeutic targets. For 

instance, in sTBI, the entire brain can be affected by a life-threatening widespread 
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swelling and major changes in biochemical state. Currently, the clinical standard of care 

revolves heavily around regulating the intracranial conditions to prevent further 

secondary injuries [2], and hence, monitoring the ICP is vital for the neuroprotection and 

regulation of metabolic requirements in the brain.  

In cases of sTBI, increases in ICP are moderated through insertion of a catheter directly 

into brain parenchyma [3]. The intracranial environment consists of approximately 83% 

brain tissue, 11% CSF, and 6% blood enclosed in a non-expandable area by the skull [2]. 

Increase in any of these components post TBI triggers a corresponding decrease in 

another to maintain the ICP, with the CSF being the most typical since its excess can be 

relocated to the spinal theca to maintain the correct distribution of oxygen and glucose. 

Disruption to the autoregulatory mechanisms can lead to devastating secondary injuries 

requiring therapeutic procedures, such as the decompressive craniectomy [3].  

More effective diagnostics monitoring, as well as interventions and treatments of TBI 

primary injuries, could be enabled via timely detection of TBI-induced biochemical 

changes, pinpointing the extent of damage which for different stages and severity of injury 

have been shown to be present in serum, CSF or brain parenchyma as indicators for 

vascular, metabolic and axonal disruptions as well as tissue inflammation [4-15].  

Herein, building upon a self-tapping cranial bolt, the Intra-RSP is engineered, which is 

tailor designed to be easily integrated into existing surgical procedures, such as an ICP 

catheter insertion or a decompressive craniectomy (Figure 4-1), and subsequently 

employed to validate the detection and tracking of a panel of TBI indicative biomarkers, 

providing live feedback on the pathophysiology of TBI in the brain during surgery. The Intra-

RSP device internally consists of two single co-axially aligned fibres (Figure 4-1A) with a 
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100 μm excitation fibre and a 200 μm collection fibre, filtering and steering micro-optics 

and a design to filter laser lines and quartz spectral contributions from both the input and 

output fibres, all encased in a cylindrical stainless-steel head [16]. The probe is coupled 

to a 785 nm laser and a portable spectrometer (Figure 4-1C). A model skull with a 

representative operative configuration ICP catheter insertion, featuring the probe head 

and 3D printed self-tapping cranial bolt and was validated for clinical applications, 

inserting the probe into the site of interest, and acquiring in-situ measurements.  

 

Figure 4-1– Portable Intracranial Raman Spectroscopy Probe Overview. A) Internal structure of 
the probe, consisting of permanently aligned combination of two single fibres (100 µm 
excitation fibre, 200 µm collection fibre) with filtering and steering micro-optics, N.A. 0.22, with 
stainless-steel cabled fibre with a design to filter laser line and quartz spectral contributions 
from both input and output fibres (O.D.>8 at laser line) [16]. B) Characteristic dimensions (mm) 
of the probe head, corresponding with the cranial device dimensions, mandated by standard 
cranial access during larger craniotomies [17]. C) Aerial view of the engineered Intra-RSP 
handheld setup, including probe, Raman spectrometer and 785 nm laser. 
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To simulate biochemical changes in the brain following TBI, seven neurological 

prospective biomarkers of TBI including glucose, myo-inositol, serine, GSH, GFAP, S100B 

and UCHL1, (Table 4-1) selected due to their biocompatibility, generate a representative 

panel and are inserted into dead rat brains. The corresponding changes in the brain’s 

environment post-TBI have been studied in rat brain models, detected in-situ via the 

engineered Intra-RSP. Further to validation in spiked rodent brains, we have acquired and 

analysed a cohort of complementary spinal cord injured (SCI) rats brains, hypothesising 

that due the proximity of the central nervous system, a traumatic event occurring on the 

spine will also be reflected in the brain, as a milder injury [18-20]. The acquired Raman 

spectral signatures, collected via the Intra-RSP, are subsequently classified using our 

artificial neural networks algorithm as a decision support tool, the self-optimizing 

Kohonen index network (SKiNET). SKiNET acts as a framework for multivariate analysis, 

simultaneously providing i) dimensionality reduction, ii) feature extraction and iii) 

multiclass classification [21, 22] by performing a visual separation to identify the 

underlying biochemical differences between classes. The outputs yield a rapid and 

accurate classification, even for low laser powers and short acquisition times, 

representative of real-world conditions. SKiNET’s supervised learning, in conjunction with 

sensing techniques, enables its exploitation for rapid and accurate diagnostic and 

prognostic applications via the inherent self-organised maps (SOM). This results in 

visually intuitive 2D clustering based on injury state. Additionally, the self-organizing map 

discriminant index (SOMDI) efficiently identifies the specific spectral features of 

importance, representing biochemical changes which most contribute to the observed 

clustering in SOMs [22-24]. Herein, the integrated SKiNET with the Intra-RSP successfully 



Chapter 4 
 

101 
 

and rapidly distinguishes between TBI-simulated and SCI rodent brains from healthy 

control cohorts and correctly identifies and classifies brains from a simulated in-situ 

model. These collectively lay the platform for translation of the developed technology to 

real-world clinical point-of-need neurological diagnostic, monitoring, and prognostic 

applications along with developments of new therapeutic interventions.  

 

Table 4-1 – Prospective TBI biomarkers and their physiological effect following trauma 

Biomarker TBI Effect 

β-D-Glucose 
Low levels demonstrate increased requirement of energy, which 
with low lactate/glucose ratio correlated with poor outcomes [4, 
5].  

Myo-Inositol  
Myo-Inositol build-up relates to glial proliferation, astrogliosis, 
dysregulation of cellular osmotic functions, membrane turnover 
and myelin sheet damage [6-8]. 

D-Serine 

Reactive glial cells synthesise serine when prompted by 
inflammatory signals. Serine overproduction results in 
hyperactivation of NMDA receptors and synaptic damage in the 
hippocampus [9]. 

Glutathione (GSH) 

GSH converted to oxidised form to regulate free radicals in the 
brain thus, depleting GSH resources. In extreme 
neuroinflammation, more free radicals are formed and the lack 
of GSH further damages the brains and neurons [10, 11].  

Glial Fibrillary 
Acidic Protein 
(GFAP) 

Astrogliosis increases GFAP expression, potentially leading to 
glial scarring and delayed axon regeneration [13, 14]. 

S100B 
S100B overexpression results in calcium homeostatic 
dysregulation, indicating structural damage and cellular death 
[15].  

Ubiquitin C-
terminal 
Hydrolase L1 
(UCHL1) 

Increased following axonal damage to aid in removal of damaged 
and defective axonal proteins [12].  
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4.3 Methods and Materials 
 

4.3.1 Materials and Biomarkers  
 

Glucose (Cambridge Biosciences, CAY23733-50), Myo-Inositol (VWR International, 

A13586.22), D-Serine (VWR International, 312-84-5), GSH (Merck Life Science Limited, 

Y0000517), GFAP (Generon, C227-10ug), S100B (Cambridge Bioscience, HY-P70659), 

UCHL1 (Generon, 6B9379) were purchased and used without purification.  

 

4.3.2 Spiked Brain Tissue Sample Preparation 
 

Healthy Sprague-Dawley rat samples were sacrificed and stored at -80OC, licensed by the 

UK Home Office and approved by the University of Birmingham Animal and Ethical Review 

Board. Nine brains were removed from the skull, while six were kept in the skull with the 

back removed allowing visibility to the brain. Two 1 mM biomarker solutions (BS1 and BS2) 

were prepared with BS1 including, Glucose, Myo-Inositol, Serine and GSH and BS2 

consisting of glucose, myo-inositol, serine, GSH, GFAP, S100B and UCHL1. The solutions 

were injected in two locations at a 1.5 mm depth into the brain for both the exposed and 

unexposed brains, through the back of both cortical hemispheres, yielding a phantom TBI 

[25]. Reference TBI biomarkers were dissolved in distilled water (18.2 MΩ) generating a 

solution of 1 mM according to the data sheets supplied by the manufacturers. These were 
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dissolved for 20 mins and subsequently 3 μL was pipetted onto an aluminium slide and 

dried at room temperature, as described in Chapter 3 [26].  

4.3.3 SCI Rat Brains  
 

Surgical procedures were carried out by collaborators (Mr A. Stevens and Prof Z. Ahmed) 

as described in Stevens et al. [27]. Briefly, SCI was inflicted on eight anesthetized 

(inhalation, 5% isoflurane, 1.8 L/min O2) Sprague-Dawley (190-250 g, n = 12, male: female 

1:1) rats through a dorsal column crush injury on thoracic level 8 (T8). The animals were 

sacrificed through exposure to rising CO2 concentrations. Whole brains were removed 

three days post injury and stored at -80OC. Four healthy controls were subjected to all the 

above, save the dorsal column crush. This procedure was licensed by the UK Home Office 

and approved by the University of Birmingham Animal and Ethical Review Board.  

 

4.3.4 Raman Spectra Acquisition and Analysis  
 

The optimised prototype 3D prints of the Intra-RSP were manufactured via Ultimaker2+ 

3D printer, employing 2.88 mm poly-lactic acid (PLA) filament. Brain spectra were 

acquired using the Intra-RSP consisting of an InPhotonics probe II coupled to Ocean 

Insight’s QE Pro-Raman spectrometer and a LuxxMaster Raman Boxx (PD-LD) 785 nm 

laser (Figure 4-1C). The applied laser power was set to 40 mW, with 30 s acquisition time 

and 5 accumulations for the full spectral range (100-3000 cm-1). Training samples for 

SOMs were acquired with the probe attached to a clamp stand to optimize parameters. 
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To validate the SOM, test spectra were acquired using BS1-spiked rat brains in a simulated 

craniotomy setting, using a model skull and a cranial bolt prototype (Figure 4-1B-C). 

Reference TBI biomarker fingerprints were acquired, as described in details in Ref. [26]. 

Briefly, via using 785 nm excitation laser (InVia confocal Renishaw) at the corresponding 

measuring conditions, three extended scans with an acquisition time of 10 s and 5 

accumulations under a x50 objective lens.  

 

4.3.5 Multivariate Data Analysis and AI Classification  
 

The raw data has been truncated to 250-2000 cm-1, baseline subtracted, corrected for 

cosmic rays, and is presented as an average spectrum. A detailed multivariate analysis 

was performed via SKiNET [21]. For each cohort, a total of 100 spectra were input and 

randomly split as 80% training spectra and 20% test spectra to ascertain the accuracy of 

the maps. SOM grid size was decided according to Lek and Park, 2008 [28], as number of 

spectra input equal to the number of neurons, and ran with 10000 iterations at a learning 

rate of 0.1 with learning vector quantization (LVQ) enabled. To determine the efficacy of 

the probe, a separate map was generated using three BS1-spiked test samples from the 

model skull input as additional test spectra into a SOM containing 100% training data 

consisting of control, BS1-spiked and BS2-spiked spectra. Each SOM was cross-validated 

10 times to determine accuracy, which was calculated using the number of correctly 

identified test spectra from a confusion matrix.  
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4.3.6 Finite Element Analysis  
 

Computational modelling and finite element analysis was conducted using Autodesk 

Fusion 360 to assess the safety and robustness of the bolt design. The simulation “Static 

Stress” option was employed to conduct the study and calculate the safety factor and 

stresses [1]. For the 5 mm thread length, the weak point of the structure was found at the 

joint between the thread and the main body of the bolt. Therefore, a simplified version was 

designed, omitting the model of the skull while constraining the lower half of the thread 

to be fixed and the rest of the bolt free to deform under load.  A stress was then applied to 

the four baffles, shared equally amongst them, to model the torque exerted by the 

tightening clip. The model overall was meshed with the default settings, while the thin 

plate between the main body and the thread was meshed with the option “local mesh 

control” set to “fine”, giving mesh elements with a size of 0.049 mm.  

 

4.4 Results and Discussion 
 

4.4.1 Intra-RSP Bolt Design for ICP Catheter Insertion  
 

The cranial bolt has been designed via Autodesk Fusion 360 and is represented in Figure 

4-2. Iterative testing and refinement of the 3D printed components were conducted using 

a model of a human skull, featuring a hole replicated with the same drill employed by 
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neurosurgeons during a craniotomy to ensure accuracy. During surgery, a burr hole is 

typically created using a disposable clutched perforator drill, which to prevent the 

surgeon from drilling into the tissue, allows for an internal ledge, providing a change in 

geometry throughout the site.  

The cranial bolt is a key part of the development of the Intra-RSP’s function for use during 

the ICP catheter insertion. The bolt is hand-placed and self-tapping using a tapping tool, 

providing stability and allowing for the probe sleeve to be inserted at a user defined 

distance for the purpose of focussing it onto the brain surface according to the brain 

distance from the skull, depending on potential neuroinflammation.  

Rigorous testing and adjustments were made to guarantee the precision and functionality 

of the cranial bolt in simulating the real-world conditions. Simulations were performed for 

titanium 6AI-4V and nylon 6, based on their biocompatibility and availability as feasibly 

reproducible materials. The figures of merit are summarised in Table 4-2, where titanium 

shows a minor maximum displacement and a large safety factor even at high torques 

For a torque of 0.8 Nm, building upon our initial bolt prototype [1], the safety factor has 

been reduced by 8% from 11.58 to 10.69, due to the thinner connection between the 

thread and the main body of the bolt, where the stress is highest (Figure 4-2C). The thinner 

section is essential in this design to reduce the working distance of the device. The safety 

factor is the margin between the minimum required performance desired from the device 

and the actual performance [29]. The maximum displacement describes the total 

movement from the original coordinates to displaced position when a load is applied [30]. 

The 10.69 safety factor is well above 3 (considered safe) or >1 (considered as a breaking 

point) [31].  
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For nylon, the fracture point reduced significantly from a torque of 0.96 to 0.684 Nm. To 

achieve a minimum safety factor of 3, the maximum supported torque is only 0.228 Nm. 

This indicates that for the optimised bolt design, nylon does not constitute an appropriate 

option, and titanium is chosen as the most suitable, safe material. 
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Figure 4-2  Schematic of A) cranial bolt with a i) side view cross-section, ii) top view, iii) top-angled 
side view and the corresponding B) focusable probe sleeve with its i) side view cross-section, ii) top 
view and iii) top-angled side view. C). Top/side i) intersection, ii) top and iii) bottom/side view of the 
bolt, with stress indicated in the model. The higher stress occurs in an extremely narrow region where 
the outer thread meets the narrow plate connecting to the body and is not visible.  

Material 
Torque at 
Fracture 

(Nm) 

Maximum Displacement 
(mm) Stress (MPa) 

Safety 
Factor 
(A.U.) 

Titanium 6AI-
4V 

0.8 0.002 82.55 10.69 
1.6 0.004 165.1 5.35 

Nylon 6 
0.228 0.025 23.5 3.00 
0.684 0.075 70.5 1 

Table 4-2 Outputs from finite element analysis including torque and the corresponding safety factors 
for titanium and nylon. 
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4.4.2 Biomarker Spiked Brain Tissue 
 

To validate the ability of the handheld Intra-RSP to distinguish between TBI brains and 

healthy control cohorts, two solutions consisting of TBI biomarkers were formulated and 

integrated into rat brain tissue. Biomarker solution 1 (BS1) contained glucose, myo-

inositol, serine and GSH, and biomarker solution 2 (BS2) contained glucose, myo-inositol, 

serine, GSH, GFAP, S100B and UCHL1. Both solutions contained four identical 

biomarkers, to further enable the evaluation of the probe’s specificity. Representative 

mean spectra of each biomarker, obtained from Chapter 2 [26], in solutions BS1 and BS2  

presented in Figure 4-3A yield the fingerprints of the candidate signature spectral bands 

for further identification within the spectra of the spiked brain tissue.  

Notable spectral differences emerge among the three conditions shown in Figure 4-3B, 

particularly in the 650-800 cm-1, 1100-1250 cm-1 and the 1500-1675 cm-1 regions. The 

distinctions between the TBI biomarker-spiked and the control cohorts are validated in 

the ensuing SOM clustering in Figure 4-3D. The SOM clearly defines distinct clusters for 

each cohort. When only inputting the benchtop recorded healthy control and spiked 

brains, the SOM clusters the groups to an accuracy of 92% ±0.04 from randomly selected 

test spectra (n = 60), validating the potential to pick out biochemical changes in the 

immersed environment. Following the validation of the differentiating spiked brains, 

spectra were subsequently recorded through a model human skull using the optimised 

cranial bolt as a validation of the device performance. The BS1-spiked brain tissue was 

placed under the bolt in the model skull and tested on the SOM, exhibiting a correct 

classification on the SOM to an accuracy of 80% ±0.21.  
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Further insights through SOMDI scoring in Table 4-3 quantify pivotal peaks responsible for 

differentiating between the spectra in Figure 4-3B. The scoring assigns a value to each 

 

Figure 4-3 – Representative average superimposed spectra of A) individual TBI biomarkers 
present in BS1 and BS2 solutions including Glucose (dark blue), Myo-Inositol (orange), Serine 
(dark green), Glutathione (GSH, light blue), Glial Fibrillary Acidic Protein (GFAP, dashed pink), 
Ubiquitin C-terminal Hydrolase L1 (UCHL1, dashed green) and saS100B (dashed red). Solid line 
spectra represent biomarkers present both in BS1 and BS2, dashed line spectra are indicative 
of biomarkers exclusively present in BS2. B) Averaged Raman spectra of control (green), BS1-
spiked (red) and BS2-spiked (blue) brains with the highlighted Raman peaks at 414, 549, 850, 
933, 1440 and 1658 cm-1 of key markers in the evaluation of C) the relative differences in 
intensity ratios between the 549 and 414 cm-1, the 933 and 850 cm-1 and the 1658 and 1440 cm-

1 peaks for the BS1 (red) and the BS2 (blue) versus controls. D) SOM clustering the characteristic 
features of each cohort for BS1, BS2 spiked brains and controls including the training data 
(circles) and the three BS1 test spectra (black stars). The SOM classifies healthy controls, BS1, 
and BS2 brain spectra correctly to an accuracy of 92% ±0.04, and the BS1 brain spectra 
recorded through the model skull with an accuracy of 80% ±0.21 (*p <0.05 and ***p <0.0001, 
student’s t-test). 
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Raman shift according to its influence in characterising the acquired spectra. Identifying 

characteristic features of a group enables further comparison of the differences in relative 

intensity of dominant peak ratios, represented in Figure 4-3C. 

Relative intensity ratio differences between spiked tissue and healthy controls are used 

to identify changes within samples using Raman spectral intensities. A significant 

increase of 11% in the relative intensity ratios for the 414 and 549 cm-1 wavenumbers 

shown in Figure 4-3C is observed between the BS2-spiked and the control brain spectra, 

indicative of a greater presence of skeletal C=C lipid bonds and C-S bonds from cysteine 

residues, respectively [32]. Cysteine levels are found to be increased in the BS2 spiked 

brains due to the amino acid’s presence in the GSH, GFAP, S100B and UCHL–1 

neuromarkers, all of which are biomarkers included in BS2 [33-36].  

Within BS1, only GSH contains C-S bonds related to the 549 cm–1 Raman shift observed 

in Table 4-3. Both the 549 and 414 cm-1 wavenumbers are more prevalently being picked 

up by Intra-RSP in the healthy control brains than the BS1-spiked tissue, as demonstrated 

by the 1% decrease in ratio intensity from the BS1-spiked brain spectra from the control, 

as well as by the lower SOMDI scores in Table 4-3 for both 414 and 549 cm-1 (0.77 and 0.40 

for BS1, respectively) in contrast to the control (0.84 and 0.47, respectively) cohort.  

The relative difference in intensity ratios for the 1658 and 1440 cm-1 between the BS2-

spiked and the control spectra further show a significant 7% increase (p <0.05). This is 

consistent with the addition of amide I bonds to the brain tissue, stemming from the 

secondary protein structures of the BS2 biomarkers [37, 38], as well as the CH2 bending 

associated with the 1440 cm-1 peak, also associated with glucose. The 1440 cm-1 shift is 

also commonly indicative of lipids through the twisting of CH2 bonds. Despite the 



Chapter 4 
 

112 
 

absence of lipids in both biomarker solutions, (deliberately omitted due to the need to 

exclude sample-damaging or Raman active solvents), SOMDI scores reported in Table  

indicate that the bands both play a significant role in distinguishing the spiked spectra 

from controls, in correspondence with our previous studies where these were established 

as TBI-indicative candidates [1, 39]. In addition to the added biomarker solutions, the 

equally high SOMDI score of 0.90 for the 1440 cm-1 band in both the BS1 and BS2 spiked 

brains could therefore also be due to the ability of Raman spectroscopy to more readily 

detect lipids compared to proteins and nucleic acids due the abundance of polarizable 

C-H and C-C bonds.  

Furthermore, both the CH2 rocking, detected in Table 4-3 via the 850 cm-1 band and the C-

C stretching of amino acids, detected via the 933 cm-1 band [40] are identified by SOMDI 

as characteristic in differentiating the BS2-spiked brain spectra from the BS1-spiked and 

control brain tissue with scores of 0.50 and 0.44, respectively. In contrast to the healthy 

control tissue, those spiked with BS1 and BS2 exhibited a lower relative intensity 850:933 

cm-1 ratio by 14% and 37%, respectively (Figure 4-3C). 
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Table 4-3 - SOMDI scores for control, BS1 and BS2 brain tissue with the corresponding 
assignments of the identified characteristic peaks. v = stretching; δ = bending; τ = twisting; ρ = 
rocking; s = symmetric; arom = aromatic; skel = skeletal; Δ = ring breathing vibration. 

 

Similarities between the TBI biomarker spectra in Figure 4-3A and the biomarker-spiked 

brain tissue in Figure 4-3B are identified at the 805, 850, 933, 1004, 1130 and 1658 cm-1 

shifts. Symmetrical C-N-C stretching at 805 cm-1 is mainly a contributing factor of the BS2 

spiked tissue, with a SOMDI score of 0.45, directly linked to the higher protein content 

[32], characteristic to UCHL1, D-Serine and GSH biomarkers. The increase in the 850 cm-

1 SOMDI weight in BS2 samples relative to the control and BS1 spectra is attributed to the 

rocking of CH2 bonds in proteins from leucine, which Figure 4-3B shows is determinative 

of UCHL1 [40]. This biomarker is present only in the BS2 solution, rendering the 850 cm-1 

Raman Band (cm-1) 
SOMDI Scores 

Assignment Reference 
Control BS1 BS2 

267 0.46 0.38 0.46 Ring mode vibrations [41] 
414 0.84 0.77 0.78 vskel(C=C) [32] 
482 0.66 0.58 0.58 vskel(C=C) [32] 
549 0.47 0.40 0.48 δ(C–S) [32] 
612 0.44 0.31 0.48 v(–C=CH) [32] 
673 0.39 0.32 0.50 τ(C=C) [32] 
716 0.34 0.33 0.49 vs(C–N) [42] 
805 0.32 0.24 0.45 vs(O–P–O), vs(C–N–C) [32, 42] 
850 0.38 0.37 0.50 ρ(CH2) [40] 
857 0.38 0.34 0.52 vs(C–N–C) [32] 
933 0.36 0.29 0.44 v(C–C) [40] 
1004 0.45 0.39 0.50 δ(CH2), Δarom(C–C) [43]  
1064 0.48 0.38 0.54 v(C–O), v(C–C), τ(NH2) [42, 44, 45]  
1129 0.51 0.39 0.55 v(C–N), v(C–C), vskel(C-C) [39, 46, 47]  
1191 0.46 0.34 0.47 δ (CH), ω(CH2) [48] 
1267 0.80 0.77 0.87 v(C–O), δ (CH), Amide III   [49-51] 
1302 0.83 0.81 0.88 τ(CH2) [52] 
1440 0.79 0.90 0.90 δ(CH2), τ(CH2) [53, 54]  
1554 0.38 0.33 0.43 δ(NH3

+)  [32] 
1580 0.37 0.29 0.41 Δarom(C–C), v(C=O) [32, 55] 
1658 0.74 0.84 0.81 v(C=O), v(C=C) [37, 38] 
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shift as a potential predicative band of axonal damage observed through the presence of 

UCHL1 post-TBI. 

S100B, a biomarker only present in BS2, exhibits a characteristic feature peak in Figure 

4-3A at 933 cm-1 [26] for which the BS2-spiked brain spectra are found to exhibit the 

highest SOMDI scores compared to the control and BS1. The combination of the greater 

SOMDI score for the 850 and 933 cm-1 peaks in BS2-spiked brain tissue and these Raman 

shifts relating to biomarkers exclusively present in BS2 demonstrate the probe’s ability to 

detect simulated change in a complex biochemical environment.  

Further bands at 1004 and 1658 cm-1, common to proteins, are attributed to the aromatic 

stretching of C-C bonds in the phenylalanine R group and the stretching of C=O bonds in 

the amide I group, respectively [37, 38, 43]. A lower SOMDI score at 1004 cm-1 for BS1-

spiked tissue compared to both control and BS2 spiked brain tissue could be a result of 

the introduction of biomarkers not containing phenylalanine in BS1, consequently 

overshadowing the significance of this particular protein peak as a characterising feature 

of the BS1-spiked brain tissue spectrum. This is further shown in Figure 4-3A, in which the 

most intense peak at 1004 cm-1 is produced by S100B. 

 

4.4.3 Transcranial Brain Spectra Acquisition 
 

The Intra-RSP probe was further validated on unexposed rat brains through the 

examination of the brain directly through the skull. The skull itself was found to exhibit a 

sharp Raman spike at 960 cm-1 visible in Figure 4-4A due to the high density of PO4 in 
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bones [56, 57]. A complete separation in the SOM is detected in Figure 4-4B between the 

rat skull and the transcranial brain (TB), with each test spectrum correctly identified to an 

accuracy of 99% ±0.03, indicating the unprecedented capacity for transcranial  

 

Figure 4-4 - Spectral Analysis of Transcranial Brains. A). Analysis of the average spectra (n = 
100) of raw skull versus brain tissue without removal of the skull i.e., transcranial brain (TB). 
An extract of the normalised data is included to demonstrate key differences in spectral 
features, identifying brain tissue related peaks. B). Corresponding SOM, including the training 
spectra (circles) and test spectra (crosses) within a set of spectra to ascertain the 
differentiation of skull and skull covering rat brains with an accuracy of 99% ±0.03. (C). Average 
spectra of spiked transcranial brains (sTB) spiked with BS2 solution versus TB with the 
corresponding D) SOM, accurate to 92.8% ±0.06. 
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spectroscopy. Whilst the baseline subtracted spectra in Figure 4-4A appear to show 

similar peaks at vastly different intensities, the focussed normalized spectral data extract  

reveals brain tissue representative Raman shifts primarily in the 600-800 cm-1 region for 

the TB absent in the skull’s spectra, visually confirming recorded spectral differences. 

 

Brain tissue was subsequently spiked under the skull and spectra were acquired for 

comparison, demonstrated in Figure 4-4C. To ensure a uniform coverage, these were 

spiked with BS2 in two locations, once into the left cerebral hemisphere and once into the 

right. Although a general spectral homology is observed, SKiNET successfully extracts 

characteristic features distinguishing the transcranial brains from spiked transcranial 

brains (sTB) in a SOM in Figure 4-4D with a classification accuracy of 92.8% ±0.06. 

Ultimately, the probe in conjunction with SKiNET demonstrates the device’s capability to 

detect subtle changes in sample conditions without direct exposure, which may be used 

as a crucial stepping stone into less invasive animal testing, paediatric TBI studies and 

technological developments. 

 

4.4.4 Classification of brain tissue extracted from spinal cord injured 
animals 

 

To further assess the probe’s ability to distinguish biochemical changes, a comparative 

analysis between brains extracted from SCI and healthy rats was performed. A traumatic 

injury to the spine can cause neuroinflammation and neurodegeneration in the brain, 
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observable through axonal degeneration and cellular shrinkage, effectively simulating a 

mild TBI [18-20].  

Figure 4-5 establishes the probe’s capacity to differentiate between the left cerebral 

hemispheres of rat brains with injured spines versus healthy controls. Whilst the average 

spectra (n = 100) for each cohort (Figure 4-5A) show a homology between control and SCI 

injured samples, the relative intensity ratios (Figure 4-5B) exhibit certain differences.  

Firstly, the lipid to protein ratio detected via the 1444 and 1661 cm-1 bands [1, 39, 51] are 

found to be significantly increased (p <0.05) in the SCI in contrast to the healthy rat brains. 

This is in accordance with the previously observed increased presence in lipids following 

damage to spinal cord tissue [20]. Furthermore, the relative intensity ratio between the 

533 and 409 cm-1 peaks is found to be decreased by 44% in SCI compared to the uninjured 

brains, indicating an alteration of the disulfide bond concentration, possibly due to the 

changing levels of protein in the SCI brains [32]. There is a further 50% relative ratio 

decrease in the 1004:864 cm-1 peak ratio between the control and the SCI brains, 

attributed to the phenylalanine residues and backbone peptide bonds [42, 43]. 

Collectively, these detected changes not only cement the Intra-RSP’s ability to detect 

subtle biochemical post injury variations but also establish the detection of the potential 

damage and dysregulation occurring in the brain as a result of SCI. The identified changes 

are found to be consistent throughout the analysed samples (n = 100) (Figure 4-5C). 
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Additionally detected Raman shifts at 1213 and 1553 cm-1 in Table 4-4 are attributed to 

Haem groups in deoxygenated cells and the lipid C=C stretching and protein NH3
+ 

bending, respectively [32, 58, 59]. The corresponding SOMDI scores exhibit a greater 

importance in SCI rat brains relative to controls, at 0.60 for 1213 cm-1 and 0.63 for 1553 

cm-1, and 0.53 for 1213 cm-1 and 0.39 for 1553 cm-1, respectively. These are indicative of a 

higher level of hypoxia from the injured rats; however, some hypoxia is expected in both 

conditions from the sacrifice [59, 60].  

 

Figure 4-5 - Spectral Brain Analysis of SCI Injured Rodents. A) Representative average Raman 
spectra of SCI injured (orange) rat brains versus the uninjured control cohort (green), with 
highlighted peaks used to investigate B) the difference in relative intensity ratios between 
injured and uninjured rats using 533/409, 1004/864 and 1444/1661 cm-1 ratios. Error bars 
present the standard error. C) SOM classification of healthy control brain spectra (green) vs. 
SCI injured (orange), with training (circles) and test (crosses) data with an accuracy of 94.5% 
±0.03. (*p <0.05 and ***p<0.0001, student’s t-test). 
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Table 4-4 - SOMDI scores for SCI injured rat brains and the corresponding spectral assignments. 
v = stretching; δ = bending; τ = twisting; ρ = rocking; s = symmetric; arom = aromatic; skel = 
skeletal; Δ = ring breathing vibration. 

Raman Band (cm-1) SOMDI Scores Assignment References 
Control Injured 

269 0.47 0.64 Ring mode vibrations [41] 
409 0.83 0.95 vskel(C=C) [32] 
484 0.63 0.78 v(S–S) [32] 
533 0.46 0.60 v(S–S)  [32] 
549 0.48 0.65 δ(C–S) [32] 
619 0.42 0.65 v(–C=CH) [32] 
688 0.35 0.44 v(C–S)  [32, 42] 
864 0.38 0.54 vs(C–N–C) [32] 
938 0.34 0.52 v(C–C) [40] 
1004 0.47 0.52 δ(CH2), Δarom(C–C) [42, 43] 
1066 0.48 0.64 v(C–O), v(C–C), τ(NH2) [32, 44, 45]  
1128 0.52 0.62 v(C–N), v(C–C), vskel(C–C) [39, 46, 47]  
1200 0.40 0.41 δ (CH), ω(CH2) [48] 
1213 0.53 0.60 v(C=C), Deoxygenated cells [58, 59] 
1258 0.67 0.69 Amide III [51, 61] 
1300 0.80 0.70 τ(CH2) [52] 
1314 0.73 0.68 δ(CH), v(NH) Amide I Couplet [32, 62, 63] 
1377 0.27 0.44 vs(COO-) [64] 
1444 0.79 0.74 δ(CH2), τ(CH2) [53, 54]  
1513 0.29 0.60 v(NH) [32] 
1553 0.39 0.63 δ(NH3

+), Deoxygenated cells [32, 59] 
1661 0.71 0.71 v(C=O), v(C=C) [37, 38] 

 

Characteristic peaks at 688 and 1377 cm-1, attributed to the stretching of C-S bonds in 

cysteine and carboxylic acid from amino acids, respectively [32, 42, 64], are found to 

significantly contribute to the SOM classification of SCI samples exhibiting an increase in 

protein content, in accordance with the study by Wu et al. as a response to spinal cord 

trauma [20]. This further validates the probe’s ability to rapidly detect, and in-situ 

differentiate the biochemical changes within the brain’s environment, with an accuracy 

of 94.5% ±0.03. In addition to the 688 and 1377 cm-1 peaks, the 484 and 533 cm-1 shifts 
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arising from the disulfide bonds, the 1004 cm-1, attributed phenylalanine, the 1661 cm-1 

amide I and the 1258 cm-1 amide III group shifts are all observed to be scored less by the 

SOMDI in the control relative to the injured cohort (Table 4-4), collectively pointing to the 

occurrence of protein accumulation [20, 32, 37, 38, 42, 43, 61] post brain trauma. 

Finally, the correlation between the SCI brains (Figure 4-5A) and the TBI indicative 

biomarkers from Table 4-1 can be established. The acute phase response and 

neuroinflammation are identified through the detection of IL-6, exhibiting characteristic 

Raman shifts at 549, 1128, and 1066 cm-1  [26, 65]. IL-6, typically undetectable in healthy 

brain tissue, is upregulated in response to trauma for neuron salvation [66].  

An increased S100B presence indicates mitochondrial structural damage as well as 

cellular death. S100B indicative Raman shifts present in the SCI brains at 938, 1066, and 

1128 cm-1 are all depicted in Table 4-4 as exhibiting higher SOMDI scores for the injured 

(0.52, 0.64 and 0.62, respectively) compared to the controls (0.38, 0.48 and 0.52, 

respectively) [67].  

Raman shifts at 1066, 1128 and 1300 cm-1 are common to both the SCI brains and 

sphingomyelin, with roles in cellular regulation and brain myelination [68], gangliosides, 

which if disrupted, causes neurodegeneration [69], and sulfatides, which affect 

membrane functional properties [26, 70]. The 1066 cm-1 band is particularly indicative of 

GFAP, which if overexpressed leads to glial scars and delayed axonal regeneration [14, 

71].  

An increase in UCHL1 following axonal damage as an aid in the removal of damaged 

axonal proteins, exhibits a characteristic Raman band in common with the SCI brains at 
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1128 cm-1 [12, 26]. IL-18 shares  a characteristic peak with the brain tissue spectra at 1258 

cm-1 [26]. IL-18 is an inflammatory cytokine inducer, which in response to trauma causes 

a release of neurotoxic enzymes [72]. Table 4-4 indicates a slightly higher influence from 

this peak in the characterisation of damaged tissue than control. 

Cardiolipin plays key roles in mitochondrial metabolism and acts as a signal for 

mitophagy [73, 74]. The shift present at 1300 cm-1 can therefore be targeted to monitor 

mitochondrial damage in the SCI brains. Finally, a Raman shift common to both the tissue 

and NAA at 1377 cm-1 is indicative in an inversely proportional manner to the degree of 

injury, where the damaged tissue is significantly more influential with a score of 0.44 

compared to the 0.27 in the healthy controls [75, 76].  

Overall, the probe's ability to detect signature peak changes representative of a multiplex 

of TBI biomarkers is a promising technological development. The long-term potential for 

the device to enable real-time monitoring of evolving injuries post-TBI is an important step 

towards the identification of therapeutic targets. 

 

4.5 Conclusions 
 

Herein, we design, engineer, optimise and establish Raman spectroscopy-based 

measurements utilising the specificity of inelastic scattering of light for TBI assessment. 

Through standard clinically established cranial access techniques, undertaken in 

admissions to secondary care, the Intra-RSP exhibits potential to track the pathology and 

injury evolution. This study demonstrates the efficacity of our developed and optimised 
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biologically safe handheld Intra-RSP to distinguish changes in the brain’s biochemical 

environment within TBI simulated samples. The development of a self-tapping three-

dimensionally printed cranial bolt with mechanical stress test simulations for auto-

tapping thread, when combined with the Intra-RSP, is established, and validated to be 

efficiently functional under conditions mimicking the real-world scenarios.  

The developed probe-device is further validated in a rat model presenting mild TBI, as a 

result of SCI, differentiating between the CNS injured animals and the healthy controls, 

thus rapidly classifying injuries via SKiNET. Finite element analysis confirms that titanium 

is the most compatible and safe material, ensuring the bolts integrity even under high 

torques. The Intra-RSP accurately and rapidly detects and differentiates brains spiked 

with indicative biomarkers of sTBI from both direct and indirect brain surface exposure. 

Spectral signatures associated with these biomarkers are identified through an AI 

developed algorithm and its corresponding feature extraction discriminant index, SOMDI, 

provides further insights into characteristic spectral features. By quantitatively attributing 

changes to the underlying biochemistry, it characterises the spiked brain tissue by 

highlighting the dominant wavenumbers distinguishing TBI samples from controls. 

Similarly, brains from SCI injured rats are differentiated from the healthy controls to an 

accuracy of 94.5% ±0.03. This not only solidifies the ability of the probe to separate 

representative TBI brains from non-TBI, but also supports existing evidence of potential 

brain damage accompanying SCI.  

Further work is needed to include varying concentrations of the biomarker solutions to 

establish limits of detection as well as trials for in-vivo TBI models. With optimisation and 

in-vivo validation, the Intra-RSP will be translatable for integration into currently available 
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standards of neurological care as an in-situ neuromonitoring modality. Real-time 

spectroscopy of TBI pathology via the developed Intra-RSP ‘brain-optical’ interface to 

track injury evolution will, in the long-term, improve target-management and 

understanding of injury heterogeneity, evolution, penetrance of pharmacological agents, 

identify novel targets for intervention and will lay the platform as a modality for disease 

modifying therapies in TBIs. 
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Results from this chapter have been entirely collected and analysed by Miss C. A. 

Stickland. The investigation was conceptualized by Mr A. Stevens, Mr D. Davies, Prof. Z. 

Ahmed, Miss C. A. Stickland and Prof. P. Goldberg Oppenheimer. Animal tissue samples 

were provided by Mr A. Stevens, Mr D. Davies and Prof. Z. Ahmed. Procedures performed 

on animal models were performed by Mr A. Stevens and Prof. Z. Ahmed.  

 

5.1 Abstract  
 

Spinal cord injury (SCI) causes a major stress on healthcare institutions and providers, in 

both the long and short term, and the current situation provides no feasible SCI therapy 

for improved functional outcomes. Photobiomodulation (PBM) has been proposed as a 

novel therapy for SCI, however the exact mechanism of action has remained unclear. 

Here, Raman spectroscopy is employed to monitor the biochemical changes in spinal 

cord, dorsal root ganglia (DRG) and brain tissue following PGM on SCI injured animals. Rat 

models inflicted with experimental SCI were treated with 660 nm light for 1 min per day 

for 3 days on the spinal cord. While the spinal cord tissue itself exhibited a modest 

therapeutic response, DRG tissue showed positive responses to PBM and a tendency for 

the spectra to revert to a healthy baseline, consistent with the DRG’s critical role in 

dendrite growth and axonal regeneration. A more comprehensive investigation involving 

larger sample sizes and varied time points would be beneficial to acquire definitive results 

and a more thorough understanding of PBM’s mechanism of action. Although there is 

indication of damage in the brain tissue, there is inconclusive evidence of PBM efficacy 

throughout the central nervous system as the responses were inconsistent. Among three 
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hypothetically target monitoring biomarkers, Raman spectroscopy identified fibronectin 

as the sole candidate to exhibit statistically significant changes in treated and injured 

tissue with respect to the healthy, suggesting its potential as a therapeutic monitoring 

target to determine a specific clinical outcome. Glial fibrillary acidic protein and laminin, 

both tested alongside fibronectin, showed no significant changes, indicating these 

specific biomarkers may be less suitable for the evaluation of PBM outcomes through 

Raman spectroscopy. Overall, these findings support the use of Raman spectroscopy as 

a monitoring tool of PBM for SCI therapy.  

 

5.2 Introduction 
 

SCI victims can be physically affected through motor, sensory and autonomic functions, 

as well as negatively impacted through emotional and psychological wellbeing. Currently, 

the standard of care for SCI patients revolves around surgical interventions and 

rehabilitation in order to alleviate symptoms as well as any secondary complications, but 

the CNS remains unable to regenerate itself, making any damage to the spinal cord 

permanent [1, 2]. Research into regenerative treatments for SCI is therefore not only 

potentially life-changing for patients but would be a massive relief on costs to healthcare 

systems and patients. Photobiomodulation (PBM) is proposed as a novel approach to SCI 

treatment, promising due to its non-invasive application as well as its potential anti-

inflammatory and neuro-regenerative effects, despite its exact mechanism of action 

remaining unclear [3].  
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Cellular chromophores mostly exist within the mitochondria, determining that PBM 

should effectively influence mitochondrial functions [4]. Upon SCI, mitochondria have 

shown to have decisive roles throughout different stages of the injury: i) mitochondrial 

dysfunction, combined with excitotoxicity and free radical formation, causes important 

neuronal and glial death [5, 6], ii) immune cell expression and inflammation signals are 

regulated through cellular metabolism [7, 8], iii) axonal regeneration is dependent on 

mitochondria number and localisation [9, 10], and iv) neural stem progenitor cell 

proliferation, differentiation and neurogenesis is regulated through mitochondrial 

abundance [2, 11]. If PBM is capable of influencing the pathophysiology of mitochondria, 

the aforementioned functions could therefore be regulated towards a positive outcome. 

Despite definite positive outcomes having been recorded in literature, including anti-

inflammatory effects, neural growth, improved neurological function, neuroprotective 

effects, wound healing acceleration to name but a few, the lack of clear understanding of 

the underlying biochemical pathways relating PBM to the mitochondria prevents 

therapeutic targeting of specific functions [4, 12].  

The mammalian peripheral nervous system (PNS) has more regenerative properties than 

the CNS, prompting the examination of the role dorsal root ganglia (DRG) may have in 

PBM’s effectiveness as a treatment [2]. Previous research has indicated that direct 

application of PBM to DRG has a positive effect on chronic back pain [13]. PBM is 

expected to influence the hyperexcitability of peripheral neurons which occurs as a result 

of inflammation and damage. The light influences Na+, K+, and Ca2+ current flux and ion 

channels, as well as Ca2+ pump function and expression, resulting in increased 
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intracellular Ca2+ that prompt degranulation and endocytic release of ATP, suggesting a 

possible mechanistic basis for PBM in the PNS [13, 14].   

Biomarkers such as fibronectin, laminin, and GFAP are reported to be used in the 

evaluation of SCI and any therapeutic interventions [15-17]. Fibronectin, an extracellular 

matrix protein, is typically growth-permissive to axons, and supports cell adhesion and 

migration. Following SCI, however, fibronectin is deposited and constitutes a core 

component of the fibrotic scar. This scar initially serves neuroprotective purposes by 

containing the extent of injury, however provides an axonal growth-inhibitive environment 

[15]. Laminins are a group of glycoproteins present in the extracellular matrix, also 

involved in the induction of axonal growth [18, 19]. Endogenous laminin will increase 

following injury, a phenomenon caused by the axonal regeneration process [20]. GFAP is 

an intermediate filament-III protein found in the CNS in astrocytes and in the PNS in non-

myelinating Schwann cells [21]. The induction of GFAP following injury is thought to be 

associated with reactive gliosis for the purpose of nerve regeneration [21, 22]. GFAP 

provides a beneficial marker given its cellular source. It’s specificity to indicate neuronal 

cytoskeletal damage, as opposed to inflammatory markers, increases its appeal as an 

indicator of damage. Changes in any of these concentrations would be a positive indicator 

of the effectiveness of PBM as a treatment. 

Through the use of Raman spectroscopy, we aim to identify key markers in the therapeutic 

effects of PBM in the spinal cord, DRG and brain tissue following inflicted SCI in a rat 

model.  
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5.3 Methods 
 

5.3.1 Surgical Procedures 
 

Surgical procedures were carried out as described in Stevens et al. [23]. Briefly, SCI was 

inflicted on eight anesthetized (inhalation, 5% isoflurane, 1.8 Lmin-1 O2) Sprague-Dawley 

(190-250 g, n = 12, male: female 1:1) rats through a dorsal column crush injury on thoracic 

level 8 (T8). Four of the injured animals were given an implant included in the wound 

closure. The implant was immobilised directly over the T8 injury site and left in contact 

with skin. Pre- and post-operative intraperitoneal buprenorphine analgesia was 

administered in accordance with ethical standard. At 3 days post injury, the animals were 

sacrificed through exposure to rising CO2 concentrations. Spinal cord, DRG and whole 

brain tissue were removed following sacrifice. Spinal cord tissue was transported directly 

for Raman spectroscopic evaluation, DRG and brain tissue were frozen. Four healthy 

controls were subjected to all the above, save the dorsal column crush and the device 

implant. These procedures are all licensed by the UK Home Office and approved by the 

University of Birmingham Animal and Ethical Review Board.   

 

 

 



Chapter 5 
 

135 
 

5.3.2 Photobiomodulation  
 

Delivery of PBM was carried out as described in Stevens et al. [23]. Animals implanted 

with the PBM device received 24.42 mWcm-2 of 660 nm light for 1 min per day in the direct 

orientation to the injury site. Treatment was first administered 15 min post-injury, then 

every 20-24 hrs for 3 days.  

 

5.3.3 Raman Spectroscopy 
 

Spinal cord tissue was evaluated by Raman spectroscopy within 30 minutes of the 

animal’s death. DRG and brain tissue were thawed at room temperature before 

placement under the Raman spectrometer. Raman spectra were acquired on Renishaw’s 

Qontor InVia confocal Raman spectrometer coupled to a 785 nm laser. Optical 

measurements were taken through a 50× objective on an adapted microscope (Leica DM 

2700M), allowing up to 2.0 μm depth resolution. Spectra were taken using the Renishaw 

InVia’s LiveTrack map scan feature. 25 static scans were taken per animal tissue at two 

ranges, centred at 690 and 1610 cm-1, at 30 mW laser power (50% on WiRE 5.2), 1 s 

acquisition time for 10 accumulations, cosmic ray correction enabled.  
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5.3.4 Data Processing 
 

Raw spectra have been spliced together at 1204 cm-1, baseline subtracted using WiRE 

5.2’s intelligent polynomial fitting tool with a polynomial order of 11 and is presented as 

an average spectrum of the 100 spectra per condition. Multivariate analysis was 

performed using the self-optimizing Kohonen index network (SKiNET) [24], a supervised 

machine learning method that projects high-dimensional data onto a 2D map for spatial 

clustering and classification. Self-organising maps (SOM) with a 14 x 14 grid size, as 

established according to Lek and Park [25], were produced with 10000 iterations and 

learning vector quantization enabled. The healthy and injured spectra were randomly split 

10 times as 80% training data and 20% test data to determine the accuracy of the maps. 

Separate maps were then constructed using 100% of the healthy and injured spectra as 

training data in order to test the treated spectra. PBM treated spectra were introduced 

onto the map and are placed according to the features they share most closely with the 

trained data on the SOM. 

 

5.4 Results and Discussion 
 

5.4.1 Raman Spectroscopy on SCI Tissue 
 

The aim of this research was to investigate the capacity for Raman spectroscopy to 

evaluate the potential of PBM as a therapeutic technique for SCI. Table 5-1 assigns Raman 
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detected peaks to specific bonds and determines their origins. These assignments are 

referred to throughout the entirety of this section.  

Table 5-1 - Associated Raman bands and their assignments. v = stretching; δ = bending; τ = 
twisting; ρ = rocking; s = symmetric; skel = skeletal. 

 

Given the spinal cord’s role as the primary injury location, distinct spectral differences 

were expected between healthy, injured and treated samples. Figure 5-1A depicts the 

average Raman spectra for healthy, injured and treated rat spinal cords, with prominent 

spectral peaks highlighted to reflect key markers for each condition.  

The Raman shift at 420 cm-1, associated with ring bending in C–OH bonds [26], is present 

throughout all three conditions, appearing sharpest in the healthy spinal cords and 

broader in the injured and treated. The broadening suggests increased molecular 

Wavenumber (cm-1) Assignment Origin Reference 
420 C−(CO)−C Protein [26, 27] 
547 ?   
606 δ(Amide VI; CO) Protein [26] 
629 δ(Amide VI;  O═C−N  ) Protein [26] 
700 Sterol ring Cholesterol [26] 
720 vs(C-N),  δ(Amide V; C−N) Phospholipids [26, 28] 
744 Pyranose breathing Heam [29, 30] 
852 Anomeric pyranose ring v(CH) Glucopyranose [26] 
1003 Ring breathing vibration Phenylalanine  [31, 32] 
1064 v(C−C) Lipids [30] 
1088 v(PO2

−) Lipid Head [26] 
1124 v(C−N), vskel(C−C) Lipids [33, 34] 
1293 τ(CH2) Lipids [35] 
1345 v(CH) Lipids [26] 
1440 v(CH2/CH3) Lipids, Protein [36] 
1613 v(Amide I; C═O) Protein [26] 
1661 v(Amide II; C═O, NH) Protein [26] 
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interaction or disorder in the injured and treated tissues, evidencing trauma-induced 

alterations.  

The Raman shifts in the notable 700/720 cm-1 doublet can be attributed to cholesterol’s 

B-ring deformation [37] and phospholipids [38], respectively. In the injured and treated 

samples, the 700 cm-1 peak intensity qualitatively decreases in relation to the 720 cm-1 

peak in comparison to the healthy tissue samples, potentially relating to a trauma-related 

reduction in cholesterol content and organisation. Since the spectra were acquired 

directly from the white matter of the spinal cord, which is abundant in cholesterol and 

lipids, this doublet is particularly significant to observe.  

The 744 cm-1 Raman shift, assigned to pyranose differentiation [26], is present as a broad 

feature in the healthy tissue, sharpens in the injured, and returns to a broader shape in 

the treated spinal cords. This pattern links to an increase in polysaccharide interaction 

[26] with the Raman laser in the injured spinal cords, suggestive of an elevation in 

polysaccharides levels post-injury which are rectified following PBM treatment. The 1003 

cm-1 shift, linked to phenylalanine’s aromatic side group, commonly serves as an 

indicator of protein content and appears more prominently in injured tissue at the site of 

injury, consistent with literature on protein changes following trauma [38, 39]. Protein 

levels in the treated tissue spectra approximate those in healthy spectra, suggesting a 

restoration of pre-injury protein content.  

A shoulder peak at 1613 cm-1 attributed to C═O amino acid amide stretching [26], 

appears prominently in both the injured and treated tissue. This peak is superimposed on 

the Amide I 1661 cm-1 Raman shift [26], possibly indicating a persistence of injury-
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induced amide interactions even post-PBM treatment, highlighting potential residual 

effects of SCI on protein conformations in the spinal cord.  

Multivariate analysis was performed using SKiNET. The SOM, as shown in Figure 5-1B, 

successfully differentiates the healthy spinal cord spectra from the injured to an accuracy 

of 97% ±0.03, affirming Raman spectrometry’s capability of extracting key features 

specific to each condition. Treated spectra were introduced on the map, tested for 

similarity, and classified according to their resemblance to either the healthy or the 

injured data clusters.  

Approximately 37.2% of the PBM treated spinal cords were classified as most similar to 

healthy tissue, indicating treatment partially reverted tissue towards a state similar to pre-

injury spectral characteristics. Figure 5-1C and Table 5-2 demonstrate that amongst the 

four treated subjects, the percentage of independent spectral classification of the treated 

tissue ranged from 96% to 0% classified as most similar to healthy tissue, indicating 

different responses to the treatment between the subjects. Specifically, sample 1 has the 

highest response to PBM treatment, and establishes the treatment was consistently 

effective in this sample, whereas samples 3 and 4 show no spectral difference at this time 

point. Moreover, treated samples exhibited a tendency to cluster within similar neurons 

of the SOM, indicating that specific spectral features, which could be associated to 

specific biomarkers, are contributing to the healing process. 
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Figure 5-1 – Spinal cord tissue spectral analysis. A) Mean spectra from the healthy, injured and 
treated rat spinal cords. Spectra are calibrated for x-axis and intensity, and the injured and 
treated animal spectra are manually moved up for visual clarity. B) Healthy (green) and injured 
(orange) spinal cords are separated in the SOM, showing that the spectra are capable of being 
fully separated. The map is used to place treated spectra (purple stars) to identify which features 
are most similar. C) SOM for the four individual rat spinal cord samples. The animal samples are 
referred to numerically, 1-4. The map dimensions are established by Lek and Park [25]. The cross-
validation values are tabulated in Table 5-2. The separation of the healthy and injured spectra is 
accurate to 97% ±0.03.  

Table 5-2 – 10-fold cross validation scores for identification of number of PBM treated spinal cord 
spectra classified as healthy. A total of 25 spectra were taken per animal.  

Spinal 
Cord 

Sample 
1 2 3 4 5 6 7 8 9 10 

X-Val 
Score 

(%) 

1 24/25 24/25 24/25 24/25 24/25 24/25 24/25 24/25 24/25 24/25 96.0 

2 13/25 14/25 13/25 13/25 14/25 13/25 13/25 13/25 13/25 13/25 52.8 

3 0/25 0/25 0/25 0/25 0/25 0/25 0/25 0/25 0/25 0/25 0.0 

4 0/25 0/25 0/25 0/25 0/25 0/25 0/25 0/25 0/25 0/25 0.0 
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DRG, located adjacent to the spinal cord, and are recognised for their axonal regenerative 

properties [40]. Relevant Raman shifts are highlighted in Figure 5-2A. Overall, the average 

injured spectra display a higher count intensity than those of treated and healthy 

samples. The average treated spectrum, however, displays less defined peaks than either 

of the other conditions, suggesting structural or compositional changes. Qualitatively, the 

first observation is the decreased presence in the treated spectra of the 1061:1088:1124 

cm-1 triplet, corresponding to the stretching of C−O [30], PO2
− [26], and skeletal C−C lipid 

bonds [33, 34], respectively. Secondly, the treated 700:720 cm-1 doublet shift exhibits a 

decreased ratio, in which the cholesterol peak is less prominent than the phospholipids 

peak.  

Elevated ketone levels are expected in SCI, denoted by the increased 420 cm-1 peak in the 

injured spectra, potentially supporting  a neuroprotective purpose in their metabolism 

through macrophage polarisation [27]. Macrophages in nerves and DRG contribute to 

debris clearing for axonal regeneration, and numbers of DRG macrophages are elevated 

following nerve damage [40-42]. PBM has previously been shown to activate 

undifferentiated macrophages, promote and regulate macrophage polarisation, 

ultimately improving neuronal survival [43-45]; the decrease experienced in the treated 

spectra from the injured could indicate an accelerated regeneration, thus returning the 

number of macrophages to a healthy standard.  

The overall SOM (Figure 5-2B) distinguishes the injured DRG from the healthy to an 

accuracy of 98.5% ±0.02, indicating effective feature extraction from the spectral data. 

The clustering in the SOMs appears different here, as each neuron may be activated more 
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randomly due to fewer distinguishing features in the DRG spectra compared to the spinal 

cord. As a result, neighbouring neurons are less likely to be assigned weight vectors 

representing the same class, leading to less coherent clustering. The average 

classification of 78.2% of the treated spectra into the healthy cluster suggests PBM has a 

pronounced effect on the DRG compared to spinal cord tissue.  When examining the 

samples individually, they consistently maintained a high percentage efficiency, ranging 

from 87.2% to 72.0% treated spectra classified as healthy, indicating that the treatment 

is having a positive effect on all four samples, demonstrated in Figure 5-2C and Table 5-3. 

The clustering of treated spectra with injury characteristics within two neurons indicates 

specific features of the injured DRG that are determinative in the characterisation of injury 

of the treated spectra, although there is no present method of recognising which features 

these are attributed to. Overall, the SOM shows a more even spatial distribution of the 

healthy classified treated spectra in the healthy cluster, showing a more prominent effect 

of the PBM treatment in the DRG than in the spinal cord, with a majority considered as a 

return to healthy baselines.   
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Figure 5-2 – DRG tissue spectral analysis. A) Mean DRG spectra from the healthy, injured and 
treated animals. B) Healthy (green) and injured (orange) DRG spectra are separated in the SOM, 
showing that the spectra are capable of being fully separated to an accuracy of 98.5% ±0.02. The 
map dimensions are established by Lek and Park [25].  The map is used to place treated spectra 
(purple stars) to identify which features are most similar. C) SOM for the four individual rat DRG 
samples. The animal samples are referred to numerically, 1-4. The cross-validation values of 
each SOM are tabulated in Table 5-3. 

Table 5-3 - 10-fold cross validation scores for identification of number of DRG spectra from PBM 
treated samples classified as healthy. A total of 25 spectra were taken per animal. 

DRG 
Sample 1 2 3 4 5 6 7 8 9 10 

X Val 
Score 

(%) 

1 20/25 24/25 19/25 21/25 21/25 22/25 19/25 24/25 24/25 24/25 87.2 

2 18/25 19/25 17/25 17/25 19/25 21/25 20/25 21/25 21/25 21/25 77.6 

3 17/25 17/25 20/25 15/25 20/25 22/25 17/25 17/25 18/25 17/25 72.6 

4 19/25 19/25 19/25 18/25 20/25 19/25 19/25 19/25 20/25 18/25 76.0 
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Brain samples were considered for their proximity within the CNS, and for their use in 

assessing the spread of the PBM treatment effect within the CNS. Spectrally, brains from 

all three cohorts in Figure 5-3A resemble each other with few changes in peak geometry. 

The differences in the 200-330 cm-1 region having not been recognised by the peak picking 

function can be attributed to defects from the background subtraction and are therefore 

considered as noise. Primarily the 1441 and 1662 cm-1 peaks are more intense in the 

treated spectra than both the injured and healthy, which will be further discussed later 

with reference to Figure 5-4.  

The SOM has a considerably low accuracy of 61.25%, corroborating the similarities 

between the features. The treated spectra tested on the SOM in Figure 5-3B are relatively 

spread out in the healthy cluster, however those classified as injured are grouped into 3 

main neurons, once again indicating a specificity of a feature used in the classification. 

Examining the animals individually, 1, 3 and 4 show distinct improvement in the brain as 

a result of PBM treatment, however given the low accuracy of the SOM and the 

inconsistencies in their classification as recorded in Table 5-4, these alone cannot be 

considered as conclusive evidence of PBM efficacy throughout the CNS.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                         
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Figure 5-3 – Brain tissue spectral analysis. A) Mean whole brain spectra from the healthy, injured 
and PBM treated animals. B) Healthy (green) and injured (orange) brain spectra are separated in 
the SOM, showing separation to an accuracy of 61.25%. The map dimensions are established by 
Lek and Park [25]. The map is used to classify PBM treated spectra (purple stars) to according to 
the most similar features. C) Individual SOMs for each PBM treated animal, labelled and referred 
to in-text as 1-4. 10-fold cross-validations for these SOMs are tabulated in Table 5-4. 

Table 5-4 - 10-fold cross validation scores for identification of number of brain spectra from PBM 
treated samples classified as healthy. A total of 25 spectra were taken per animal. 

Brain 
Sample 1 2 3 4 5 6 7 8 9 10 

X-Val 
Score 

(%) 

1 21/25 17/25 17/25 17/25 23/25 21/25 17/25 23/25 17/25 24/25 78.8 

2 6/25 2/25 4/25 10/25 10/25 1/25 6/25 6/25 1/25 1/25 18.8 

3 17/25 19/25 16/25 16/25 19/25 15/25 17/25 16/25 16/25 16/25 66.8 

4 18/25 24/25 17/25 19/25 19/25 17/25 16/25 16/25 16/25 15/25 70.4 
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Overall, the values in Table 5-2, Table 5-3, and Table 5-4 consistently show sample 1 as 

being the most positively affected by PBM treatment, with the highest cross validation of 

classification in the spinal cord, DRG and brain tissue. Interestingly, despite samples 3 

and 4 indicating no meaningful therapeutic effect of PBM on the spinal cord, 72.6% of the 

DRG spectra from 3 and 76% of the DRG spectra from 4 are classified as healthy, and 

66.8% of the brain spectra from 3 and 70.4% of the brain spectra from 4 are classified as 

healthy. This further indicates that PBM has a positive effect on the CNS, however the 

animals may not have been given enough time for there to be a spectrally observable 

improvement in the spinal cord. Furthermore, the improvement in the DRG spectra 

corroborate their involvement in the regeneration of the spinal cord, and indicate they are 

a good target for potential therapeutics.  

Differences in spectral intensities represented in Figure 5-4 allow for the identification of 

key changes between conditions. In Figure 5-4A, an expected general decrease of 

intensity is observed in the spinal cord following injury, with notable reductions in 

intensity from the cholesterol (700 cm-1) peak and the CH2/CH3 stretching at 1440 cm-1. 

Both of these reductions serve as hallmarks of SCI, as they correlate with axonal 

demyelination, membrane disorganisation and cell death [46, 47]. Small increases in the 

injured spectra from the healthy in the 950-1000 cm-1 region are in accordance with the 

upregulation and aggregation of glycosaminoglycans (GAGs) and chondroitin sulphate 

proteoglycans (CSPGs) that commonly follow SCI [48]. GAGs and CSPGs play a dual role 

following injury; whilst they help to stabilise the injury site by forming the glial scar, they 

are also growth inhibitory towards axons through the generation of a biochemically hostile 

environment. In particular, CSPGs interact with neuronal receptors to inhibit axonal 
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outgrowth, marking an inhibitory response that limits regeneration [49]. Thus, an 

increased intensity in this region can reflect the biochemical shift towards an injury state 

with high inhibitory signalling and can therefore be considered a marker for axonal 

regeneration.  

Figure 5-4C, also supported by Figure 5-4B, reveals minimal spectral differences between 

injured and treated spinal cords, indicating that the PBM treatment may not be 

immediately detectable via spectral analysis. The greatest variation in spectral intensity 

in Figure 5-4C stems from the 1440 cm-1 peak, linking this variation as an influencing 

factor in the classification in the SOM in Figure 5-1B, and therefore indicates lipids as a 

potential PBM target. This lack of detectable change could reflect fundamental 

differences in regenerative potential between spinal cord tissue and DRG, where a more 

pronounced response to PBM was observed.  

Figure 5-4D indicates a consistently greater average spectral intensity count in the injured 

DRG than in the healthy. In Figure 5-4E, the treated DRG spectra demonstrate a shift 

closer to those of healthy DRG tissue, indicating a return to a healthy standard, with the 

most prominent spectral differences at the 1440 and 1661 cm-1 peaks. The recurrence of 

the 1440 cm-1 peak as a differentiator further suggests lipid-related changes in cellular 

membranes or lipid composition is targeted by PBM treatment. The 1661 cm-1 peak 

difference reflects changes in protein folding and stability exerted by PBM. The treatment 

may promote protective structural stability post-injury, thus reducing denaturation. 

Figure 5-4E also exhibits a slight decrease in the 1061:1088:1124 cm-1 triplet, linked to 

lipids through the stretching of C−C backbone bonds and PO2
- bonds in the headgroups, 
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respectively, as well as the cholesterol sterol ring 700 cm-1 shift. Together, these shifts 

correspond to PBM treatment supporting lipid and protein stabilisation, potentially in the 

aid of cellular integrity and enhancement of regenerative environment of DRG. Figure 5-4F 

confirms the efficacy of PBM treatment on injured DRG spectral characteristics, as 

demonstrated by the increased intensity difference.  

 

Examination of brain tissue (Figure 5-4G-I) illustrates PBM’s systemic impact on CNS 

recovery. Figure 5-4G shows that while minimal spectral differences exist between 

healthy and injured brain tissue, tissue from treated samples exhibit cohesive change 

through the 1440 and 1661 cm-1 shifts in which they increase in comparison to healthy, 

and decrease in comparison to the injured tissue, demonstrated in Figure 5-4H and Figure 

Figure 5-4 – Differences in spectral intensities in the A) spinal cord between injured and healthy 
spectra, B) treated and healthy, and C) treated and injured. Differences in DRG tissue spectra 
between D) injured and healthy, E) treated and healthy and F) treated and injured. Standard 
deviations of differences are highlighted in dark gray. 
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5-4I, respectively. In all three comparisons (Figure 5-4G-I), there are variances in protein 

content and phospholipids indicated via the intensity differences observed at 1003 and 

720 cm-1 shifts. These shifts suggest PBM may facilitate subtle biochemical adjustments 

throughout the CNS, including areas that were not directly injured or treated. The 

consistent presence of lipid and protein related shift differences further corroborates 

these biomolecules as PBM’s therapeutic target. 

Although four animals per class are sufficient for a preliminary study, including additional 

animals in future experiments would strengthen the dataset and improve statistical 

robustness. Extending the study to incorporate 3-, 7-, and 10-day post-injury timepoints 

would also provide deeper insight into the mechanism of action of PBM. Given the 

positive results observed in the DRG, and the critical role the DRG play in axon 

regeneration, a focused study examining the effects of varying numbers of days PBM 

treatment has been employed on the spinal cord could help determine the minimum 

number of time and treatments required to achieve a therapeutic effect at the injury site. 

Raman spectroscopy could then be employed to identify spectral peaks that show the 

most significant changes occurring in the tissue. 

 

5.4.2 SCI Biomarkers 
 

Figure 5-5 depicts the spectral features of fibronectin, laminin and GFAP, highlighting key 

Raman characterising shifts that will be used to spectrally track injury. Linking the shifts 

in the biomarkers observed in Figure 5-5 to the spectra of the spinal cords, DRG and brain 
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tissue allowed the identification of common features to assess and can be used as an 

indicator of treatment efficiency. Relative intensity ratios of these common shifts are 

presented in Figure 5-6. Ratios were calculated using the common shift against a peak 

only present in the biomarker assessed to determine the biomarkers behaviour and to 

standardise the ratios. Fibronectin ratios are measured against the 1408 cm-1 peak, 

laminin against 1247 cm-1, and GFAP against 914 cm-1.  

 

 

Differences in relative intensity ratios for biomarker related peaks in the spinal cords, DRG 

and brains are observed in Figure 5-6. Overall, there are no statistically significant 

observations for the ratio differences specifically relating to laminin and GFAP between 

Figure 5-5 – SCI biomarker spectra. Spectral features of A) fibronectin, B) laminin and C) 
GFAP. Characteristic shifts are highlighted in grey. 
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injured and treated samples compared to healthy controls (Figure 5-6 B-C, E-F, H-I). 

Fibronectin has previously been shown to be further induced following PBM [50]. 

Fibronectin in the glial scar mediates the necessary interaction between reactive 

astrocytes and microglia for tissue homeostasis restoration [51, 52]. 

 

Figure 5-6 – Percentage differences in relative intensity ratios of injured and treated spinal cord 
intensities against healthy, using wavenumbers specific to A) fibronectin, B) laminin and C) GFAP. 
Differences in relative intensity ratios of injured and treated DRG intensities against healthy, using 
wavenumbers specific to D) fibronectin, E) laminin and F) GFAP. Differences in relative intensity 
ratios of injured and treated brain spectra intensities against healthy, using wavenumbers 
specific to G) fibronectin, H) laminin and I) GFAP. * p < 0.05, ** p < 0.01, *** p < 0.001.  

 

Increased levels of fibronectin improves the rate at which the interaction occurs, thus 

restoring homeostasis earlier [51]. PBM spinal cord ratio differences are all closer in value 

to the healthy than the injured (Figure 5-6A), reflecting the restoration of tissue 
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biochemistry encouraged by fibronectin. Interestingly, the DRG demonstrate more 

prominent changes in fibronectin intensity ratios (Figure 5-6D). This observation 

correlates with the earlier findings indicating greater responsiveness of the DRG tissue to 

PBM. This finding also aligns with the conclusion that the DRG’s regenerative capacity 

may be the contributing factor to the tissue’s sensitivity to PBM. Changes in fibronectin 

levels in the DRG would indicate extracellular matrix remodelling and axonal repair 

facilitation. Through the monitoring of known biomarkers, clinicians can evaluate tissue 

condition following PBM based on the biochemical response. Future studies could 

explore the specific PBM induced upregulation of DRG fibronectin effects on axonal 

sprouting, neural apoptosis, and other functional outcomes. 

 

5.5 Conclusion 
 

Raman spectroscopy can be used as a therapeutic monitoring tool. Although PBM 

applied directly on the spinal cord following SCI does confirm some indication of 

therapeutic effects, a more comprehensive study, with a greater cohort of animals and 

varying time points, is needed to properly assess any benefits. DRG display more 

beneficial effects from PBM treatment, as expected due to their involvement in axonal 

regeneration and dendritic growth. Rats having undergone experimental SCI show some 

evidence of damage in the brain, however, there is no strong indication of the 

effectiveness of PBM working throughout the CNS as the rat brains are inconsistent in the 

reporting of positive effects. Spectral differences are comparatively visible and show the 
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spectra for treated DRG to tend back towards healthy DRG spectra, whereas the 

differences in the spinal cord support the observation that there is a low positive effect 

on the tissue as a result of PBM. Fibronectin is the only recorded biomarker to show 

statistically significant evidence of concentration changes following treatment. This is an 

indication that GFAP and laminin may not be optimum monitoring targets for PBM using 

Raman spectroscopy. 
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6.1 Summary 
 

This thesis has compiled a Raman library of TBI biomarkers, explored the potential for a 

portable Raman probe for TBI detection, and assessed the therapeutic efficacy of PBM for 

SCI treatment. The potential for Raman spectroscopy applications in the field of CNS 

trauma is significant. By gaining an understanding of the exact biochemical makeup of 

post-injury tissue, novel therapeutic pathways can be investigated to address the primary 

injuries directly, thus minimising the risk of secondary damage, rather than relying on the 

symptomatic relief of secondary injuries, which remains the current standard of care. 

Whilst there is still progress to be made before this can be achieved, this thesis initiates 

the process of improving the understanding the biochemical pathways that are the result 

of CNS trauma. The growing interest in Raman diagnostic devices will eventually lead to a 

standardisation of the technique, alongside the development of improved software 

analysis tools for noise filtrations and peak analysis, ultimately making future devices 

easier to integrate into diagnostic research. 

Chapter 3 creates a meaningful tool and data bank for future Raman based TBI research. 

The molecular profiling of each biomarker will facilitate identification of concentration 

changes within TBI tissue or biofluids, eventually contributing to novel therapeutic targets 

and improved diagnostic accuracy. The biomarkers have been split and classified into 

time-dependent TBI phases for the ease for any future user of the library, to easily identify 

relevant markers for a particular study. Considerations of the study must be taken into 

account, however, in that several TBI biomarkers relevant to literature were not able to be 

included due to their Raman active buffers or additives, so as not to impact the results. In 
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addition, this meant the biomarkers were procured from synthetic, animal, and human 

sources, which must be taken into account in further use of the library. Finally, the 

biomarkers were recorded with the sole purpose of characterising fingerprints, and do not 

take into consideration TBI or healthy levels when in solution. However, this is, to-date, 

the largest spectral library of TBI biomarkers available online, rendering this chapter an 

important addition to the relatively recent application of Raman spectroscopy for medical 

devices.  

Chapter 4 describes a portable Raman spectroscopy probe for TBI identification in 

animal brain tissue. The device is practical, handheld and portable, and will not require 

specialised Raman training. The concept is to integrate this probe into clinically 

established procedures in which part of the skull will be removed, namely an ICP catheter 

insertion and a decompressive craniectomy. SKiNET is employed to confirm results and 

assess the viability of the device. In the absence of TBI inflicted models (for financial 

reasons and as part of the 3 R’s), representative samples were designed as a validation 

though the spiking of brain tissue with TBI-representative biomarkers as well as through 

damage incurred from SCI models. Although not the preferred method of validation, both 

studies support the useability of the probe in its current setup and provide a foundation 

for an in vivo protocol. The ability to detect environmental changes in the brain through 

the skull opens a wide range of pathways for the probe, extending even beyond 

neurological uses. Of course, alongside upcoming animal in vivo TBI studies, there is 

more groundwork for the probe being carried out to determine safety and the extent of its 

capacity. More prospects for the probe are described below in the Future Outlooks 

section. An interesting addition to the study would have been the addition of a non-Raman 
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based technique to support the results, however the opportunity did not arise for various 

reasons.  

Finally, Chapter 5 provides evidence of Raman spectroscopy’s capability as a 

neuromonitoring tool for the testing of therapeutic interventions in the CNS. Specifically, 

SCI animal models are treated with PBM on the site of injury, and records of the effects 

are taken from three tissues associated to the spinal cord: the spinal cord itself, DRG, and 

brain tissue. Again, in accordance with the 3 R’s, sample numbers were low, although 

preliminary results were encouraging. Identifying changes in the spectra not only 

solidifies the performance of Raman spectroscopy on neurological tissue, but also helps 

to elucidate some understanding of the processes targeted by PBM. Before this work is 

considered for publication, further confirmation of the results will be required from 

alternative techniques.  

 

6.2 Future Outlook 
 

Currently, a pathway is being set up for the use of the probe in a more relevant setting. 

Whilst in vivo tests are still not available to us, we are investigating the potential for 3D 

printing brain organoids from human derived pluripotent stem cells to mimic specific 

injury pathways over time, such as neuroinflammation. A study to establish the probe’s 

limit of detection in complex samples will determine to what extent biomarkers can be 

observed in brain tissue and the overall capacity for the probe. Additionally, the 

transcranial approach opens the door to paediatric TBI in infants where the skull is not yet 



Chapter 6 
 

162 
 

fully developed, and the light will be able to pass through the skin. A further application 

could include the study of CSF from patients with a drain to develop a monitoring tool for 

recovery. Beyond CNS trauma, the research in this thesis surrounding a probe device can 

be extended to other neurological conditions, including Parkinson’s during a deep brain 

stimulation implant procedure, awake craniectomies, and with patients who might 

receive a drain or catheter for reasons unrelated to increased ICP. 

In terms of Raman spectroscopy efficacy for therapeutic monitoring, the study in Chapter 

5 provided a solid groundwork for future investigations. A more comprehensive study with 

more animals and larger variety of time references would be beneficial, as well as cell 

staining to confirm the observed activities in tissue.  

Beyond CNS trauma, the research in this thesis surrounding a probe device can be 

extended to other neurological conditions, including Parkinson’s, Alzheimer’s, awake 

craniectomies, and with patients who might receive a drain for reasons unrelated to 

increased ICP.  In all, Raman spectroscopy has the potential to be a game changer in the 

field of diagnostic devices, however in terms of accessibility and useability it is still a 

relatively new concept, as opposed to established techniques such as mass 

spectroscopy or enzyme-linked immunosorbent assays (or ELISA). Raman band 

assignment is still a manual procedure, and the collection of Raman spectra is yet to be 

standardised, all of which are bridges which need to be crossed before the full potential 

of Raman spectroscopy can be achieved, but conversely the only way to address these 

issues are through the continued use and research around Raman spectroscopy.  
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Appendix A: Raman Spectroscopy Spectral 
Fingerprints of Biomarkers of 
Traumatic Brain Injury 
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