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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
TBlI 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



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

SCl 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:

e 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.

e Chapter 3: The building of a Raman spectral library of predictive TBI biomarkers
and their associated characterisations.

e 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 TBl detection in animal
models.

e Chapter 5: Evaluating the efficacy of Raman spectroscopy as a heuromonitoring
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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21 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 differentin 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,
TBls 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 notinteract 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 gainin
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 effectrecorded 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 startingin 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™) 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 thisinstance, a photoniis 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.
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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™) [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.

Symmetrical
Symmetrical Scissoring Twisting
N\ /| ™ ~
Asymmetrical
Asymmetrical Rocking Wagging
Stretching In Plane Bending Out of Plane Bending

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].

24 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 a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
(AMPA) receptors causing a dysregulation in intracellular Na*, K* and Ca?* 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 Ca?* has

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

Cytosolic Ca*" 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 Ca?" levels have a limit to their efficacy, and
exceedingthis limit causes the mitochondrial permeability transition pore (mPTP) to open
[48]. An open mMPTP 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 Il 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 Ca?* 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 Ca?" 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, TAl 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
supportthat 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 (AlF)
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 TBl 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 itis 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 Ill 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 TBl 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].

Target Behaviour Response Score (points)

Spontaneously

To verbal command/ speech

Eye Opening ——
To pain stimulus

No eye opening

Oriented

Confused

Verbal Response | Inappropriate

Incomprehensible

No verbalresponse

Obeys movement command

Moves to localised pain stimulus

Withdraws from pain stimulus

Motor Response - - -
Spastic / abnormalflexing, decorticate

Rigid / abnormal extension, decerebrate

=IO RRlO|O]=2INW|RRIOGOO]=2|INW|[A

No motorresponse
Mild TBI: 15-13 points Moderate TBI: 12-9 points Severe TBI: 8-3 points

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, TAl, 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 MRl 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]. DTl 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, DTl 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].
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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 16™ 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
TBl 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
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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 signalto 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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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 TBIl 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) TBIl-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-diaghostic
technologies. These biomolecules, released during cellular damage, provide additional
means of diagnosing TBl 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 (0?) found for UCHL1 (o® = 0.000164) and the highest for sulfatide (0% =
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.

39



Chapter 3

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 TBls 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 TBIl-indicative biomarkers via biologically applicable laser excitation

41



Chapter 3

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.
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3.3 Materials and Methods

3.3.1 TBIBiomarkers

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 arange 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 H,O (18.2 MQ) or
chloroform/ethanol, yielding 1:1 v/v solutions. After 20 min, to allow full dissolvement, 3
pL 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-HO8E-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-LA0O-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)

: Phases :
Biomarker ) Acute | ____Sub-Acute I ; ___Chronic_ o Refs
1h 24h | 3days | Sdays [ 7Tdays  10days  2woeks 3 weeks 1 month 3 months| 6 months 1 year

NAA
Gangloside
GSH

Beli 2006
Rubaovitch 2017, Woods 2013
Koza 2019
NSE
GFAP
UCHL1
Cholesterol
D-Serine
Sphingomyein
Suifatide
Cardiolipin
L8

Smith 2019
Adran 2016
Mehta 2020
Cartagena 2008
Perez 2017
Lee 2022

Sparvero 2016
Chao 2018, Barbury 2020
Arunes 2010, Kumar 2015
Wang 2021, Bohmer 2011

Guan 2013, Krafft 2005
Shi 2016

S100B
Galactocerchroside
Ghose
Myc-Incsitol
IL-18
NFL

Kierans 2014
Ciaramells 2014
Shahim 2020

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).
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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 anincoherent white light source, allowing confocal measurements
with a 2.0 um 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™, 50x% 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 (WIiRE 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.

34 Results and Discussion

The Raman spectrum is commonly referred to in terms of discrete regions, the low
wavenumber region (100-200 cm™), the fingerprint region (500-2000 cm™™), and the high
wavenumber region (2000-4000 cm™) [64, 65]. In this study, Raman spectra were
collected in the extended spectral regions of 200-3200 cm™, however, only the fingerprint
region from 200 to 1800 cm™ 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 (1), decrease in concentration (V).

Biomarker Source Phy3|c.:log|cal TBI Role TBI Reference
Function Response
Marks injury
type.
Synthesisedin  Depletionin
neurons, grey matter
specific to the and white
nervous matter
system. represent
Blood Has rolesin neuronal loss
NAA maintaining and axonal N2 [32, 66, 67]
CSF A
myelin lipid damage,
synthesis and respectively.
in promoting Rate of
neuronal replenishment
mitochondria is inversely
ATP production. proportional
to injury
severity.
Cellular
signalling,
protein, andion Functional
channel disruption
modulator. causes
Serum  Main carrierof  neurodegener
Ganglioside CSF sialic acid in ation, cellular 7 [68]
Brain the nervous dysfunctions

system,
improving
intercellular
communication
s.

and promotes
disease
pathogenesis.
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Biomarker Source PhyS|?log|cal TBI Role TBl Reference
Function Response
Essential GSH deplepon

.. coupled with
antioxidant, .
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converted from .
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GSH state (GSH) to P [60, 69]
CSF . . free radicals,
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free radicals brain and
from the brain.
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cytosol-based The degree of
enzymes, upon .
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Biomarker Source PhyS|?log|cal TBI Role TBl Reference
Function Response
pathway to remove
maintain axonal damaged and
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integrity. proteins from
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axonal
transport,
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Biomarker Source PhyS|?log|cal TBI Role TBl Reference
Function Response
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Biomarker Source PhyS|?log|cal TBI Role TBl Reference
Function Response
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Biomarker Source PhyS|?log|cal TBI Role TBl Reference
Function Response
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Biomarker Source PhyS|?log|cal TBI Role TBl Reference
Function Response
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Biomarker Source PhyS|?log|cal TBI Role TBl Reference
Function Response
axonal increase
cytoskeleton following
through radial trauma to
growth. Larger  account for
myelinated damaged
axonsresultin  axons and
more NFL, NFL is
leading to released into
faster the interstitial
conduction space and
speed. integrated into

CSF.
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axonal
damage and
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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™ and 987-992 cm™ regions for
the four-excitation laser used (Figure 3-2A), with the main peaks being associated with
the C-N stretching as well as CH,-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 cmm™" and 1437-1442
cm™ (Figure 3-2B). The bands at 1297 and 1440 cm™" are assigned to bending and twisting
of CH, 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™ and 1660-1662 cm™’
(Figure 3-2C), attributed to the -CH, bending mode of proteins [115], and symmetrical
stretching of the carboxylic acid COO™[116], and the Amide | 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
neuronaldamage 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™ 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™" is attributed to the stretching of C-O and C-
C bonds [119] along with the twisting of CH; bonds [120]. NSE is plausible for monitoring
post-TBl changes since itis 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].
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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 assighments for each are summarized in Table . N-Acetyl-L-aspartic acid
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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™ (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 TBIl, 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; 8= bending; t= twisting;p= rocking; w= wagging;s= symmetric;a= anti-
symmetric; arom = aromatic; skel = skeletal.

2/;/:1\1_?)number 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), t(C-C), Ring breathing (NS'::élli\loSsliEc;Ie 21216?’ 125,
679-682 v(C-S) GSH [118]
705-708 Ring deformation UCHLA1 [118]

806 vs(C-N-C) UCHL1 [111]
819-821 CH deformation GSH [111]
843-845 0(H(C-0-H)), p(H(C-0O-H)) UCHL1 [118]
875-877 v(C-C), v»(C-N) NSE [54, 118]
889-891 Varom(C-0), V(C-C), w(CH>) Ganglioside [127-129]
914-918 v(C-N), viba(pyranose ring) GFAP, UCHL1 [111,118]
949-957 v(C-N) NAA [111]
974-980 Vva(C-C), p(CH2) GFAP [118,130]
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X;Y?)number Assignment Origin Reference
987-992 v(C-N), w(CH,- CH) NAA [111]
10311037 0(C-H), v(C-C), v4(C-C-N") GSH, NSE [131,132]
1060-1068 v(C-0), Vskel(C-C), T(NH>) Ganglioside, GFAP 213138]’ 123,
1077-1082 v(C-0), v(C-C), T(CH,) NSE, UCHL1 [119,120]
1127-1130 v(C-N), v(C-C) Ganglioside, UCHL1 [134, 135]
11311138 v(C-C) NAA [136]
1297-1298 T(CH,) Ganglioside [113]
13111315 O(C-H) GSH [137]
1328-1336 w(CHyz), T(CHy) GFAP [118]
13521354 T(CH,) UCHL1 [120]
1378-1383 vs(COO") NAA [138]
1408-1410 0(C-H), vs(COO") GFAP [118,122]
1420-1424 5(CHz), v-(COO"), 1(CO) GSH [11317?’ 18,
1437-1442 O0(CHy,), T(CHy) Ganglioside [112]
1458-1460 0(CH>) NSE [139]
1660-1662 v(C-N(H)-C=0), v(C=C) GSH [111]

A further sharp peak present in the 1408-1410 cm™ 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™, 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, acytoplasmic enzyme found in neurons, is selectively increased following axonal

trauma to remove damaged and defective proteins from axons [74, 140]. Unfortunately,
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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™ region
are identified to be unique to the UCHL1 marker (Figure 3-2F) with the 705-708 cm™" band
assigned to ring deformation [118], and the 806 cm™ peak assigned to the symmetrical

stretching of C-N-C bonds presentin 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 TBl management at ED, A&E, etc. for early neuroprotective measures but also for
the correct transfer to the most appropriate neurological facility. Rapid diagnhosis 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 TBlI 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™ band of the in-plane deformation of its B ring
[142], as well as a sharp peak at 1673 cm™™, assigned to the B ring C=C stretching [143].
Cholesterolis structurally importantin 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 cholesterolin
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™™’, attributed to its
C-C backbone stretching [139], as well as at 1327-1336 cm™ from the twisting of its CH.
groups [118]. Serine is a co-ligand activator of NMDA receptors and of 62 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™ and 1295-1299 cm™, due to the symmetric stretching of C-N and the
twisting of CH,, 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 TBls 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 alongwith
the CH, wagging in the range of 888-893 cm™ [127-129], with the anti-symmetric
stretching of the SO, group identified at 1107-1111 cm™ [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 PO, vibrations at 959-964
cm™and C-O stretching from the linoleic acid groups in the range of 1266-1268 cm™ [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 sighal 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™ region [111], and
a sharp peak at 959-964 cm™, 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].

a Cholesterol b D-Serine
120,000 60,000 !
. (|
100,000 50,000 [
| |
20,000 40,000 1| (|
2 2 [1{]¢
3 0 2 30,000 |
3 000 g o | | | |
| (A
40,000 20,000 " f U\
| I n g | -~
’ |
20,00 10,000 [ | N\ I}
L VU \ f | |\
1 | \.‘ { ) L
A s 0 /_,w\..a:- PR i) WA I
200 400 600 800 1600 1800 200 400 600 800 1000
Wavenumber (em~=") Wavenumber (cm—')
& Sphingomyelin d Sulfatide
80,000 5 )
70,000
70,000
60,000
60,000

50,000
»
R
8 40,000
Q
30,000 \

20,000 [

10,000 )L“‘v

200 400 600 800
Wavenumber (cm=") Wavenumber (em=')
e f
Cardiolipin IL-6
160,000 120,000
140,000 l
100,000

120,000 ‘

» 100.000 o 80,000 ‘

3 2 | 5
3 80,000 [\ § 60,000 J
: |
£0,000 il i
‘ Il ‘ | ‘ 40,000 ( “{
40,000 vl | f
[\ A | I 20.000 )’ “" ko
20,000 | p 4 \ \ \ b s ¥ _/; WA
N\ | PR [\ WA o N .
0 Lol =L - - 3 0 P~ o, . R
200 400 600 800 1000 200 400 600 800 1000 1200 1400 1600 1800

Wavenumber (cm-") Wavenumber (cm-')

Figure 3-3 - Characteristic Raman spectra fingerprints of sub-acute-phase TBIl 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, 6 = bending, t= twisting, p = rocking, w = wagging, s =
symmetric, a = anti-symmetric, arom = aromatic, skel = skeletal.

Wavenumber (cm™) Assignment Origin References
512-516 p(CO0OY) D-Serine [139]
520-525 0(N-C=0) IL-6 [111]
549 O(N-C-S) IL-6 [111]
561 -OH outo'fplane IL-6 [111]
deformation
700-702 In-plane deformation of B o terol [142]
ring
717-720 vs(C-N) Sphingomyelin [118]
809-815 v(C-C) D-Serine [111]
850-854 P(CH,) D-Serine [139]
888-893 Varom(C-0)4, V(C-C), w(CH,)  Sulfatide [127-129]
917-923 v(C-C) D-Serine [139]
. Cholesterol, IL-6,
959-964 vib(POu,), vs(C-N-C), 5(C-H) Cardiolipin [111,151]
970-974 v(C-N) D-Serine [139]
Sphingomyelin, [118, 123,
1062-1067 v(C-0), v(C-C), ©(NH,) Sulfatide, IL-6 133]
Vva(SO.), v(C-N), v(C-C), v(C- Sulfatide,
1107-1111 OH), Cardiolipin [22, 149]
1127-1130 VC-N), V(C-C), va(C-C)  oPRingomyelin, o) a5
’ ket Sulfatide, IL-6 ’
11761179 Vsketl(C-C) Cholesterol [143]
1266-1268 v(C -0) Cardiolipin [152]
Sphingomyelin,
1295-1299 T(CH>) Sulfatide [113]
1302-1304 T(CH>) Cardiolipin [142]
1327-1336 w(CHz), T(CH.) Cholesterol, D~ 1144
Serine
Cholesterol,
Sphingomyelin,
1436-1441 0(CH.), ©(CH.), v(CH,/CH,) Sulfatide, [112, 153]
Cardiolipin
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Wavenumber (cm™) Assignment Origin References
: : Sphingomyelin,

1656-1660 v(C=0), v(C=C) 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™ region (Figure 3-4 and Table 3-4). The most intense
bands are at 936-937 cm™', assigned to stretching of the C-C bond of proline and valine
[156], and at 1002-1004 cm™, 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-diagnhostics.
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™ region. A
characteristic peak in the 1128-1133 cm™ 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™ region, assigned to
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the twisting of CH, 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™ 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-

TBIl 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™ than the earlier phases with two
intense bands determined from the glucose spectrum (Figure 3-4C) in the 422-424 and
517-520 cm™ 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™, assigned to out-of-plane deformation of -OH bonds and further in 1116-1121
cm™ and 1217-1218 cm™ regions, attributed to stretching of the C-C bonds [161-163].
Further intense peaks at 896-899 cm™ and 1357-1359 cm™ 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 =

C), ©(NH2)

70

Glucose

stretching, 8= bending, = twisting, o= rocking, w= wagging,s= symmetric,a= anti-
symmetric, arom = aromatic, skel = skeletal, A =ring breathing vibration.
Wavenumber (cm™) Assignment Origin References
422-424 In-plane dar0m(C-OH) Glucose [111]
OH out-of-plane .
504-506 deformation Myo-Inositol [111]
517-520 C-OH deformation Glucose [111]
559-560 OH out-of-plane S100B [164]
deformation
606-607 CCCin-plane NFL [165]
deformation
804-807 Vs (C-N-C) IL-18 [111]
OUt—Of—plane 6arom(CH),
842-844 IL-18 118, 141
p (H(C-O-H) [ !
891-893 vs(COO"7), v(C-C) NFL [166, 167]
896-899 Vatiphatic(C-H) Myo-Inositol [111]
912-914 v(C-CHs) IL-18 [168]
936-937 v(C-C) S100B [156, 169]
1002-1004 Darom(C-C) S100B [118,170]
1008-1010 Dsrom(C-C) Myo-Inositol [171]
1040-1041 v(C-CHs), v(C-C), 6(CH) NFL [157,172]
S1008B,
1058-1066 V(C-0), Vere(C- Galactocerebroside,  [123, 133]
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Wavenumber (cm™) Assignment Origin References
1077-1080 v(C-C), v(C-0) IL-18 [118,119]
1116-1121 O(CH), v(C-C), Myo-lInositol [160, 173]
11241127 v(C-C) Glucose [134]
S1008B,
1128-1133 Vsketl(C-C), V(C-N) Galactocerebroside, [118, 134,
135]
IL-18
1143-1146 v(C-N), 6(CH) NFL [137, 174,
175]
12171218 v(C-C) Myo-lInositol [162]
1259-1261 Amide Il (v(CN) 6(NH)  1L-18 [176,177]
1295-1298 T(CHy) Galactocerebroside [113]
13211323 6(CH), ©(CH,), NFL (glycine) [178,179]
1357-1359 Vatiphatic(CH) Myo-Inositol [111]
1368-1371 O(CHy) Glucose [180]
1409-1411 v(C-C), 6(C-H) NFL [118]
1439-1441 V(CH,/CHy3) Galactocerebroside [153]
w(C- .
14581464 H), 5(CHs), UC=0), Vo C22CtOCETEDIOSIAE, 40y 4 aq)
Glucose, IL-18
(C=C)
v,(COO"), v(C=C), v(C= [118, 137,
1603-1608 0) S100B 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™, from the amide Il stretching of C-N and bending of
N-H, specific to proteins [176, 177], and a sharp peak at 806 cm™, 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™, due to
symmetrical stretching of carboxylic acids and C-C bonds [166, 167], and the 1321-1323
cm™, attributed to CH bending and CH, 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 furtherimportance 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).
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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 (og?) of the entire cohort (o? =
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 (o0?=

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 TBl-indicative biomarker
and, further, therapeutic treatments and various underlying conditions will be taken into
accountandreduce the errorin the data interpretation of the associated changes, leading

towards improved diagnostic accuracy.

Itis 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 TBls,
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 usefulinformation, or may be usefulfor different
investigations, time points, or settings. For instance, animal biomarker models provide a

major advantage for investigating preclinical measures of therapeutic efficacy [188, 189].
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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-Al 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 TBls. 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, itis 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 goalwould be to identify biomarkers or distinctive patterns, which would help
to rapidly detect, triage, and monitor TBls 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 TBl and would greatly aid resource availability in
healthcare by reducing the number of unnecessary ED visits for mild TBl 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 cerebralinjury 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
biochemistryis 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 TBl-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 pm excitation fibre and a 200 um 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.
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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 pm
excitation fibre, 200 pm 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 TBl 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-TBlI 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 (SKIiNET). 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
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and rapidly distinguishes between TBIl-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
Low levels demonstrate increased requirement of energy, which
B-D-Glucose 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].

Reactive glial cells synthesise serine when prompted by
inflammatory signals. Serine overproduction results in

D-Serine hyperactivation of NMDA receptors and synaptic damage in the
hippocampus [9].
GSH converted to oxidised form to regulate free radicals in the

Glutathione (GSH) 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 overexpression results in calcium homeostatic
S100B dysregulation, indicating structural damage and cellular death
[15].
Ubiquitin C-
terminal Increased following axonal damage to aid in removal of damaged
Hydrolase L1 and defective axonal proteins [12].
(UCHL1)
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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 -80°C, 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 MQ) 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 pL 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 O,) 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 CO, concentrations. Whole brains were removed
three days post injury and stored at -80°C. 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 Il 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™). Training samples for

SOMs were acquired with the probe attached to a clamp stand to optimize parameters.
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Tovalidate 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 Al Classification

The raw data has been truncated to 250-2000 cm™, 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 boltin 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].

106



Chapter 4

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.

Table 4-2 Outputs from finite element analysis including torque and the corresponding safety factors
for titanium and nylon.

Torque at Maximum Displacement Safety
Material Fracture (mm) Stress (MPa) Factor
(Nm) (A.U.)
Titanium 6Al- 0.8 0.002 82.55 10.69
4V 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
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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™, 1100-1250 cm™ and the 1500-1675 cm™ 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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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™ of key markers in the evaluation of C) the relative differences in
intensity ratios between the 549 and 414 cm™, the 933 and 850 cm™" and the 1658 and 1440 cm-
"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).

Furtherinsights 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
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Raman shift according to its influence in characterising the acquired spectra. ldentifying
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™ 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™ Raman shift observed
in Table 4-3. Both the 549 and 414 cm™ 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™ (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™ 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 | bonds to the brain tissue, stemming from the
secondary protein structures of the BS2 biomarkers [37, 38], as well as the CH, bending
associated with the 1440 cm™ peak, also associated with glucose. The 1440 cm™' shift is

also commonly indicative of lipids through the twisting of CH, bonds. Despite the
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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 TBl-indicative candidates [1, 39]. In addition to the added biomarker solutions, the
equally high SOMDI score of 0.90 for the 1440 cm™ 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 CH, rocking, detected in Table 4-3 via the 850 cm™ band and the C-
C stretching of amino acids, detected via the 933 cm™ 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™ 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; & = bending; t = twisting; p =
rocking; s = symmetric; arom = aromatic; skel = skeletal; A = ring breathing vibration.

SOMDI Scores

Raman Band (cm™) Control BS1 BS2 Assignment Reference
267 0.46 0.38 0.46 | Ring mode vibrations [41]

414 0.84 0.77 0.78 | Vae(C=C) [32]

482 0.66 0.58 0.58 | Vsel(C=C) [32]

549 0.47 0.40 0.48 | 5(C-S) [32]

612 0.44 0.31 0.48 | v(-C=CH) [32]

673 0.39 0.32 0.50 | T(C=C) [32]

716 0.34 0.33 0.49 | vs(C-N) [42]

805 0.32 0.24 0.45 | vs(O-P-0), vs(C-N-C) [32, 42]
850 0.38 0.37 0.50 | p(CHy) [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 | &(CHy,), A.rom(C-C [43]

1064 0.48 0.38 0.54 | v(C-0), v(C-C), T(NH) [42, 44, 45]
1129 0.51 0.39 0.55 | v(C-N), v(C-C), vse(C-C) [39, 46, 47]
1191 0.46 0.34 0.47 | 5 (CH), w(CH,) [48]

1267 0.80 0.77 0.87 | v(C-0), d (CH), Amide lll [49-51]
1302 0.83 0.81 0.88 | (CH,) [52]

1440 0.79 0.90 0.90 | (CHy,), T(CHy) [53, 54]
1554 0.38 0.33 0.43 | 5(NH3") [32]

1580 0.37 0.29 0.41 | Awom(C-C), v(C= [32, 55]
1658 0.74 0.84 0.81 | v(C=0), v(C=C) [37, 38]

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

shifts. Symmetrical C-N-C stretching at 805 cm™ 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-

TSOMDI weight in BS2 samples relative to the control and BS1 spectra is attributed to the

rocking of CH, bonds in proteins from leucine, which Figure 4-3B shows is determinative

of UCHLA1 [40]. This biomarker is present only in the BS2 solution, rendering the 850 cm”’
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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™ [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™ 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™, common to proteins, are attributed to the aromatic
stretching of C-C bonds in the phenylalanine R group and the stretching of C=0 bonds in
the amide | group, respectively [37, 38, 43]. A lower SOMDI score at 1004 cm™ 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™ 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™ visible in Figure 4-4A due to the high density of PO, 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
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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™ 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™ bands [1, 39, 51] are
found to be significantly increased (p <0.05) in the SClin 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™ peaks is found to be decreased by 44% in SCl 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™ 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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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™

ratios. Error bars

present the standard error. C) SOM classification of healthy control brain spectra (green) vs.
SCl 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).

Additionally detected Raman shifts at 1213 and 1553 cm™ 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 SCl rat brains relative to controls, at 0.60 for 1213 cm™ and 0.63 for 1553

cm™, and 0.53 for 1213 cm™ and 0.39 for 1553 cm™”, 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].
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Table 4-4 - SOMDI scores for SCl injured rat brains and the corresponding spectral assignments.
v = stretching; & = bending; T = twisting; p

skeletal; A = ring breathing vibration.

= rocking; s = symmetric; arom = aromatic; skel =

SOMDI Scores

Raman Band (cm™) - Assignment References
Control Injured

269 0.47 0.64 | Ring mode vibrations [41]

409 0.83 0.95 | Vsel(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 | 6(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 | 6(CHy,), Asrom(C-C) [42, 43]
1066 0.48 0.64 | v(C-0), v(C-C), T(NH>) [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 | 3 (CH), w(CH,) [48]

1213 0.53 0.60 | v(C=C), Deoxygenated cells [58, 59]
1258 0.67 0.69 | Amide Il [51, 61]
1300 0.80 0.70 | T(CHy) [52]

1314 0.73 0.68 | 8(CH), v(NH) Amide | Couplet [32, 62, 63]
1377 0.27 0.44 | vs(CO0O") [64]

1444 0.79 0.74 | 6(CH,), ©(CH>) [53, 54]
1513 0.29 0.60 | v(NH) [32]

1553 0.39 0.63 | 8(NH35"), Deoxygenated cells [32, 59]
1661 0.71 0.71 | v(C=0), v(C=C) [37, 38]

Characteristic peaks at 688 and 1377 cm™, 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 SCl 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™ peaks, the 484 and 533 cm™' shifts
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arising from the disulfide bonds, the 1004 cm™', attributed phenylalanine, the 1661 cm™'
amide | and the 1258 cm™ amide Il 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™ [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™ 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™ 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™ 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™[12, 26]. IL-18 shares a characteristic peak with the brain tissue spectra at 1258
cm™[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 peakin 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™ can therefore be targeted to monitor
mitochondrial damage in the SCl brains. Finally, a Raman shift common to both the tissue
and NAA at 1377 cm™ 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-TBl 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 TBl 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 Al
developed algorithm and its corresponding feature extraction discriminantindex, 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 TBlI 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 TBls.

123



Chapter 4

4.6 References

[1]

[2]

[3]

[4]

[5]

[6]
[7]
[8]

[9]
[10]

[11]

[12]

[13]

[14]

[15]

M. Mowbray, C. Banbury, J. J. Rickard, D. J. Davies, and P. Goldberg Oppenheimer,
"Development and Characterization of a Probe Device toward Intracranial
Spectroscopy of Traumatic Brain Injury," ACS biomaterials science & engineering,
vol. 7, no. 3, pp. 1252-1262, 2021.

M. Galgano, G. Toshkezi, X. Qiu, T. Russell, L. Chin, and L.-R. Zhao, "Traumatic brain
injury: current treatment strategies and future endeavors," Cell transplantation,
vol. 26, no. 7, pp. 1118-1130, 2017.

M. Smith, "Monitoring intracranial pressure in traumatic brain injury," Anesthesia &
Analgesia, vol. 106, no. 1, pp. 240-248, 2008.

I. Jalloh, K. L. Carpenter, A. Helmy, T. A. Carpenter, D. K. Menon, and P. J.
Hutchinson, "Glucose metabolism following human traumatic brain injury:
methods of assessment and pathophysiological findings,” Metabolic brain
disease, vol. 30, pp. 615-632, 2015.

P. M. Vespa et al., "Persistently low extracellular glucose correlates with poor
outcome 6 months after human traumatic brain injury despite a lack of increased
lactate: a microdialysis study," Journal of Cerebral Blood Flow & Metabolism, vol.
23, no. 7, pp. 865-877, 2003.

M. Haris, K. Cai, A. Singh, H. Hariharan, and R. Reddy, "In vivo mapping of brain
myo-inositol," Neuroimage, vol. 54, no. 3, pp. 2079-2085, 2011.

S. Ashwal et al., "Proton spectroscopy detected myoinositol in children with
traumatic brain injury," Pediatric research, vol. 56, no. 4, pp. 630-638, 2004.

A. ). L6épez-Gambero, C. Sanjuan, P. J. Serrano-Castro, J. Suarez, and F. Rodriguez
de Fonseca, "The biomedical uses of inositols: A nutraceutical approach to
metabolic dysfunction in aging and neurodegenerative diseases," Biomedicines,
vol. 8, no. 9, p. 295, 2020.

S. A. Tapanes et al., "Inhibition of glial D-serine release rescues synaptic damage
after brain injury," Glia, vol. 70, no. 6, pp. 1133-1152, 2022.

L. KozaandD. A. Linseman, "Glutathione precursors shield the brain from trauma,"
Neural regeneration research, vol. 14, no. 10, p. 1701, 2019.

N. Khatri, M. Thakur, V. Pareek, S. Kumar, S. Sharma, and A. K. Datusalia, "Oxidative
stress: major threat in traumatic brain injury," CNS & Neurological Disorders-Drug
Targets (Formerly Current Drug Targets-CNS & Neurological Disorders), vol. 17, no.
9, pp. 689-695, 2018.

S. Shahjouei et al., "The diagnostic values of UCH-L1 in traumatic brain injury: a
meta-analysis," Brain injury, vol. 32, no. 1, pp. 1-17, 2018.

Z. Yang and K. K. Wang, "Glial fibrillary acidic protein: from intermediate filament
assembly and gliosis to neurobiomarker," Trends in neurosciences, vol. 38, no. 6,
pp. 364-374, 2015.

S.-F. Tzeng, H.-Y. Hsiao, and O.-T. Mak, "Prostaglandins and cyclooxygenases in
glial cells during brain inflammation," Current Drug Targets-Inflammation & Allergy,
vol. 4, no. 3, pp. 335-340, 2005.

A. Goyal et al., "S100b as a prognostic biomarker in outcome prediction for
patients with severe traumatic brain injury," Journal of neurotrauma, vol. 30, no. 11,
pp. 946-957, 2013.

124



Chapter 4

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]
[29]

[30]

I. Inc. "RamanProbe TM II." http://www.inphotonics.com/probeii.htm (accessed
28/04/22, 2022).

General Catalogue, 2023, p. 270. [Online]. Available:
https://karnasch.tools/en/all-products/sinking-tools/stub-subland-drills/hss-xe-
subland-drill-401020080/. Accessed: 27/08/2024.

B. C. Hains, J. A. Black, and S. G. Waxman, "Primary cortical motor neurons
undergo apoptosis after axotomizing spinal cord injury," Journal of Comparative
Neurology, vol. 462, no. 3, pp. 328-341, 2003.

N. Klapka et al., "Suppression of fibrous scarring in spinal cord injury of rat
promotes long-distance regeneration of corticospinal tract axons, rescue of
primary motoneurons in somatosensory cortex and significant functional
recovery,' European Journal of Neuroscience, vol. 22, no. 12, pp. 3047-3058, 2005.
J. Wu et al., "Spinal cord injury causes brain inflammation associated with
cognitive and affective changes: role of cell cycle pathways," Journal of
Neuroscience, vol. 34, no. 33, pp. 10989-11006, 2014.

C. Banbury et al., "Development of the self optimising Kohonen index network
(SKIiNET) for Raman spectroscopy based detection of anatomical eye tissue,"
Scientific reports, vol. 9, no. 1, p. 10812, 2019.

T. Kohonen, "Self-organized formation of topologically correct feature maps,"
Biological cybernetics, vol. 43, no. 1, pp. 59-69, 1982.

G. R. Lloyd, K. Wongravee, C. J. Silwood, M. Grootveld, and R. G. Brereton, "Self
Organising Maps for variable selection: Application to human saliva analysed by
nuclear magnetic resonance spectroscopy to investigate the effect of an oral
healthcare product,” Chemometrics and Intelligent Laboratory Systems, vol. 98,
no. 2, pp. 149-161, 2009.

K. Wongravee, G. R. Lloyd, C. J. Silwood, M. Grootveld, and R. G. Brereton,
"Supervised self organizing maps for classification and determination of
potentially discriminatory variables: illustrated by application to nuclear magnetic
resonance metabolomic profiling," Analytical chemistry, vol. 82, no. 2, pp. 628-
638, 2010.

M. Dong et al., "Standardized methods to generate mock (spiked) clinical
specimens by spiking blood or plasma with cultured pathogens," Journal of applied
microbiology, vol. 120, no. 4, pp. 1119-1129, 2016.

G. Harris, C. A. Stickland, M. Lim, and P. Goldberg Oppenheimer, "Raman
Spectroscopy Spectral Fingerprints of Biomarkers of Traumatic Brain Injury," Cells,
vol. 12, no. 22, p. 2589, 2023.

A. R. Stevens et al., "Implantable and transcutaneous photobiomodulation
promote neuroregeneration and recovery of lost function after spinal cord injury,"
Bioengineering & Translational Medicine, p. €10674, 2024.

S. Lek and Y. Park, "Artificial neural networks," in Encyclopedia of Ecology, Five-
Volume Set: Elsevier Inc., 2008, pp. 237-245.

J. Ward, J. Clarkson, D. Bishop, and S. Fox, "Good Design Practice for Medical
Devices and Equipment-Design Verification," Institute for Manufacturing, 2002.
N.-H. Kim, B. V. Sankar, and A. V. Kumar, Introduction to finite element analysis and
design. John Wiley & Sons, 2018.

125


http://www.inphotonics.com/probeii.htm
https://karnasch.tools/en/all-products/sinking-tools/stub-subland-drills/hss-xe-subland-drill-401020080/
https://karnasch.tools/en/all-products/sinking-tools/stub-subland-drills/hss-xe-subland-drill-401020080/

Chapter 4

[31]

[32]
[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]
[43]

[44]

[45]

[46]

"Safety factor result." Autodesk.
https://help.autodesk.com/view/fusion360/ENU/?guid=GUID-8D0B2980-6B54-
4006-A89E-53C0C2E202B4 (accessed 08/02/2024.

G. Socrates, Infrared and Raman characteristic group frequencies: tables and
charts. John Wiley & Sons, 2004.

A. Meister and M. E. Anderson, "Glutathione," Annual review of biochemistry, vol.
52, no.1, pp. 711-760, 1983.

R. Jensen, D. R. Marshak, C. Anderson, T. J. Lukas, and D. M. Watterson,
"Characterization of human brain S100 protein fraction: amino acid sequence of
S100B," Journal of neurochemistry, vol. 45, no. 3, pp. 700-705, 1985.

Y. Kajimoto, T. Hashimoto, Y. Shirai, N. Nishino, T. Kuno, and C. Tanaka, "cDNA
cloning and tissue distribution of a rat ubiquitin carboxyl-terminal hydrolase PGP9.
5," The Journal of Biochemistry, vol. 112, no. 1, pp. 28-32, 1992.

S. A. Reeves, L. J. Helman, A. Allison, and M. A. Israel, "Molecular cloning and
primary structure of human glial fibrillary acidic protein," Proceedings of the
National Academy of Sciences, vol. 86, no. 13, pp. 5178-5182, 1989.

R. Galli et al., "Rapid label-free analysis of brain tumor biopsies by near infrared
Raman and fluorescence spectroscopy—a study of 209 patients," Frontiers in
oncology, vol. 9, p. 1165, 2019.

E. Timchenko, L. Zherdeva, P. Timchenko, L. Volova, and U. Ponomareva, "Detailed
analysis of the structural changes of bone matrix during the demineralization
process using Raman spectroscopy," Physics Procedia, vol. 73, pp. 221-227, 2015.
J. M. Surmacki, L. Ansel-Bollepalli, F. Pischiutta, E. R. Zanier, A. Ercole, and S. E.
Bohndiek, "Label-free monitoring of tissue biochemistry following traumatic brain
injury using Raman spectroscopy,"' Analyst, 10.1039/C6AN02238C vol. 142, no. 1,
pp. 132-139, 2017, doi: 10.1039/C6AN02238C.

P. Freire, F. M. Barboza, J. A. Lima, F. Melo, and J. Mendes Filho, "Raman
spectroscopy of amino acid crystals," Raman Spectroscopy and Applications, vol.
201, p. 171, 2017.

P. Bock et al, "Infrared and Raman spectra of lignin substructures:
Dibenzodioxocin," Journal of Raman Spectroscopy, vol. 51, no. 3, pp. 422-431,
2020.

G. Pezzotti, "Raman spectroscopy in cell biology and microbiology," Journal of
Raman Spectroscopy, vol. 52, no. 12, pp. 2348-2443, 2021.

A. Guimaraes et al., "Near Infrared Raman Spectroscopy (NIRS): A technique for
doping control," Spectroscopy, vol. 20, no. 4, pp. 185-194, 2006.

M. Jahmani, M. Hammadeh, M. Al Smadi, and M. K. Baller, "Label-free evaluation
of chromatin condensation in human normal morphology sperm using Raman
spectroscopy," Reproductive Sciences, vol. 28, pp. 2527-2539, 2021.

S. Tfaili, C. Gobinet, G. Josse, J.-F. Angiboust, M. Manfait, and O. Piot, "Confocal
Raman microspectroscopy for skin characterization: a comparative study
between human skin and pig skin," Analyst, vol. 137, no. 16, pp. 3673-3682, 2012.
A. Synytsya, M. Judexova, D. Hoskovec, M. Miskovicova, and L. Petruzelka, "Raman
spectroscopy at different excitation wavelengths (1064, 785 and 532 nm) as a tool

126


https://help.autodesk.com/view/fusion360/ENU/?guid=GUID-8D0B2980-6B54-4006-A89E-53C0C2E202B4
https://help.autodesk.com/view/fusion360/ENU/?guid=GUID-8D0B2980-6B54-4006-A89E-53C0C2E202B4

Chapter 4

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

for diagnosis of colon cancer," Journal of Raman Spectroscopy, vol. 45, no. 10, pp.
903-911, 2014.

K. Katsara, K. Psatha, G. Kenanakis, M. Aivaliotis, and V. M. Papadakis, "Subtyping
on live lymphoma cell lines by raman spectroscopy,' Materials, vol. 15, no. 2, p.
546, 2022.

P. C. Babu, N. Sundaraganesan, S. Sudha, V. Aroulmoji, and E. Murano, "Molecular
structure and vibrational spectra of Irinotecan: A density functional theoretical
study," Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy,
vol. 98, pp. 1-6, 2012.

Y. Cao, D. Shen, Y. Lu, and Y. Huang, "A Raman-scattering study on the net
orientation of biomacromolecules in the outer epidermal walls of mature wheat
stems (Triticum aestivum)," Annals of Botany, vol. 97, no. 6, pp. 1091-1094, 2006.

C. Banbury et al., "Spectroscopic detection of traumatic brain injury severity and
biochemistry from the retina," Biomedical optics express, vol. 11, no. 11, pp. 6249-
6261, 2020.

Z. Movasaghi, S. Rehman, and |. U. Rehman, "Raman spectroscopy of biological
tissues," Applied Spectroscopy Reviews, vol. 42, no. 5, pp. 493-541, 2007.

A. Ricciardi et al., "Raman spectroscopy characterization of the major classes of
plasma lipoproteins," Vibrational Spectroscopy, vol. 109, p. 103073, 2020.

E. Staniszewska-Slezak, K. Malek, and M. Baranska, "Complementary analysis of
tissue homogenates composition obtained by Vis and NIR laser excitations and
Raman spectroscopy," Spectrochimica Acta Part A: Molecular and Biomolecular
Spectroscopy, vol. 147, pp. 245-256, 2015.

C. Farber, M. Shires, K. Ong, D. Byrne, and D. Kurouski, "Raman spectroscopy as
an early detection tool for rose rosette infection," Planta, vol. 250, pp. 1247-1254,
2019.

L.-L. Tay, R. G. Tremblay, J. Hulse, B. Zurakowski, M. Thompson, and M. Bani-
Yaghoub, "Detection of acute brain injury by Raman spectral signature," Analyst,
vol. 136, no. 8, pp. 1620-1626, 2011.

Y. Ishimaru et al., "Raman spectroscopic analysis to detect reduced bone quality
after sciatic neurectomy in mice," Molecules, vol. 23, no. 12, p. 3081, 2018.

J. S. Nyman et al., "Measuring differences in compositional properties of bone
tissue by confocal Raman spectroscopy," Calcified tissue international, vol. 89, pp.
111122, 2011.

I. Palings, J. A. Pardoen, E. Van den Berg, C. Winkel, J. Lugtenburg, and R. A.
Mathies, "Assignment of fingerprint vibrations in the resonance Raman spectra of
rhodopsin, isorhodopsin, and bathorhodopsin: implications for chromophore
structure and environment," Biochemistry, vol. 26, no. 9, pp. 2544-2556, 1987.

B. R. Wood, P. Caspers, G. J. Puppels, S. Pandiancherri, and D. McNaughton,
"Resonance Raman spectroscopy of red blood cells using near-infrared laser
excitation," Analytical and bioanalytical chemistry, vol. 387, pp. 1691-1703, 2007.

H. Doshi et al., "Cerebral hemodynamic changes of mild traumatic brain injury at
the acute stage," PloS one, vol. 10, no. 2, p. e0118061, 2015.

127



Chapter 4

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]
[71]
[72]

[73]

[74]

[75]

[76]

D. Tong et al., "Application of Raman spectroscopy in the detection of hepatitis B
virus infection," Photodiagnosis and photodynamic therapy, vol. 28, pp. 248-252,
2019.

Z. Wen, L. Hecht, and L. Barron, "B-Sheet and associated turn signatures in
vibrational Raman optical activity spectra of proteins," Protein Science, vol. 3, no.
3, pp. 435-439, 1994.

K. I. Hadjiivanov et al., "Power of infrared and raman spectroscopies to
characterize metal-organic frameworks and investigate their interaction with guest
molecules," Chemical Reviews, vol. 121, no. 3, pp. 1286-1424, 2020.

B. A. Marekha et al., "Intermolecular interactions in mixtures of 1-n-butyl-3-
methylimidazolium acetate and water: Insights from IR, Raman, NMR
spectroscopy and quantum chemistry calculations," Journal of Molecular Liquids,
vol. 210, pp. 227-237, 2015.

R. Kumar et al., "Acute CSF interleukin-6 trajectories after TBI: associations with
neuroinflammation, polytrauma, and outcome," Brain, behavior, and immunity,
vol. 45, pp. 253-262, 2015.

G. Schett, "Physiological effects of modulating the interleukin-6 axis,"
Rheumatology, vol. 57, no. suppl_2, pp. ii43-ii50, 2018.

H. Nishiyama, T. Knopfel, S. Endo, and S. Itohara, "Glial protein ST00B modulates
long-term neuronal synaptic plasticity," Proceedings of the National Academy of
Sciences, vol. 99, no. 6, pp. 4037-4042, 2002.

A. V. Alessenko and E. Albi, "Exploring sphingolipid implications in
neurodegeneration," Frontiers in Neurology, vol. 11, p. 437, 2020.

S. Sipione, J. Monyror, D. Galleguillos, N. Steinberg, and V. Kadam, "Gangliosides
in the brain: physiology, pathophysiology and therapeutic applications," Frontiers
in neuroscience, vol. 14, p. 572965, 2020.

T. Takahashi and T. Suzuki, "Role of sulfatide in normal and pathological cells and
tissues," Journal of lipid research, vol. 53, no. 8, pp. 1437-1450, 2012.

M. V. Sofroniew, "Molecular dissection of reactive astrogliosis and glial scar
formation," Trends in neurosciences, vol. 32, no. 12, pp. 638-647, 2009.

S. Alboni, D. Cervia, S. Sugama, and B. Conti, "Interleukin 18 in the CNS," Journal
of neuroinflammation, vol. 7, no. 1, pp. 1-12, 2010.

G. Paradies, V. Paradies, F. M. Ruggiero, and G. Petrosillo, "Role of cardiolipin in
mitochondrial function and dynamics in health and disease: molecular and
pharmacological aspects," Cells, vol. 8, no. 7, p. 728, 2019.

C.T. Chu et al., "Cardiolipin externalization to the outer mitochondrial membrane
acts as an elimination signal for mitophagy in neuronal cells," Nature cell biology,
vol. 15, no. 10, pp. 1197-1205, 2013.

J. L. Harris et al., "Altered neurochemical profile after traumatic brain injury: 1H-
MRS biomarkers of pathological mechanisms," Journal of Cerebral Blood Flow &
Metabolism, vol. 32, no. 12, pp. 2122-2134, 2012.

R. J. Shannon et al., "Extracellular N-acetylaspartate in human traumatic brain
injury," Journal of neurotrauma, vol. 33, no. 4, pp. 319-329, 2016.

128



Chapter 5

Chapter 5: Efficacy of Raman
Spectroscopy as a Neuromonitoring
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Photobiomodulation

129



Chapter 5

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, dorsalroot ganglia (DRG) and brain tissue following PGM on SCl 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

SClvictims 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 aresult
of inflammation and damage. The light influences Na*, K*, and Ca?" current flux and ion

channels, as well as Ca* pump function and expression, resulting in increased
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intracellular Ca?* 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-lll 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

5.8.1 Surgical Procedures

Surgical procedures were carried out as described in Stevens et al. [23]. Briefly, SCl was
inflicted on eight anesthetized (inhalation, 5% isoflurane, 1.8 Lmin™" O,) 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 postinjury, the animals were
sacrificed through exposure to rising CO, 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.
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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™ 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 50x objective on an adapted microscope (Leica DM
2700M), allowing up to 2.0 pm 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™, 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™, 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.

54 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; d = bending; t =
twisting; p = rocking; s = symmetric; skel = skeletal.

Wavenumber (cm™)  Assignment Origin Reference
420 C-(CO)-C Protein [26, 27]
547 ?

606 O(Amide VI; CO) Protein [26]
629 0(Amide VI; O=C-N ) Protein [26]
700 Sterolring Cholesterol [26]
720 vs(C-N), 8(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(POyY) Lipid Head [26]
1124 V(C-N), Vskel(C—C) Lipids [33, 34]
1293 T(CH,) Lipids [35]
1345 v(CH) Lipids [26]
1440 V(CH./CHj3) Lipids, Protein [36]
1613 v(Amide I; C=0) Protein [26]
1661 v(Amide Il; C=0, NH) Protein [26]

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™, 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
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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™ doublet can be attributed to cholesterol’s
B-ring deformation [37] and phospholipids [38], respectively. In the injured and treated
samples, the 700 cm™ peak intensity qualitatively decreases in relation to the 720 cm™'
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™ 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™” 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™ attributed to C=0 amino acid amide stretching [26],
appears prominently in both the injured and treated tissue. This peakis superimposed on

the Amide | 1661 cm™ 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 SCl 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 fromthe 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 thistime
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 X-Val
Cord 1 2 3 4 5 6 7 8 9 10 | Score
Sample (%)

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™ triplet, corresponding to the stretching of C-0 [30], PO, [26], and skeletal C-C lipid
bonds [33, 34], respectively. Secondly, the treated 700:720 cm™ 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™ peakin 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

2 4
Sample 8
1 20/25 | 24/25 | 19/25 | 21/25
2 18/25 | 19/25 | 17/25 | 17/25
3 17/25 | 17/25 | 20/25 | 15/25
4 19/25 | 19/25 | 19/25 | 18/25

21/25
19/25
20/25

20/25
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22/25

21/25

22/25

19/25

19/25

20/25

17/25

19/25

24/25

21/25

17/25

19/25

24/25

21/25

18/25

20/25

X Val

10 Score
(%)

24/25 | 87.2
21/25| 77.6
17/25 | 72.6
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™ 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™ 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 5
Sample
1 21/25 | 17/25
2 6/25 | 2/25
3 17/25 | 19/25

4 18/25 | 24/25

17/25

4/25

16/25

17/25

17/25

10/25

16/25

19/25

23/25
10/25
19/25

19/25
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21/25

1/25

15/25

17/25

17/25 | 23/25

6/25

17/25

16/25

6/25 | 1/25
16/25 | 16/25
16/25 | 16/25

X-Val
Score
(%)

10

17/25 | 24/25 | 78.8

1/25 | 18.8
16/25| 66.8
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™) peak and the CH,/CHj; stretching at 1440 cm™.
Both of these reductions serve as hallmarks of SCI, as they correlate with axonal
demyelination, membrane disorganisation and cell death [46, 47]. Smallincreases in the
injured spectra from the healthy in the 950-1000 cm™ 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™ 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 countin 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™ peaks. The recurrence of
the 1440 cm™ peak as a differentiator further suggests lipid-related changes in cellular
membranes or lipid composition is targeted by PBM treatment. The 1661 cm™ 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™ triplet, linked to

lipids through the stretching of C-C backbone bonds and PO, bonds in the headgroups,
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respectively, as well as the cholesterol sterol ring 700 cm™ 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.
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Examination of brain tissue (Figure 5-4G-l) 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™ shifts in which they increase in comparison to healthy,

and decrease in comparison to the injured tissue, demonstrated in Figure 5-4H and Figure
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5-41, respectively. In all three comparisons (Figure 5-4G-l), there are variances in protein
content and phospholipids indicated via the intensity differences observed at 1003 and
720 cm™ 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™ peak,

laminin against 1247 cm™, and GFAP against 914 cm™.
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Figure 5-5 — SCI biomarker spectra. Spectral features of A) fibronectin, B) laminin and C)
GFAP. Characteristic shifts are highlighted in grey.

Differences inrelative 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
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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].
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Increased levels of fibronectin improves the rate at which the interaction occurs, thus
restoring homeostasis earlier [51]. PBM spinal cord ratio differences are all closerin 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 SCl 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 inconsistentin 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 TBl 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. SKIiNET 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. Aninteresting addition to the study would have been the addition of anon-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,
SCIl 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. ldentifying 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 TBl in infants where the skullis not yet
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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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Abstract: Traumatic brain injury (TBI) affects millions of people of all ages around the globe. TBI
is notoriously hard to diagnose at the point of care, resulting in incorrect patient management,
avoidable death and disability, long-term 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) TBl-indicative biomarkers (N-acetyl-aspartic acid (NAA), Ganglioside,
Glutathione (GSH), Neuron Specific Enolase (NSE), Glial Fibrillary Acidic Protein (GFAP), Ubiquitin
C-terminal Hydrolase L1 (UCHL1), Cholesterol, D-Serine, Sphingomyelin, Sulfatides, Cardiolipin,
Interleukin-6 (IL-6), S100B, Galactocerebroside, 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, vielding the
combined unique spectroscopic barcode for each brain-injury marker, are compared to assess variance
between lasers, with the smallest variance found for UCHL1 (¢2 = 0.000164) and the highest for
sulfatide (¢ = 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.

Keywords: traumatic brain injury; TBI biomarkers; acute, sub-acute and chronic phases; Raman
spectroscopy; neurodiagnostics

1. Introduction

Traumatic brain injury (TBI) is the leading cause of death under the age of 40, pre-
senting a major burden on healthcare services worldwide [1]. The severity of TBls ranges
from mild /moderate concussion to severe and chronic loss of cognitive and motor function,
resulting from sudden impact to the head, often following road accidents, falls, assaults,
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and in contact sports [2]. The physiological symptoms of TBI vary from fatigue and
headaches in mild injuries, to temporary (and occasionally permanent) loss of memory or
consciousness, short and long-term disability, neurological disorders and death, in the more
severe scenarios [3,4]. Importantly, recent research [3—5] 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 devel-
opment 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 [9-11]. 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 [12].

Current TBI diagnostic techniques include the Glasgow Coma Scale (GCS), a cognitive
assessment method, and neuroimaging such as Computerised Tomography (CT) and
Magnetic Resonance Imaging (MRI) scans [2]. The GCS uses the patient’s eye, verbal,
and motor responses to enumerate the injury and categorise it as either severe (3-8),
moderate (9-12), or mild (13-15) [13]. Whilst neuroimaging will identify skull fractures,
hematoma, and haemorrhage to determine if neurosurgery is necessary [2]. 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. Mild TBI (mTBI) is often underdiagnosed if not identified rapidly
at the point of injury, with 90% of acute cases undetected and not admitted to ED [2,14,15].
Therefore, development of successful TBI biomarker diagnostics from blood [16], or other
biofluids, i.e., cerebrospinal fluid (CSF) [8], saliva [17], urine [15], and tears [19], 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, a rapid, label-free technique has been increasingly
used in medical and diagnostic applications for producing non-destructive chemical in-
formation [20]. This sensitive vibrational spectroscopy excites molecular bonds within a
sample, providing a unique biomolecular spectral fingerprint of target biomarkers in a
rapid analytical response [21,22]. These spectroscopic barcodes have been shown to iden-
tify the various diseases from which the biofluid has been collected, such as blood [25,24],
CSF [25,26), urine [27,28], saliva [24,29], and tears [3(,31]. In contrast to the in vitro bioas-
says, the availability of inexpensive, portable Raman devices makes this technique par-
ticularly 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 [32-36]. 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 TBls 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 finger-
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prints of TBl-indicative biomarkers via biologically applicable laser excitation wavelengths
in different post-injury phases. A carefully selected cohort of TBl-indicative biomarkers
are classed into three main injury phases with spectra in the raw and reconstituted (mim-
icking 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 symp-
tomatic relief [37], but could also provide a further panel of candidate first-line screening
TBl-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.

2. Materials and Methods
2.1. 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 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 biomark-
ers of neuroinflammation [3,38—45]. 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 (UCHLI1), cholesterol,
D-serine, sphingomyelin, sulfatide, cardiolipin, Interleukin-6 (IL-6), S100B, galactocerebro-
side, 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 H,O (18.2 MQ)) or chloroform/ethanol,
yielding 1:1 v/v solutions. After 20 min, to allow full dissolvement, 3 uL. samples of each
biomarker were deposited onto an aluminium slide and dried in an ambient environment
for Raman measurement.

2.2. Reference Chemicals

Human derived biomarkers included the S100B (HY-P70659, Cambridge Bioscience, Cam-
bridge, UK), IL-6 (H7416-10UG, Merck, Darmstadt, Germany), NSE (13219-HOSE-SIB-50 ug,
Stratech, Ely, UK), GFAP (C227-10 ug, Generon, Slough, UK), IL-18 (CSB-YP614514HU, Anti-
bodies.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, Strat-
ech), 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).
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Figure 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 [4,9,40,44,46-64]. Blomarkers: 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).

2.3. Raman Spectroscopy

Raman measurements were carried out using the InVia Qontor confocal Raman sys-
tem (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 um 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 2003200 cm ™!, 50 objective lens, and an acquisition time of 10 s
with 5 accumulations. All Raman spectra were collected at the ambient temperature.

2.4. 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 detection
method was utilised with 15 smooth points and a peak threshold height of 500 counts.

3. Results and Discussion

The Raman spectrum is commonly referred to in terms of discrete regions, the low
wavenumber region (100-200 cm ), the fingerprint region (500-2000 cm '), and the high
wavenumber region (2000-4000 cm ™ 1) [65,66]. In this study, Raman spectra were collected
in the extended spectral regions of 200-3200 cm !, however, only the fingerprint region
from 200 to 1800 cm~! 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 1), the corre-
sponding 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 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
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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 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 (Figures 2—1). Further studied variation, due to the excitation wavelengths
along with the comparison between the raw and reconstituted biomarkers’ form, are shown
in ‘Supporting Information’, Figures S1-S3.

Table 1. Overview of the studied TBI biomarker cohort with the corresponding physiological
significance. Source refers 1o 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 (1),
decrease in concentration (1).

Biomarker Source Physiological Function TBI Role TBI Response Reference
Synthesised in neurons, Marks injury type.
specific to the Depletion in grey matter
nervous system. and white matter represent
Has roles in maintaining neuronal loss and axonal T
NAA Blood CSF myelin lipid synthesis and famage, respectively. | [33,67,68]
in promoting neuronal Rate of replenishment is
mitochondria ATP inversely proportional to
production. Injury severity.
Cellular signalling, protein, Functional d
S and ion channel modulator. G P:»:’:m
Ganglicside CSF Main carrler of sialic addin . jar dysfunctions and 1 (691
Brain SN THRYIOR Ayses, promotes disease
improving intercellular i R :
communications. pribngeeels
Essential antioxidant, GSH depletion coupled
converted from its reduced with neuroinflammation
GSH Blood CSF state (GSH) to its oxidised leads to build-up of free 4 [61,70]
form to regulate free radicals, further damaging
radicals from the brain. the brain and neurons.
Tissue-specific
kbl enas, o dogee o damage s
NSE CSF tranalacats b e aall dim:tl‘yoc‘o;:;:;&d to the‘ 1 [71]
surface toactas a 5
plasminogen receplors.
Post-trauma, astroglial cells
Intermediate filament undergo astrogliosis,
1l protein. causing cellular
GFAP Blood Maintains glial cytoskelet hypertrophy and increased + [72-74]
CSF structure, neighbouring GFAP expression. a
neurons, and blood-brain  Excess GFAP can cause glial
barrier (BBB). scars in brain tissue which
delays axon regeneration.
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Table 1. Cant.
Biomarker Source Physiological Function TEI Role TEI Response Reference
A brain-specific enzyme
features in the Selectively increases upon
Blood ublquitin-proteasome axonal damage, utilised to
UCHL1 CSE pathway to maintain axonal remowe damaged and T [75.76]
protein integrity. defective proteins
Regulates axonal transport, from axons.
structure, and synapsis.
Increased cholesterol is in
Key component of the proportion to
cellular membrane, cellular damage.
maintaining structure Removing excess cholesterol
CSF and fuidity. has an anti-inflammatory
Cholesterol and effect. Dvsregulation of -
Cholesterol Sirrt:; phospholipids are brain cholesterol negatively T [od,77-90]
transported o nerve cells affects neuronal and
for repair, upkeep and to glial function.
promote newrite Chaolesterol builds up from
proliferation. dysregulation causes
cellular boxicity.
a-amine acid, abundant in -~ Reactive glial cells become
the brain. Binds to D-Serine synithesisers under
Brain MN-methyl-d-aspartate inflammatory conditions,
D-Serine C5F (MNMDA) and 5; glutamate causing NMDA receptar 1 [&1]
Blood receptors o contribute to hyperactivation, and
learning and leading to hippocampal
memory function. synaptic damage.
Increased levels are reparted
Vital in regulation of cellular 1 the hippocampus over 12
manths after TBI,
growth rate, differentiation, st loical
and death in the central contribuling to neurolog
CSF REFVOLS system. disease pathogenesls. )
Sphingomyelin Breakdown products T [E2-86]
- Blaod Supports myelination in the ulate the 5 velin
brain, and aids in cognitive e sphingamy
cycle which inhibits protein
maturation and regulation kin lati
of inflammatory responses. ase €, PRguating
’ neuronal signal
transduction and function.
Abundant in myelin sheath
and myelinating cells.
Brain Negatively regulates and Effects functional properties
Sulfatides CSF res oligodendrocyte  OF the membrane, and 8
At bmprowes oll godendsocy dysregulation of sulfatides + 571
Serum differentiation and survival. " can lead ko selzures.
Maintains myelin and ) '
axonal-glial signalling.
Damaged mitochondria
Invalved in regulating trigger neuronal death
mitochond ral metaboliam. when oxidised.
Inner The structural component of Cardiolipin acts as an
Cardiolipin Mitochomdral — mitochondrial membranes elimination signal for 1 [RA—40]
Membrane regulates protein and damaged mitochondria,

enzyme activity central to
mitochondrial function.

thus lmiting newronal
damage and preserving
cognitive functions.
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Table 1. Cont.
Biomarker Source Physiological Function TBI Role TEI Response Reference
Usually undetectable in
healthy brain parenchyma
Fletotropic cytokine with but present within an hour
CSE operations in mmunity following TBL
L& Serimn regulation, regeneration Upregulated production + [52,91-93]
Blood processes, neural funchons, following trauma from
and cardiovascular inflammatory cascades to
protective mechanisms. salvage neurns.
Sustained inflammation is
ultimately damaging.
Calcium-binding protein
involved in long-term
synaptic plasticity Overexpression leads to
Blood modulation, cellular growth disrupted caleium
S100B CSE and structure, calcium homeostasis. + [94,95]
Brain concentration maintenance, Inereased levels indicate ’
and energy metabolism. structural damage and
Mitigates mitochondrial cellular death.
failure through
calcium modulation.
Major lipid component in Galactosyleerimidase
the brain, which maintains dysfunction prevents
CSE myelin sheath structure Galactocerebroside from
Galactocerebroside Brain and stability. degrading, instead it T [55.96,97]
Important for development  accumulates in globoid cells
of normal myelin in the in the brain, leading to
central pervous system. white matter diseases.
Main energy source to the Early low glucose levels and
beain, uged for action low lactate / glucose ratio
potential and postsynaptic post-TEI are assoctated with
Glucnse Blood potential generation. 1 [98-100]
Synthesises BBB-regulated poar outcomes.
¥ & Mot associated
neunoactive compounds and with ischemia
sustains brain homeostasis. ’
Regulates glial and neuronal m?gﬂf;ﬁ:
activity and participates in
prolifepation, Increased rabe
CSF intracellular of membrane turnover, and
Mye-Inositol Blood ﬁlﬁ;m&llhﬁg paﬂml'laug,;ﬁ. myelin sheath damage. 1 [101-104]
Regulates intracellular Correlabed to astrogliosis
[Ca®] and and dysregulation of
membesne permeability. cellular osmotie functions,
Has roles in
neuroinflammation and
Inducer of inflammatory neurodegeneration.
cytokines; synthesised as an Induces respiratory burst
IL-18 C5F inactive precursor in and degranulation of 1 [105,106]
ia and activated by pol uclear
caspase-1 in a forward loop. leukocytes resulting in a
release of

neuroboxic enzymes.

171



Appendices

Ceils 2023, 12, 2589 Sof 28

Table 1. Cont.

Biomarker Source Physiological Function TBI Role TBI Resp Ref

NFL levels rapidly increase
following trauma to account

Integral in maintaining

axonal cytoskeleton through for damaged axons and NFL
CSF adial th. is released into the
NFL radial grow “Larger interstitial space and t [107-109]
Blood myelinated axons result in L

more NFL, leading to faster integrated into CSE

conduction speed Indicates significant axonal

A e damage and progression
rate of disease.
3.1. 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 [110,111]. 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 2 alongside peak assignment provided in Table 2. Each biomarker
produced unique and distinctive spectral features.

Strong characteristic peaks of NAA are found in the 949-957 cm ™! and 987-992 cm !
regions for the four-excitation laser used (Figure 2a), with the main peaks being associated
with the C-N stretching as well as CH,;-CH wagging [112]. NAA is an amino acid derivative
located in neurons where the decreasing levels are proportional to neuronal loss and
axonal damage [65] 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 [60],
are detected at 1297-1298 cm ! and 1437-1442 cm ™! (Figure 2b). The bands at 1297 and
1440 cm ! are assigned to bending and twisting of CH, bonds [113], which optimally could
be employed relative to other characteristic peaks of ganglioside post-TBI [114]. These
peak intensities have been reported to decrease in counts in tandem with cell loss [114],
in contrast to the other characteristic peaks of ganglioside (Table 2), which are typically
shown to increase in response to neurodegeneration and cellular dysfunction (Table 1) [69].

GSH, a non-enzymatic antioxidant tripeptide present in cells to protect membranes
from oxidative damage [115], exhibits the most intense peaks located at 1420-1424 cm !
and 1660-1662 cm ! (Figure 2c), attributed to the -CH; bending mode of proteins [116],
and symmetrical stretching of the carboxylic acid COO™ [117], and the Amide | region,
indicative of amino acids [118], respectively. Post-TBI apoptosis could lead to GSH de-
pletion and thus a reduction in characteristic peak intensity which, when coupled with
neuroinflammation, results in TBI secondary injury due to free radicals build-up further
damaging neurons and the brain (Table 1) [70].

NSE is a glycolytic tissue-specific enzyme associated with neuronal damage and
post-traumatic inflammation [41,63], increasing in expression with injury severity [71].
The strongest peak for NSE (Figure 2d) at 875-877 cm ! at all four employed excitation
wavelengths is assigned to the stretching of C-C bonds and the asymmetric stretching
of C-N bonds [55,119] associated with phenylalanine. A secondary peak of interest at
1077-1082 cm ! is attributed to the stretching of C-O and C-C bonds [120] along with the
twisting of CHj bonds [121]. 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 [62,71,122].
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Figure 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). Sig-
nificant Raman peak assignments for each are summarized in Table 2. N-Acetyl-L-aspartic acid
(NAA); Glutathione (GSH); N 1-Specific Enolase (NSE); Glial fibrillary acidic protein (GFAP);
and Ubiquitin carboxyl-terminal hydrolase isozyme L1 (UCHL1).

GFAP is a structural filament protein of astrocytes [15], with its levels known to
increase in response to astrogliosis post-trauma, as discussed in Table 1. The most intense
detected spectral bands are found in the region of 914-918 cm ! (Figure 2e), assigned to
C-N stretching [119], and asymmetric vibration of the pyranose ring [112], also present in
the UCHLI1 spectrum (Figure 2f), increasing in response to TBI, and thus might collectively
be an important candidate peak of interest for TBI Raman-based diagnostics.

A further sharp peak present in the 1408-1410 cm ! region is assigned to the bending
of C-H bonds and symmetrical stretching of COO™~ bonds [119,123], along with a wider
band at 10601068 cm !, assigned to the skeletal stretching of C-C bonds and indicative
of changes in protein levels [124]. 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 [73].
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Table 2. Acute TBI phase associated Raman bands and their assignments. © = stretching; § = bending,;
T = twisting; p = rocking: o = wagging: s = symmetric; @ = anti-symmetric; arom = aromatic;

skel = skeletal.
Wavenumber (em ') Assignment Orrigin Reference
3T-353 Ve (C-C) MNAA [112]
A73ATS v(5-5) MNSE [125]
518-511 CIOH), Ring deforsation GFAP [112,119]
BAT-651 oiC-5), T(CC), Ring breathing mode MAA, NSE, Ganglioside [119,126,127]
BTI-HE2 viC-5) GSH [119]
TO5-T08 Ring deforimation UCHL1 [119]
BG v (C-MN-C) UCHL1 [112]
B19-821 CH daforsation GSH [112]
BA3-845 HHIC-O-H)), p(H(C-0-HJ) UCHL1 [119]
BT5-877 o(C-C), o, (C-M) MNSE 55,119]
BA9-R91 Vg 1000, 0{C-C), w{CHZ) Ganglioside [128-130]
914-918 ofC-N), Pyrinose ring asymmelric vibration GFAFR, UCHL1 [112,119]
G49-957 o(C-M) MNAA [112]
G749 1 (C-C), p{CH3) GFAP [11%,131]
GAT-G02 o(C-N), «CH;- CH) MNAA [112]
1031-1037 HO-H), (C-C), my(C-C-N*) GSH, NSE [132,133]
1060-1068 o(C-00, 7 (C-C), T{NHZ) Ganglioside, GFAP [119,124,134]
1077-1082 oiC-00), »{C-C), T(CH3) NSE, UCHL1 [120,121]
1127-1130 ofC-N), {C-C) Ganglioside, UCHL1 [135,136]
1131-1138 o(C-C) NAA [137]
1297-1298 T(CH:) Ganglioside [114]
1311-1315 HC-H) GSH [138]
1328-1336 wq{CHz), 7{CH3) GFAP [119]
1352-1354 T(CH:) UCHL1 [121]
1378-1383 p(CO0) MNAA [139]
1408-1410 HC-H), v (OO0 ) GFAP [119,123]
14201424 HCHZ), v OO0 ), o CO4) GSH [116,117,138]
1437-1442 HCHz), 7{CHz) Ganglioside [113]
1458-1460 HCHaZ) MNSE [140]
1660-1662 fC-NHHC=0), o{C=C) GSH [112]

UCHL]1, a cytoplasmic enzyme found in neurons, is selectively increased following ax-
onal trauma to remove damaged and defective proteins from axons [75,141]. Unfortunately,
the glycerol-environment buffer of this protein dominates the spectral fingerprint with
aliphatic chains [121,142] and, therefore, only smaller peaks in the 600-500 cm ™! region
are identified to be unique to the UCHL1 marker (Figure 2f) with the 705-708 cm ™! band
assigned to ring deformation [119], and the 506 cm ™! peak assigned to the symmetrical
stretching of C-M-C bonds present in amino acids [112].

3.2, 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 deploved and TBl management often requires evacuation, the
ability to diagnose and assess TBI severity pre-hospital would aveid unnecessary strategic
evacuation and maintain operational effectiveness. Representative average spectra of
sub-acute TBI solute-form biomarkers are shown in Figure 3 with the corresponding peak
assignments summarised in Table 3.
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Cholesterol’s sterol-centred structure presents a unique and large number of intense
peaks (Figure 3a), including the 700 cm ~! band of the in-plane deformation of its B
ring [143], as well as a sharp peak at 1673 cm !, assigned to the B ring C=C stretch-
ing [144]. Cholesterol is structurally important in the cellular membrane with its increases
following TBI proportionally related to the cellular damage [145]. 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 [77,75]; whilst cholesterol removal is associated with the
anti-inflammatory response [64,79]. 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 [80].

D-Serine is a non-essential polar amino acid, which serves as a precursor to purines
and pyrimidines, and is an important neurotransmitter [146]. The characteristic fingerprint
of D-Serine (Figure 3b) exhibits strong peaks in the range of 917-923 cm !, attributed to
its C-C backbone stretching [140], as well as at 1327-1336 cm ™! from the twisting of its
CH, groups [119]. Serine is a co-ligand activator of NMDA receptors and of §; glutamate
receptors, which have regulatory roles in synaptic plasticity and long-term potentiation [$1].
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
leamning and memory formation [46,51]. Blocking D-serine production under inflammatory
conditions has been related to improved outcome following brain trauma [51].

Sphingomyelin can be spectrally identified by a characteristic set of peaks in the range
of 717-720 cm ! and 1295-1299 cm !, due to the symmetric stretching of C-N and the
twisting of CHj, respectively [114,119] (Figure 4c). Sphingomyelin is a prominent sphin-
golipid, found in the plasma membrane with a distribution ratio correlating specifically
with cholesterol for suitable membrane function [147]. This lipid plays vital roles within the
CNSin terms of cellular growth, differentiation, and death [#2]. In the brain, sphingomyelin
is also associated with improved cognitive maturation, brain myelination, and regulation
of inflammatory responses [53,145]. 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 [#4]. 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 [149].

Sulfatides are a class of sulfo-lipids, abundantly present in brain tissue and are a
main feature in myelin sheath and within myelinating cells [£7]. Spectral characteristic
fingerprints of sulfatides are shown in Figure 4d. These representative peaks include the
stretching of the C-OH from the sulphated pyranose ring and C-C backbone along with the
CH, wagging in the range of 888-893 cm ™! [128-130], with the anti-symmetric stretching
of the SO group identified at 1107-1111 em ! [150]. 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 [151]. Following TBI, sulfatide levels decrease in the brain subsequently,
allowing the oligodendrocyte production to occur at a higher rate, thus providing ax-
onal 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 [47].
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Figure 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.

Cardiolipin, a mitochondrial-specific phospholipid, which signals damaged mitochon-
dria [85] (Figure 4e), is found to exhibit dominant PO; vibrations at 959-964 cm ! and
C-O stretching from the linoleic acid groups in the range of 1266-1268 cm ™! [152,153].
Cardiolipin is known to be central to mitochondrial function, with roles in both regulation
of metabolism and membrane structure maintenance [#5], with damaged and dysregulated
mitochondria triggering neuronal death [59,90]. Cardiolipin is externalised from the inner
mitochondrial membrane to signal damaged mitochondria and promote mitophagy, ulti-
mately limiting further neuronal damage and retaining cognitive functions [90], resulting
in increases in its concentration linked to the extent of mitochondrial damage [89,50].

IL-6, an inflammatory cytokine, vields a distinctive spectral signature (Figure 4f) with
peptide bonds bending within the protein detected in the 520-525 cm ™! region [112], and a
sharp peak at 959-964 cm !, associated with the symmetric stretching of the C-N-C bonds
of proteins [112]. The pleiotropic IL-6 is involved in immunity, regeneration, and neural
functions [93]. 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 TBl-induced
damage [91,92]. IL-6 is further upregulated during inflammatory cascades to help healing
including the salvation of neurons; however, a prolonged detection of this biomarker is
indicative of sustained inflammation, resulting in more damage over healing [0].
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Table 3. Peak assignments of significant peaks present in the sub-acute TBI biomarker phase.
v = stretching, § = bending, T = twisting, p = rocking, w = wagging, s = symmetric, 4 = anti-symmetric,

arom = aromatic, skel = skeletal.

Wavenumber (cm 1) Assignment Origin References
512-516 pCOO ) D-Serine [ra0]
520-525 HN-C=0) IL-6 [112]
349 HN-C-5) IL-6 [112]
561 -OH out of plane deformation IL-6 [112]
700-702 In-plane deformation of B ring Cholesterol [143]
717-720 v,(C-N) Sphingomyelin [119]
809-815 v(CC) D-Serine [112]
850-854 MCH3) D-Serine [140]
£88-893 Vgrom (C-O)y, HC-C), w(CH3) Sulfatide [128-130]
917-923 2(C-C) D-Serine [140]
959-964 PO, vibration, v:(C-N-C), §(C-H) Cholesterol, IL-6, Cardiolipin [112,152]
970-974 o(C-N) D-Serine [1a0]
1062-1067 v(C-0), C-C), 7(NH;) Sphingomyelin, Sulfatide, IL-6 [119,124,134)
1107-1111 v4(SOy), C-N), o C-C), o(C-OH), Sulfatide, Cardiolipin [23,150]
1127-1130 2(C-N), C-0), v40(C-C) Sphingomyelin, Sulfatide, IL-6 [135,136]
1176-1179 v (C-C) Cholesterol [144]
1266-1268 2(C -0) Cardiolipin [153]
1295-1299 7(CH3) Sphingomyelin, Sulfatide [114]
1302-1304 7(CH,) Cardiolipin [143]
1327-1336 w{CH3y), T(CH,) Cholesterol, D-Serine [119]
1436-1441 §(CHy), T(CH;), (CH, /CH;) Suc’“’u:f :‘:':; fg::;‘:g;:“"d”" [113,154]
1656-1660 o(C=0), o(C=C) Sphingomyelin, Cardiolipin [118,155]
1672-1674 v(C=C) Cholesterol [144]

3.3. 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 [40,53,56]. The chosen representative chronic biomarkers
(Figure 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 TBl. 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 TBls. Representative average spectra of chronic, TBI, solute form
biomarkers are shown in Figure 4 with the corresponding peak assignments summarised
in Table 4.

S100B is a calcium-binding protein expressed in astrocytes and is the first brain
biomarker to be recognised and utilised within clinical practice guidelines [15,156]. 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 [94,95].
Characteristic dominant spectral peaks are identified for S1I00B throughout the entire
200-1800 cm ! region (Figure 4a and Table 4). The most intense bands are at 936-937 cm ™!,
assigned to stretching of the C-C bond of proline and valine [157], and at 1002-1004 cm !,
due to aromatic phenyl breathing of the C-C bond of the phenylalanine [119,158]. Post TBI,
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increased S100B levels accompany structural damage and cellular death [95]. 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 S1008B levels
disrupts the correct calcium homeostasis, leading to mitochondrial failures and damaging
long-term hippocampal potentiation [94,95].

S1008 b Galactocerebroside

r'{ ’\“lﬂ, AL g o ' J

17 I\ o
VAT - \ | 4
- MA‘—- 0. .AA‘/LA—’&;—( ”“" A "&J_)\J:J'ML

L w0 aw 1000 A weo 1600 1600
VWarvereavier foor'|
Myo-Inositol
~ 830 rem
~——T786 nm
~=833 nm
514 nem

} s b JJJ‘ J:m”

e M0
mnm =t

NFL

My

WK a0 ) L sw WO 190 140 o

120
VWrmwrartn (')

L) oo
Wasararder icm ')

Figure 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 4.

Galactocerebrosides are a major glycolipid of the myelin within the CNS and the most
abundant glycolipid component of myelin [159,160]. Figure 4b exhibits dominant spectral
peaks in the fingerprint spectrum, particularly, above the 1000 cm ™! region. A characteristic
peak in the 1128-1133 cm ! range is assigned to the C-N stretching of the amine bond in
the acyl chain [119], and the C-C bond skeletal stretching of the acyl backbone common
to lipids [136], and further in the 1295-1298 cm ! region, assigned to the twisting of CH,
bonds of lipids [114]. This biomarker accumulates in the brain in globoid cells when
there is galactosylcerimidase dysfunction, preventing galactocerebroside from degrading,
potentially leading to a long-term white matter disease (Table 1).
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Owverall, peaks in the range of 1295-1299 cm™ ! 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-TEI
recovery and response to interventions.

Glucose is the predominant and preferred energy source of the mammalian brain,
with levels present indicating metabolism in astrocytes [56,100]. Owerall, biomarkers
in the chronic phase had a larger number of characteristic peaks identified in the lower
wavenumber and fingerprint regions 200-800 cm ™! than the earlier phases with two intense
bands determined from the glucose spectrum (Figure 4c) in the 427474 and 517-520 cm ™!
regions, with the former attributed to the in-plane aromatic bending of the C-OH bond [112]
and the latter assigned to C-OH bond deformation (Table 4) [112]. 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 glyoolvtic pathway such as the ratio of pyruvate
(aerobic product) to lactate (anaerobic product). A larger ratio typically correlates to more
glycolytic than mitochondrial activity and is associated with worse outcomes, due to an
indication that neurons might be too damaged to take up lactate for the TCA cycle [100].

Myo-inositol, a sugar derivative, has been reported to increase in proportion with TBI
severity [161], and in correlation with glial proliferation, membrane turnover, and myelin
sheath damage (Table 1). Spectral peaks of myo-inositol are highly consistent across the
four excitation wavelengths used (Figure 4d) with the most intense bands at 504-506 cm !,
assigned to out-of-plane deformation of -OH bonds and further in 1116-1121 cm ™" and
1217-1215 cm ™! regions, attributed to stretching of the C-C bonds [162-164]. Further
intense peaks at 896599 cm ! and 1357-1359 cm ™! arise from CH bending within the
aliphatic structure of myo-inositol [112]. 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 csmotic dysregulation [101-104].

Table 4. Peak assignments of significant peaks present in the chromic TBI biomarkers phase.
v = stretching, § = bending, T = twisting, p = rocking, o = wagging, 5 = symmetric, 4 = anti-symmetric,
arom = aromatie, skel = skeletal, A = ring breathing vibration.

Wavenumber (em 1) Assignment Origin Reference
4224H Tnt-plivsae 8 gy (C-OH) Glucose [112]
S4-506 OH out-of-planee deformation Myo-Inositol [112]
517-520 C-OH defirrmation Glucose [112]
559-560 OH out-of-planee deformation S1008 [185]
6607 COC in-plane deformation NFL [186]
B80T o (C-N-C) IL-18 [112]
Chiet-ofplane & (CH), R g

Ba2-844 o (H(C-D-H)) IL-18 [119,142]
Bl-g03 e {C00 ), piC-C) NFL [167,168]
B0 Datiphatic (C-H) Myo-Inositol [112]
912914 oiC-CH3) IL-18 [169]
G36-937 oiC-C) S1008 [157,170]
1002-1004 Aarse(C-C) S1008 [119,171]
1008-1010 Aareen (C-C) Myo-Inositol [172]
1040-1041 oiC-CHa), 2(C-C), H{CH) NFL [158,173]
1058-1066 oPC-0), P (C-C), TINHZ) S100B, Galactocerebroside, Glucose [124,134]
1077-1080 ofC-C), e C-00 IL-18 [119,120]
1116-1121 HCH), C-C), Myo-Inositol [162,174]
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Table 4. Cont.
Wavenumber (em 1) Assignment Origin Reference
1241127 v(CC) Glucose [135]
1128-1133 2,4(C-C), HC-N) S100B, Galactocerebroside, IL-18 [119,135,136]
1143-1146 2(C-N), 5(CH) NFL [138,175,176]
1217-1218 (C-C) Myo-Inositol [183]
1259-1261 Amide I (o(CN) §NH) IL-18 [177,178]
1295-1298 7(CH,) Galactocerebroside [114]
1321-1323 &CH), T(CH,), NFL (glycine) [179,180]
1357-1359 Daphatic(CH) Myo-Inositol [112]
1368-1371 5CH,) Glucose [181]
1409-1411 2(C-C), 5(C-H) NFL [119]
1439-1441 o(CH;/CH3) Galactocerebroside [154]
1458-1464 :"C'(’g;é(f"”’ AC=0). Galactocerebroside, Glucose, IL-18 [182-184]
aroe =
1603-1608 v,(C00"), »(C=C), »C=0) S1008 [119,138,185]
1672-1676 o(C=C) Galactocerebroside [144]

[L-18 is a pro-inflammatory cytokine, produced by microglia and stored in the cytosol
as an inactive precursor (Figure 4e) [105]. The most representative fingerprint peaks of IL-18
are identified at 1259-1261 cm !, from the amide I1I stretching of C-N and bending of N-H,
specific to proteins [177,175], and a sharp peak at 806 cm !, assigned to the protein specific
symmetrical stretch of C-N-C bonds [112]. 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 [106,186].

Finally, the NFL marker has been shown to play a role in maintaining the axonal
cytoskeleton [107], 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 [105]. 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 [109]. This marker exhibits a characteristic spectral fingerprint consisting of
sharp peaks (Figure 4f), with the most prominent at 891-893 cm !, due to srmmetrical
stretching of carboxylic acids and C-C bonds [167,165], and the 1321-1323 cm ', attributed
to CH bending and CHj twisting modes [179,180].

Further to the spectral assignments of brain-specific molecular species, it is of impor-
tance 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 environments such
as the body fluid or brain tissue) to gain more information and in conjunction with multi-
variate 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 5).
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Figure 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 (vellow). (p < 00001, one-way ANOVA) N-Acetyl-L-aspartic acid (NAA); Glutathione
(GEH); Neuron-Specific Enclase (NSE); Glial fibrillary acidic protein (GFAP); Ublquitin carboxyl-
terminal hydrolase isozyme L1 (UCHL1); Interleukin-g (IL-6); Interdeukin-18 (IL-18); and Meurofila-
ment light chain (NFL).

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 emploved
in conjunction with Raman spectroscopy detection and analysis [1587,1858]. 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
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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 5). For the majority
of the biomarkers, within the experimental error, there was no significant difference in
the identified peak ratios when varving the excitation laser except for GFAF, sulfatide
and glucose (p *** < L0001, one-way ANOVA), which had the largest variance per phase
group, with sulfatide having the highest variance of the entire cohort (¢ = 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, UCHLI, cardiolipin,
and IL-18 exhibited the lowest variance within their corresponding phase group, with the
lowest overall cohort variance found to be for UCHLI (o = 0.000164) with the highest peak
agreement amongst the four excitation lasers.

4. Current Challenges and Future Outlook

Orwerall, 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 identi-
fied 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 TBl-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 TBL, several limita-
tions and 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 TBls, providing
the opportunity to target specific biomarkers, animal neuromarker models, however, can
occasionally recapitulate only parts of the pathology observed in human TBI [155-194].
Recognising the opportunities and limitations of translational biomarkers is therefore crit-
ical 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 be-
tween central expression of TBI pathological markers and peripheral examinations, which
could subsequently be used for diagnosis and evaluation of treatment efficacy. Mevertheless,
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 informa-
tion, 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 [189,1%0]. 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. [195]) and represent an important approach to exploring the transla-
tional 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
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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-Al techniques, refs. [196,197], 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 TBls. Indeed, considerable research
in recent years has focused on potential biomarkers to improve 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 UCHLI measured within 12 h of injury, forming
the basis of the first FDA-approved TBI test for triaging the need for CT scanning [198].

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 [33,35,36,199 200]. 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.

5. Conclusions

A Raman spectroscopy fingerprint library has been generated for a large cohort of
TBl-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 mark-
ers 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.

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
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proportion of patients with moderate /severe TBls 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
binchemistry 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 TBL

Supplementary Materials: The following supporting information can be downloaded at: hitps-/ S
mdpicom farticle,/ 103390/ cells1 2222580 /51, Figure 51: Spectra of raw and recanstituted acute TBI
biomarkers.: Figure 52: Spectra of raw and reconstituted sub-acute TBI biomarkers.; Figure 53:
Spectra of raw and reconstituted Chronic TBI blomarkers.
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Portable disgncte devies

The development of an optical interface to directly distinguish the brain tissue’s blochemisiry is the next step in
understanding traumatic brain injury (TBI) pathophysiclogy and the best and most appropriate treatment in
cases where in-hospital inracranial access is required. Despite TEI being a globally leading cause of morbddity
and martality in patients under 40, there is still a lack of objective diagnostical tools. Further, given its patho-
physiological complexity the majonity of treatments provided are purely sympiomatic without standardized
therapeutic targets. Our tailor-enginesred procotype of the intracranial Raman spectroscopy probe (Inra-REP] is
designed to bridge the gap and provide real-time speciroscopic insights o maniior TBI and s evoluton a well
as |dentify patient-specific malecular targets for timely intervention. Raman spectroscopy being rapdd, label-free
and nom-destructive, repders it an ideal porable diagostics tol. In combdnarion with our in-bouse developed
software, using machine leaming algorithms for multivariate analysis, the Intra-RSP is shown to acoarately
differentiate simulated TBI condidons in rat brains fram the healthy controls, directly from the: brain surface as
well as through the rat’s skull. Using dinically pre-established methods of cranial eniry, the Inim-RSP can be
Inserted into a 2-plece optimised cranial bolr with integrated focussing and correctly identify a sample in real-life
conditions with an acouracy =80 %. To further validate the Intra-B5F's efficiency & a T8I moniioring device, rat
brains mildly damaged from inflicted spinal cord injury were found to be comectly classified with 94.5 % ac-
curacy. Through optimization and rigorows és-who validation, the Intra-RSP pmml].'pe is envisboned to seamlessly
Imtegrate imo existing standards of neurological care, serving as a imally | e, dn-sim
toal. This imnsformative approach has the potential © revolustionize the lmdsclpe of neurological care ht_r

prowviding clindclans with unprecedented insights into the nature of brain injuries and fostering targeted, tmely
and effective therapeutic interventions.

1. Introduction

et al, 2017; Mowbray et al., 3021). Considering the long term rishs of
developing further permanent neurological disorders, TBI has not only

Traumatic brain injury (TBEI} is a global health issue affecting af least
half of the warkd's population during their lifetime and is one of the maost
comman causes of death in those under the age of 40 (Maas e al., 2017).
The non-conformity of TBl symptoms amd the current diagnostic tools
render the preciEe diagnogis and monitoring of the extent of brain
damage untimely and highly subjective to the healthcare professional’s
apinion. Without understanding the precise degree of TBI severity and
with no standardized therapeutic targets, the inferventions and treat-
menls are predominantly focusted on symptomatic patients (Galgano

'I.u:'n. resulting in life changing complications, but also in a significant

Development of applicable, timely, and cost-effective v and
paint-of-need triaging and monitoring tools i, therefore, of a vital
:i.mpm'r.a.nce o address the current unmet need with TBIs (Mowbray
el al., 2021). 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 severe TBIs (sTBI), the
entire brain can be affected by a life-threatening widespread swelling
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and major changes in bioch I state. O ly, the clinical dard
ofcmrtrolvahcwﬂymmdmgvhunglhemmmalmndmm
y injuries (Galgano et al, 2017), and hence,

Expertovental Newelogy 382 (2024) 114960

2023; Cordero et al, 201& Banbury et al., 2020; B.mllun et al, 2023).
In this inelasti the 4 ph yield a

hghlyspeuﬁ:manmugy"‘ '_rllhc lecular i ions (Long

mmnglbcmmmnhlmﬂ@)svimlwﬁem :md Loag, 21!02:hun i 2012), g ing a unique fingerprint
mmaﬂmﬁmdmﬂﬂol&mthlhehmh ! isting of R: peaks. Decoding the highly specific peaks,
cases of STBI, & in ICP are modi ion of 4 pr '...o(thc ) mlmdndmmﬂumbliﬂwd
amdmﬁymbmnpnmd:ym(\-nuh 2008).1!:: jal 1 b des of TBI bi rkers can, i

ists of approxs dy 83 % brain tissue, 11 % cere- hnxhummthemmednﬁmaswdlammnmind:nmoﬂhe
brospinal Auid (CSF), and 6 % blood enclosed in a pandable area extent of damage and progression induced vie brain trauma.
by the skull (Galgano et al., 2017). hauunmyo(lhaampomnn Ik-mm, building upon a seif-tapping cranial bolt, an Intracranial
past TBI triggers a ponding d in to R ,,mnmm)umpm«tvﬂnchnmlm
the ICP, Mmthmbangmmmﬂmmemmbe dm;nedbbeaﬁlym:egnledmmthe isting pr
relocated to the spinal theca to maintai distribution of ox- (Fig. 1), and sub ployed to valid the d ion and
ygmﬂymbmwmmmemnhmymmkﬂ tnckinxuhpamlofmm:wve k iding live feedback
to devastating dary injuari quiring 1 aid from caregi mmepalbphyﬂobyofﬂlmlhemm;mm To simulate
such as, the d pressi i y (Senith, 2008). More effective desgah&hmhbmqﬂ.mmmm
diagnosti itoring, as well as interventions and of TBI prosp bi kers of TBI including Gh Myo-l I, Serine,
prlmry'," could be "‘vinﬁmely‘ ion of TBLinduced Glutathi (@H},GhalF:bnlhryAadkPmmn(GFAP),SlOﬁBmd

T Y PG

the extent of damage which for
:hﬁmmggsuﬂmmtycfuywyhavebmﬂmnmbemm
serum, CSF or brain p h as indi for vascul boli
and axonal d:smpmnsas well as tissue inflammation (Jallob ef al,
2015; Vespa et al., 2003; Haris et al, 20115 Ashwirl et al., 2004; Lopez
Gambero et al,, 2020; Tapanes ¢t al., 2022; KXoz and Linseman, 2019;
Khatri et al., 2018; Shahjouei et al, 2018; Yang and Wang, 2015; Tzeng
et al., 2005; Gayal et al., 2013).

C iy, R: py (RS) has been emerging as a
muve,nnndmmmdhbdﬁte ibeati analylial

hni ly gaining a surge in popularity for its p

mmdnpnﬂcdmmduahhlyln&xenmlevdsdmxm
(Mowbray et al., 2021; Harris etal,,

of i within mi

Ubiquitin C-terminal Hydrolase L1 (UCHL-1), (Table 1) sedected due to
their bi patibility, g a ive panel and are inserted
mtodndmbmmhemﬂngdmgsnlhehunsmw
ronment post-TBI have been studied in rat brain models, detected in-siti
via the engineered Intra-RSP. Further to validation in spiked rodent

brains, we have acquired and analysed a cohort of comp 'y spinal
wdmmrdtsmmhan&hypoﬂumﬂmdmmemmtyd
the 1 nervous system, a tic event 1g on the spine will

also be reflected in the brain, as a milder injury (Iains et al, 2003;
Klapka et al, 2005, Wu et al, 2014). 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
If-optimizing Koh index k (SKINET). SKiNET acts as a

B
!@‘:r
©w
-
©
o~
i
3
25
Y —.“.
12 Ivl e{o
Fig. 1. Portable | Raman Sp py Probe Overview. (A). Internal structure of the probe, consisting of p ly aligned combination of two single

ﬂhu(lmumwunnﬂhne.mopmcdlmﬂouﬂhm)wlﬂlmmﬂsmmmMNAonwsMawﬂmmhawpwmwm
e and quartz spectral contributions from both Input and outpat ﬂlns(o.n > 8 at laser line) (loc und RamanProbe 1L, 20222). (B). Characteristic dimensions (mm)

d:heptnhehud.mudngwuhlhemnhlm“ d by

of the d Intra-RSP handheld setup,

dard cranial access during larger cranlotomies (Toois, 2023). (C) Aerial view

ding probe, Raman spectrameter and 785 nm laser.
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Table 1 of Bi Animal and Ethical Review Board (Ethics Ref
Prospective THL b rkers and their physiological effect following trasma. PP3851114). Nine brains were removed from the skull, while six were
Biomacker TEI Bffect kept in the skull with the back removed allowing visibility to the brain.
v——— = Twnlmemarkermlmm(BSlmdN!)mprqandwﬁhBSl
£ eneegy, which with low bactate: ghaose rasa ding, Gl Myo-Inositol, Serine and GSH and BS2 consisting of
correlatod with poor oucomes (Lalioh o1 4l 2015 Giwon Myn Innstol. Serine, GSH, GFAP, S1008B and UCHL-1. The
Viespa et al., 2003). were injected in two § ata 1.5 mm depth into the brain
MMNanmnﬂdpﬂﬂm for both the d and posed brains, th h the back of both
Myo-Dsssivol mmm-:’-uum:mm ical hemisph yielding a ph TBI (Dung et al, 2016).
damage (Hucts et al., 201 55 Ashwal o1 4l., 200 Lipes- Refi TBI bioemarkers were dissolved in distilled water (18.2 MQ)
Ganbiern ef al, 2020). generating a solution of 1 mM according to the data sheets supplied by
R gial cells syechesise serime when the facturers. These were dissolved for 20 mins and subsequently
z:;“m“mmw““‘z 3 pL was pipetted onto an aluminium slide and dried at room temper-
_ iagelé duchaid 1 a MAgpecaasem (s it o ature, as described in Ref. (ifarsis o6 al., 2023).
2012).
GSH coaversed 1o oxidised foem 10 regulie froe 2.3. SCI rat brains
radicads in the beaia thes, depleting GSH resources. In
extreme maore free radicals are
Ghuachione (GSH) focmed aad the lack of GSH fanthar & e besk N SClwamnimdby.aﬂhbammmfmSmgue-Dn:vkynb
aad neeross (Rozs and Linsemas, 2019 Kl et ol surgical i in which a laminectomy at thoracic
201). lﬂtlswuperﬁomzdhdmekhebihtualmnhm;dlh:dnmlmlm
. Jacals i GFAP express Ay using h ps, as described in Stevens et al. (Stevens et al.,
a:mm.‘gm‘“* w"’ﬂmu:m"m: :::dv?:..l:, iy 2024). ﬂwhammtmtddtmedayspoﬂin;rymﬂstmda!
2008). — ) S -80 *C. These were licensed by the UK Home Office and approved by the
Slmﬂwmvl“hﬂh University of Birmingham Animal and Ethical Review Board
S1008 d diemage and (Ref. PP3851114).
(“M(lmn‘lﬂ al, 2013
Incressed foBowing weonal dassige 10 aid in removad o P
mm.n of damiged and defective asonal profeiss (Sdjeurd 24. pectra acy and analy

e al, 2018),

framework for multivariate analysis, simultaneously providing i)
dimensionality reduction, i) f and iii) multickass das-
sﬁcanon(li.mbu.\ etal., 2019 Kohonen, 1982) by performing a visual
to identify the g biochemical differences between
chsa.Tbeoupuny:ddanpdmdacmnm:hmﬂmun.mfa
low kaser powers and short acquisition times, representative of real.
wari! tundnionx. SGNET's supenrad learning, in conjunction with
its itation for rapid and accunle

- ) P

Ai ic and pr i cea b via the inh 1f.

Al

The optimised prototype 3D prints of the Intra-RSP were manufac.
tured via Ultimaker2+ 3D printer, employing 2.88 mm poly-lactic acid
(PLA) filament. Brain spectra were acquired using the Intra-RSP con-
sisting of an InPhotonics probe Il coupled to Ocean Insight's QF Pro-

and a LuxxM; R Boxx (PD-LD) 785 nm
laser(h;. 1C). The applied laser power was set to 40 mW, with 30s
acquisition time and 5 accumulstions for the full spectral range
(100-3000 cm ™). Training samples for SOMs were acquired with the
probe attached 1o 2 clamp stand to optimi To validate the

P

SOM.ustspemmatquimdmaqgml-spihdmbrnminam

mps(SOM) Thxsnsuluinvunally muuuvezbdnstmngbaudm
injury state. Additionally self-org g map discrimi index
(SOMDI) efficiently identifies the specific spectral features of impor-
tance, representing biochemical changes which mast contribute to the
observed clustering in SOMs (Kohonen. 19625 Loyd et al, 2009; Won
gravee ef al. 2010). Herein, the integrated SKiNET with the Intra-RSP
successfully and rapidly distinguishes b TBEsimulated and SCI
rodent brains from healthy control cohorts and carrectly identifies and
classifies brains from a simulated in-situ model. These collectively lay the
platform for translation of lhe devdupd lu:hnnlugy to real-world clin.
ical point-of-need £ | di and mnnsn:
applications along with devel of new th inter

Lo L

2. Methods and materials

2.1. Materials and biomarkers

lated 'y 18, nsngamoddsknllandacrmidbokpmto-
type (Fig. 1B.C). Ref TBI biomark ired, as
described in details in Ref. ([ Larric et al, ”U"S).Bmﬂy,ﬁnmmg7&5m
excitation kaser (InVia confocal Renishaw) at the ¢
mmgmdnnmmuemuﬂedmmmmaqmsimﬁmed
10s and 5 accumulations under a x50 objective lens.

2.5, Multivariate data analysis and Al classification

The raw data has been truncated to 250-2000 cm ™, baseline sub-
tracted, mrmdhcmmnygmduprmldamavaue
spectrum. A detailed multivari lysis was perfi d vig SKiNET
(Banbury et al., 2019). For each cohort, amdlwmmmpﬂ
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 (Lek and Pack, 2008), as number of spectra input
equal to the number of neurons, and ran with 10,000 iterations at a
learning rate of 0.1 with learning vector quantization (LVQ) enabled. To

Gl (Cambridge Biosci CAY23733-50), Myo-Incsitol
(VWR International, Al350622) oSerine  (VWR Interational,
312-84.5), GSH (Merck Life Science Limited, YO000517), GFAP (Gen-
eron, C227-10pg), S100B (Cambridge Bioscience, HY-P70659), UCHL-1
(Generon, 6B9379) were purchased and used without purification.

2.2. Spiked brains sample preparation

Healthy Sprague-Dawley rat samples were sacrificed and stored at
.80 °C, licensed by the UK Home Office and approved by the University

! ine the efficacy of the probe, a sep maAp was d using
&mBSlsp&edlmumplsﬁumﬂnmddskuﬂmsaddmmd
test spectra into a SOM ing 100 % training data isting of

contral, 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.
2.6. Finite element analysis

C o

| modelling and finite element analysis was conducted

L
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using Autodesk Pusion 360 to assess the safety and robustness of the balt
design. The Simulation, Static Stress option was employed to conduct
the study and calculate the safety factor and stresses (Mowbray et al,
2021). 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 among them, to model the torque exerted by

Expertmeniad Newology 382 (2024) 114960
3. Results and discussion

The Intra-RSP device internally consists of two single co-axially
aligned fibres (Fig 1A) with a 100 pm excitation fibre and a 200 ym
collection fibre, filtering and steering micro-optics, N.A. 0.22 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 (loc and RamanProbe 11, 2022). The probe is coupled to a 785
nm laser and a portable spectrometer (Fig. 1C)L A model skull with a

the tightening clip. The model Il was hed with the defaul
settings, while the thin plate between the main body and the thread was
meshed with the opticn “local mesh contral” set to “fine”, giving mesh
elements with a size of 0.049 mm.

pr ive operative configuration, featuring the probe head and 3D
printed self-tapping cranial bolt and was validated for clinical applica.
tions, inserting the probe into the site of interest, and acquiring in-situ
measurements. The cranial bolt has been initially designed via Autodes)
Fusion 360. Iterative testing and refi of the 3D printed compo-
nents were conclucted using a model of & human skull, which featured a
hole replicated with the same drill geons during a

ployed by

000 M

Fig. 2. Schematic of (A) cranial balt with a (1) side view cross-sectioa, (1) top view, (ilf) top-angled side view and the correspoading (B) focusable peobe sleeve with
its (1) side view crosssection, (1) top view and (1lf) top-angled side view. (C). Top/side (1) Intersection, (1) top and (11} bottom/side view of the bolt, with stress
indicated in the model. The higher stress occurs in an extremely narrow regton where the outer thread meets the narrow plate connecting to the body and Is

not visible.
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craniotomy o ensure accuracy (Fig. 1BC). During post-TBI surgery, a
craniotomy site B typically created wa a disposable clutched perforator
drill, which to prevent the surgeon from drilling into the tissue, alkwws
for an internal ledge, providing a change in geometry throughout the
site.

The cranial balt & a key part of the development of the Intra-RSPs
function. The bolt & hand -placed and self-tapping using the tapping toal
(Fig. 2A), providing stability and allowing for the probe sleeve o be
inserted at & user defined distance for the purpose of fooussing it onto the
brain surface according fo its distance from the skull, depending on
potential neuroinflammation. Rigorows testing and adjustments were
made 1o guarantes the precision and functionality of the canial bolt in
simulating the real-world conditions. Simulstions were performed for
titanium 6Al-4 V and nylon 6, based on their biocompatibility and
avadlability as feasibly reproducible materials. The figures of merit are
summaarised in Table 2, where titinium shows a minor maximum
displacement and a large safety Eactor even at high torgques.

For a torgque of 0.8 Nm, building upon our initial bolt prototype
(Mowbray et al., 2021), the sfety factor has been reduced by 8 % from
11.58 to 10.68, due to the thinper connection betwesn the thread and
the main body of the bolt, where the stress is highest (Fig. 2C). The
thinmer section is essential in this design o 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 perfor-
manee [Ward et al., 2002). The maximom displacement describes the
total movement from the original coordinates 1o displaced position
when a load is applied (Kim et al., 201 E). The 10.69 afety factor is well
above 3 (considersd safe) or = 1 (considered as a breaking paint) [Sofeny
Joctor result Aurcdesk, 2024). Far nylon, the fracture point reducesd
significantly from a torgque of 0.96 Nm o (L6E4 Nm. To achieve a
minimum safety Bactor of 3, the maximum supported torgque is only
0228 Nm. This indicates that for the optimised balt design, nylon does
not canstitule an appropriate option and titanium is chogen as the maost
suitalde, safe material.

To test the ability of the handheld Intra-RSP to distinguish between
TEI brains amd control cohorts, two biomarker solutions were formu-
lated, the BS1 solution containing Glocose, Myo-Inositel, Serine and
GSH and the B52 containing Glucose, Myo-lnositol, Serine, GSH, GFAP,
S1008 and UCHL-1. Both solutions contained four identical biomarkers,
to further enable the evaluation of the probe's specificity. Representa-
tive mean spectra of each omarker in solutions BS1 and BS2 (Fig. 34),
vield the fngerprints of the candidate signature spectral bands for
further identification within the spiked samples (Fig. 2B) (Harris et al.,
23],

MNotable spectral differences emerge among the three rat brain con-
ditions {Fig. 5B), particularly in the 650-B00 cm™", 1100-1250 cm ™"
and the 1500-1675 cm~? regions. The distinctions between the TBI
biomarker spiked and the control coborts are validated wia the subse-
quent SOM chestering (Fig. 1D} The SOM clearly defines distinct areas
for each cohort. When only inputting the benchtop recorded healthy
control and spiked braing, the S0M clusters the groups to an accurscy of
92 B 0,04 from randomly selected test spectra (r = 60), validating the
potential to pick out biochemical changes in the immersed environment.
Fallowing the validation of differentiating spiked brains, specira were
subsequently recorded through a mode] skull using the optimised cranial

Tahle 2

Ohtputs from finite element analysis inchading torgue and the corresponding
safety factors for titanium and nylon.

Manerial Tooeqe: &t JEpe— Sriss Safiery
Fraciese [Nm]  Displacement [sm]  [MPa] Fartin
Titanies 0.8 e &255 1060
BAL-4 Y L& 0.4 1651 5.35
Nylen & 0.228 035 75 2.00
[.684 0075 05 1
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balt as a validation of the device performance. The tested BS1-spiked
samples SOM exhibit a correct classification with an accuracy of 80 %
+0.21 (Fig. 30). Further ingsights through SOMIN scores (Table 5 and
Supporting Information §1) quantify pivotal peaks responsible for
differentiating between the spectra in Fig. 5B, The scoring astigns a
value 10 each Raman shift according to its influence in the acquired
specira. Identifying characteristic features of a group enables further
comparison of the differences in relative intensity of dominant peak
ratios (Fig. 3C).

Relative intensity ratios between Raman shifis are used to identify
changes within ples using R spectra. A significant increase of
11 % in the relative intensity ratios for the 414 and 549 em ! wave
numbers (Fig. 2] is observed between the B52-spiked and the contral
brain spectra, (Fig. 3C) indicative of a gr presence of skeletal C=0C
lipid bonds and C—5 bonds from cysteine residues, which are repre-
sented by these peaks, respectively (Socrates, 2004 Cysteine levels are
foumd to be increased in the BS2 spiked brains due 1o the amino acid’s
presence in the GSH, GFAP, 51008 and UCHL-1 neuromarkers, all of
which are biomarkers included in BE2 (Meister and Anderson, 1983;
Jersen et al, 1985; Kajimoto ef al., 1992 Reeves ef al., 198%). Within
BS1, only GSH contains C—5 bands related to the 540 cm™ ' Raman shift
{Table 2). Both the 549 and 414 cm ! wavenumbers are more prevas
lently being pécked up by Intra-RSP in the healthy control brains than
the BS1-spiked braing, as demonstrated by the 1 % decrease in ratio
intensity in the BS]-spiked brain spectra from the control (Fig. 2C) as
wedl a5 by the lower SOMDI scoves for both 414 and 549 cm ™ (0U77 and
04D, respectively]) in contrast to control (0.84 and 0.47, respectively)

able 23

The relative difference in intensity ratios for the 1658 and 1440 cm ™"
{Fig. 3C) between the BS2-spiked and the control bradn spectra further
shows a significant 7 % increase (p < 0.05). This is consistent with the
addition of Amide [ bonds to the brain, stemming from the secondary
profein structures of the BS2 biomarkers (Galli et al., 2015 Timchenko
el al., 2015} Despite the abgence of lipids in both biomarker solutions,
{deliberately omitted due to the need o exclode sample-damaging or
Raman active solvenis), SOMD soores (Table 3) indicate that these
bands bath play a significant role in distinguishing the spiked spectra
from controls, in correspondence with our previous studies where these
were established as TBl-indicative candidates (Mowbray et al, 2021;
Surmacki et al., 2017). The equally high SOMDI score of 0.90 for the
1440 e~ band in both the BS1 and BS2 spiked brains { Table 3) could
be chse to the RS ability to more readily detect lipids compared to pro-
teins and nucleic acids due the abundance of palarizable C—H and C—C
bands.

Furthermare, both the CH, rocking, detected via the B50 em ™" band
anel the C— stretching of aming acids, detected via the 933 em ™ band
{Fr el al, 2017) are identified by SOMIN as characteristic in differ-
entiating the BS2 spiked brains spectra, the BS1-spiked and control
brains, with scores of 0.56 and 0,24, respectively [Table 3 In contrast o
the un-spiked brains, those spiked with BS1 and BS2 found to exhibit a
lower relative intensity B50,933 cm'l ratio by 14 % and 37 %,
respectively (Fig. 5CL

Similarities between the TBl biomarker spectra (Fig. 3A) and the
béomnarker-spiked brain samples (Fig. 5B) have been identified at the
805, ES0, 933, 1004, 1130 and 1660 cm ' Symmetrical C-N-C
stretching at 805 em s mainly a contributing factor of the BS2 spiked
braing, with a SOMD] score of (.45, directly linked o the higher probein
ooatent, [Socrates, W004) which is characterstic to UDCHL-1, p-Serine
and GSH biomarkers (Fig. 3A). The increase in the B50 em ! SOMDT
weight in BS2 ssmples relative to contral and BS1 (Table ) is attributed
10 the rocking of CHz bands in proteins from leucine, determinative of
UCHL-1 (Fig. 3B) (Freire et al., 2017 This biomarker is present anly in
the BS2 solution, this renders the 850 cm ™' as a potential predicative
band of axonal damage observed through the presence of UCHL-1 past
TEL On the other hand, the S100E, which is only present in B2, exhibits
a characteristic feature peak at ol em (Fig. 3A) (Harris et al., 2023)
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Fig. 3. Rep iwe average superimposed spectra af (A) individual TBI biomarkers present im BS1 and BS2 solurions including Glucose {dark blse), Myo-Inasitol
{orange), Serine (grey), Glutathione (G5H, light blue), Glial Fibrillary Acidic Protein (GFAP, dashed pink), Ubiguitin C-terminal Hydrolase L1 (UCHL-1, dashed
green) and 51008 (dashed red). Solid line spectra represent biomarkers present both in B51 and B52, dashed line spectra are indicative of blomarkers exclusively
present in BSZ (B). Averaged Raman spectra of control (green), BS1-spiked (red) and BS2-spiked (bue) brmins with the highlighted Raman peaks a1 414, 549, 850,
938, 1440 and 1658 om " of key markers in the evaluation of (©) the relative differences in intensity ratios between the 54% and 414 cm~*, the 933 and 850 cm ™" and
ke 1658 and 1440 cmy 'pﬂksfcl'lhtl.‘il (red) and the B52 (bue) versus contrals. (). SOM clustering the charactenistic features of each cohort for BS1, BS2 spiked
hrains and controls including the training data (circles) and the three BS1 test spectra (white stars). The 508 classifies healthy controls, BS1, and BS2 brain specira
correctly toan accuracy of 92 % +0.04, and the BS1 brain spectra recorded through the model skull with an accuracy of B0 % =0.21 {"p < 0,05 and **"p < 0.0001,

student’s ddestl (For P jom of the red:

&5 1o calowr in this figure legend, the reader is referred to the web version of this aricle )

Table 3
S0MIM scores for control, BS1 and BS2 brains with the corresponding assign-
ments of the identified characteristic peals.

Raman SOMDI Seoores Assigmmisr Relferenc
Basal T —
Contsl BSI  ES2

[ema")

267 046 038 046 m'*"‘::‘ (Boek &1 &1, 2020)

a4 0BE 077 O7E  wedC-0) (Suerates, J04)

az 066 058 058 wedC-0) (Suerates, J04)

58 047 04D 048 HC—5) (Suerates, J04)

612 044 031 D4R w-O-CH) (Suerates, H04)

673 030 03F 050 e0-0) 004

716 038 03% 040 wio—N) 1)
w{O-PO), (Seranes, J004;

BE Bz a3 ods T -

850 038 037 050 plCHD (Fe al, 30

857 038 034 052 RCN-O) (Suerates, H04)

o1 036 039 044

1004 045 039 050

1064 048 038 054

1129 051 039 @55 [0—CL Synytsys ef al., 004;
Faad C— O alsars of al, 2037)

1191 046 034 047

1267 080 077 Q87

1302 03 01 o8

1840 070 080 000 SCH), sCHs)

1554 038 033 043 ENHD) (Suerates, J04)
B C—CL ¥ (Socrabes, 204: Tay

1580 037 039 o4
o) sl 01T

1658 078 084 081 WO-0LWe-0)

M15)

v = streiching; & = bending; T = rwisting; p = rocking; s = symmetric; arom =
aromaiic; skel = sheletal.

for which the BS2-spiked brains are found to exhibit the highest scores
compared (o the controd and BS1 (Table 3). The greater SOMD soore for
the B50 and 933 cm~! peaks in BS2-spiked brains, and these Raman
shifts relating to biomarkers only present in B52, demonstrate the
probe’s ability to detect simulated change in a complex biochemical
environment. Further bands st 1004 amd 1658 m':,mln pro-
tzins, are attributed to the aromatic stretching of C—C bonds in the
phenylalanine R group and the stretching of C=0 bonds in the Amide [
group, respectively (Galli et al, 201% Timchenko et al, 2015
Guimaraes et al., 20068 A lower SOMDI score for BS1- spiked brains
compared to contral and BS2 spiked brains to the 1004 cm ™" S0MDI
seore could be a result of the introduction of additional bi foers mot

ESZ

Furthermaore, the Intra-RSP probe was validated on unexposed rat
braing, examining the brain directly through the skull To ensure a
uniform coverage, these were spiked with BES2 in two locstions, once
into the left cerebral hemisphere and once into the right. The skull itself
wis found to exhibit a sharp Raman spike at gﬁncm" (Fig. 44), due 1o
the high density of POy in baones (Ishimara et al., 2008 Nyman et al.,
20110 A complete separation is detected between the rat skull and the
transcramial brain (TB) (Fig. 4B), with each test spectrum correctly
identified on the SOM (99 % + 0.03), indicating the unprecedented
intracranial spectroscopy capability of penetrating the thin rat skull.
Whilst the baseline subtracted spectra in Fig. 4A appear to show similar
petks at vastly different i ities, the normalized spectral data (Sup-
porting Information 2 A) reveal Raman shifts primarily in the G0d0-80d0
em”" region for the TE, which are absent in the soull's spectra, repre-
sentative of brain. Rat brains were subsequently spiked under the skuall
amd spectra from these were acquired for comparison (Fig. 4C).
Although a general homaology i geen in Raman shifts, SKINET suooess-
fully extracts the characteristic features, distinguishing the transcranial
braing from spiked transcranial braing (sTB) with a clasgification accu-
racy of 92.8 % =0.06 (Fig. 4D). Ultimately, the probe in conjundion
with SKiNET (Fig. 4) demonstrates the capability to detect subtle
changes in sample conditions without the direct exposure, which may be
used as a crucial stepping stone into less invasive animal testing as well
as paediatric TBI stdies and technological developments.

To Further assess the probe’s ability to separate the various classes, a
comparative analysis between brains extracted from SCI and uninjured
rats was carried oul. A aumatic injury o the Spine can ciuse neuro-
inafl tion and neurodeg ion in the brain, observable through
axomal degeneration and cellular shrinkage, effectively simulating a
mild TBI (Hains et al., 300% Klapka et al, 2005, Wu et al., 2014). Fig. 5
establishes the probe’s capacity to differentiate between the left cerebral
hemispheres of rat brains with injured spines versus the healthy controls.
Whilst the average spectra (r = 100) for each cohort (Fig. 5A) show a
homology for control and SC1 injured samples, the relative intensity
ratios (Fig. 5B) exhibit certain differences. Firstly, the kipid 1o protein
ratio detected vio the 1444 and 1661 em™' bands, (Mowbray et al,
H21; Surmacki et al, 2017; Movasaghi et al., 2007) are found to be
significantly increased (p < 0.05) in the SCI in contrast to the uninjured
rat brains. This is in correspondence with the previously observed
increased presence in lipids following damage to spinal cord e (Wo
el al, 2014 Furthermore, the relative intensity ratio between the 533
arsd 409 cm ' peaks is found to be decreased by 44 % in 501 compared to
the uminjured brains, indicating an alteration of the disulfide bond
cancentration due to the changing levels of protein in the SCI brains
[Socrates, 2004} There is a further 50 % relative ratio decrease in the
1004,/864 cm~ peaks between the control and the SCI brains, attributed
1o the phenylalanine residues and backbone peptide bonds (Pezzon,
215 Guimaraes et al., 2006). Collectively, these detected changes not
anly cement the probe’s ability to detect mimuate biochemical post infury
variations but also establish the detection of the pofential damage and

oontaining phenylalanine, consequently overshadowing the significance
of this particular protein peak for characterising spectra of the BS1-
spiked brains. This is further shown in Fig. A, in which the highest
peak at 1004 cm ™" is produced by S100B, a biomarker only present in

P dysregulation oocurring in the brain a5 a result of 5CL The
identified changes are found o be congistent throughow the analysed
samples (n = 100) (Fig. 5C)

The additionally detected Raman shifts at 1213 and 1553 cm ! are
attributed to Haem groups in deoxygenated cells (Table 4 and
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| Brains. (A). Analysis of the average spectra (n = 100) of raw skull (green) wrsis beains without remaoval of the skull (bloe), &
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entiation of skull and skull covering rat brains with an accuracy of 99 % = 0.03 (C). Average spectra of spiked transcranial brains (sTB) (red) splked with BS2
salution versus T8 (blue) with the correspoading (D) SOM with an accuracy of 92.8 % =0.06. (For Interpretation of the references to colowr in this figure legend, the

reader Is referred to the web version of this anticle.)

Supporting Information $3) and the lipid C=C stretching and protein
NHS bending, respectively (Socrates, 2004; Palings «t al, 1987; Wood
e al, 2007). The corresponding SOMDI scares exhibit a greater
importance in SC1 rat brains (0.60 for 1213 cm~! and 0.63 for 1553
cm ') relative to contrals (0.53 for 1213 cm ! and 0.39 for 1553 em™*)
(Table 4). These are indicative of a higher level of hypoxia from the
injured rats (Wood et al, 2007; Doshi et al, 2015). Characteristic peaks
at 688 and 1377 em ', attributed to the stretching of C—S bonds in
cysteine and carboxylic acid from amino acids, respectively (Socrates,
2004; Pezzotti, 2021; Marekha ef al., 2015), are found to significantly
contribute to the classification of SCI samples (Fig. 5C), showing an
increase in protein content, which is in correspondence with the study
by Wu et al. as a response to spinal cord traumsa (Wu et al., 2014). This
further validates the probe’s ability to rapidly detect, and in-situ differ-
entiate the biochemical changes within the brain's environment, with an
mdﬂ.s%*mtlmammﬂlﬂﬂm"m
the 484 and 533 am ! arising from the disulfide bonds, the 1004 cm~*,
attributed to the aromatic C—C bonds from the phenylalanine R group,

the 1661 cm ', attributed to the C==0 stretching of Amide I groups and
the 1258 cm ™! from the Amide Il group are all found to be lower SOMDI
weighted in the control relative to the injured coborts (Talble 4),
collectively painting to the oocurrence of protein accumulation (Wi
et al, 2014; Socrates, 2004; Galli et al., 2019; Timchenko et al, 2015;
P i, 2021; Gui et al., 2006 Tong et al, 2019) past beain
trauma.

Finally, the correlation between the SCI brains (Fig. 5A) and the TBI
indicative biomarkers (Tuble 1) can be established. The acute phase
respanse and neuroinflammation are identified through the detection of
interdeukin.6 (IL-6), exhibiting characteristic Raman shifts at 549, 1128,
and 1066 em ™~ (Harris ef al., 2023; Kumar ef al, 2015). IL-6 is typically
undetectable in healthy brain tissue, is upregulated as a result of trauma
for neuron salvation (Schetr, 2018). An increased S100B presence in-
mmmwmannnmwﬂm

i shifts p in the SCI brains at 938, 1066, and 1128
cm*, all exhibit higher SOMDI scores far the injured (0.52, 0.64 and
0.62, respectively) compared to the controls (0.38, 0.48 and 0.52)
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Fig. 5. Spectral Brain Analysis of SC1 Injured Rodents. (AL Rep

age Raman spectra of SCI injured (arange) rat brains versas the uninjured control
mw).mmmww»mmﬂ)ﬂ:mu-‘*

ty ratics b

injured and uninjured rats usiog 533/409, 1004/864

and 14441661 cm ' ratios. Error bars present the standard error. (Cl&umdmmmhﬂmum)nsamﬂ(mlm

cles) and test

data with an accuracy of 94.5 % =0.03. (*p < 0.05 and **"p < 0.0001, student’s z-test). (For P e

mhnhmsﬁ;melqend.mem&rumkndmhwdnmd&hmkh)

(Table 3) (Nishiyama et al., 2002). Shifts at 1066, 1128 and 1300 em™!
are shared in common to both the SCI brains and sphingomyelin (with
roles in cellular roles regulation and brain myelination (Alewsenho and
Albi, 2020)), gangliosides (which if disrupted, cases neuro
de;ener&iun (prumr el al, 2020)) and sulfatides (which affect mem-
ies (Takahashi and Suxuki, 2012)) (Harris et al,
mzz) The 1066 cm " band is particularly indicative of GFAP, which if

enable real-time monitoring of the evolving injuries post TBL
4. Conclusions
Herein, we design, engineer, optimize and establish Raman

spectroscopy-based measurements utilising the specificity of inelastic
scattering of light to assess TBI through standard clinically established

overexpressed leads to glial scars and delayed axonal reg
(Tzeng et al, 2005; Sofroniew, 2009). UCHL-1 increases following
axanal damage to aid in the removal of damaged axonal proteins exhibit
ach istic R band in with the SCI at 1128 cm™!
(Shahjoued et ak, 2018; Harris et al., 2023), Interleukin-18 (IL-18) with a
dm:usiﬂi:pukatlmm"mamsn al. 2027) is an infl

"mmqmun&ndmhmmmnmnhqm
showing the p ial of tracking the pathology and injury evolution.
nmndydanommmeeﬁudqotmdenhpedadw
i safe handbeld Intra-RSP to distinguish changes in the
m:hodwdmﬁumﬂmmsmkdmﬂsm
of a self. three-di lly printed cranial bolt

cytokine inducer, Mnamﬁnfmmmatdmed
neurotoxic enzymes (Alboni et al., 2010). Cardiolipin plays key roles in
mm&mmbﬁnmdmaaipﬂlmmhoﬂn;y(?amﬁm
et al, 2019 Chu er 4l 2013). Its presence at 1300 em ' can therefare
rﬂaubdm:h:ﬂnﬂdamgemlhe&ﬂlhum.ﬁmﬂy alhmnduﬂ
common to N-acety! aspartate at 1377 em ™ is indicative in an i

L o

Mnechanblmusu' lations for auto-tapping thread, when
combined with the Intra-RSP, is established, and validated to be effi-
ciently functional under conditions mimicking the real-warld scenarios.

The developed probe-device is further validated in a rat model pre-
:nﬁngmﬂdﬂl,asamdlofsa,dxﬂmmmbdmmems

proportional manner to the degree of injury (Harris et al, 2012; Sh..m
nan et al, 2016). Overall probe's ability to detect the mast dominant
signature peak changes, representative of multiplex TBI biomarkers, is a
promising technological development with the lang-term potential to
simplify the point-of-need neurclogical trauma detection process and

injured animals and the healthy controls, thus rapidly classifying in-

Jjuries via SKiNET. Finite element analysis confirms that titanium is the
mﬂmpﬂﬂeaﬁn&mzﬂ&mﬂqlﬁebﬂnhnﬂyem
under high torques. The Intra-RSP ly and and
dﬂmmhmsp&zdmmmmm&mﬁmm
direct and indirect beain surface sign

= i
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Table 4
S0MM scoves for SC1 injured rar brains and the commesponding spectral
assignments.

Ragman SO Sedeis Agignstent Ry
Basal T
Py Comtrel  [ared
Ring smode
269 047 Eed b (Bock et al, 2030}
& sl 095 gl C-C) (Soceares, 2004}
b4 el T w55 (Soceares, 2004}
53% ds el w55 (Soceares, 2004}
5&% 48 nes  HC—5) (Soceares, 2004}
ale 4z 0es  wW-C-CH) (Soceares, 2004}
(Socrates, B Peresti,
BEE a3 44 WC—5)
Bed o3 05 wiC-N-0 (Soceares, 2004}
0 034 sz W) &l al, 201T)
HCHzL pot, BOL;
1004 047 052 A JC—T) mark ¢l al, 2006)
(Soceates, B00d; Jab
WC—OLw(C—C), e &l, 20213 Tl
1066 48 Eed wNH) 2003
(Surmack e &l, 2007
WO—N), {C—Cl,  Svawisya ef al, 2004
1138 sz 0ET gl CC) Basara ¢t al., 2023)
12000 a0 04l B {CH]), e{CH [Babai er &, 2013
WC=Cl,
Druspmanal [Palings o1 4l 1987
1213 =3 el ol ‘W &t al., 2007)
[(Morvesghi e &l, 2007
18 ne? Oed  Amide OT Tong et al, 20Ty
13000 LE 07 ={CHa) (Ricsiardi e al., 2005
rales, S W
B CH], wNH]) &L, 1994 Hadjiivanos
1314 o7l OEA Al | Coupler 1 &l, I020)
1377 oz 44 wiODo ) [Masekha o1 al, 2015)
[ Sranispewake-Slezak
1 &l, 3015 Fasber o1 al,
1844 ] 074 ACH:L riCH) 2014
1513 o el WNH) (Soceares, 2004}
BNHL
Derypnatinl (Socrares, Bi0d; Wisod
1553 o el ol 1 &l, I007)
al, 3019
1851 o7 07l WC=00, WC=C) et al., 2015)

v = streiching; & = bending; T = rwisting; p = rocking; s = symmetric; arom =
aromaiic; skel = sheletal.

associated with these biomarkers are identified through an Al developed
algorithm and the corresponding feature extraction discriminant index i
e, SOMDL provides insights into spectral feastures. By quantitatively
attributing changes to the underlying biochemistry, it characterises the
spiked brain by highlighting the dominant wavenumbers distinguishing
TEI samples from controls. Similarly, brains from SC1 injured rats are
differentiated from the uninjured with an accuracy of 94.5 %. This not
anly solidifies the ability of the probe o Separste representative TBI
braing from non-TBI but also supports existing evidence of potential
brain damage which accompanies SCL

Further work & needed to include varying the concentration of the
biomsarker solutions to establish limits of detection as well as trials for in-
vivo TBI models. With optimisation and in-vive valid, Intra-REP will
be directly translatable for integration into currently available
standards-of-neurological-care as a minimally invasive in-fihr neuro-
mamnitoring madality. Real-time spectroscopy of brain cortex TBI-
manitoring e the developed Intra-RSP brain-optical’ interface to
track pathology and injury evolution, for which intra-cranial access is
mandated af-hospital, will in the long-term improve arget-management
and understanding of injury beferogensity, evolution, penetrance of
pharmacological agents, identify novel targets for intervention and will
lay the platform as the Arst modality for tactful therapeutic modifying
therapies in THIs.
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Abstract: Traumatic brain injury (TBI) is a significant global health problem, for which no disease-
modifying therapeutics are currently available to improve survival and outcomes. Current neuromon-
itoring modalities are unable to reflect the complex and changing pathophysiological processes of
the acute changes that cccur after TBL Raman spectroscopy (BS) s a powerful, label-free, optical
ool which can provide detailed biochemical data invivo., A systematic review of the literature
is presented of available evidence for the use of RS in TBL. Seven research studies met the inclu-
sion/fexclusion criteria with all studies being performed in pre-clinical models. None of the studies
reparted the in vivo application of RS, with spectral acquisition performed ex vive and ane performed
in vitro. Four further studies were included that related to the use of ES in analogouws brain injury
models, and a further five utilised RS in ex vivo biofluid studies for diagnosis or monitoring of TBL
RS is identified as a potential means to identify injury severity and metabolic dysfuncton which may
hold translational valee. In relation to the available evidence, the translational potentials and barriers
are discussed. This systematic review supports the further translational development of RS in TBI to
fully ascertain its potential for enhancing patient care.

Keywaords: traumatic brain injury; neuromonitoring: Raman spectroscopy; point-of-care diagnostics;
neuroinflammation; oxidative stress; metabolic dysfunction

1. Introduction

Traumatic brain injury (TBI) is a significant global health problem [1,2]. The incidence
of TBI in Europe is estimated at 1012 cases per 100,000 people per vear, and 939 per 100,000
globally [3]. The total annual cost globally is estimated in the region of EUR 55 billion [4].
At present, there are no disease-modifyving treatments shown to improve outcomes [5], and
it remains a leading cause of death and disability across age groups [6]. After an injury,
survivors may develop a range of physical, cognitive, and behavioural symptoms which
can have a significant and permanent impact on quality of life [7,58], and TBI is associated
with an increased risk of neurodegeneration and dementia [9].

‘Primary brain injury” is sustained from the trauma itself, whilst ‘secondary brain
injury’ oocurs after injury due to adverse sequelae resulting in further cell death and dys-
function [10]. In the early stage after injury, the development of cerebral oedema and
expansion of surgical mass lesions result in increased intracranial pressure (ICP) and com-
promise of cerebral blood flow and oxvgenation [11]. Contemporary therapeutic paradigms

Cells 2023, 17, 1227. https:/ / doi.org /103390 cells 11071227
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are based on the correction and normalisation of these indices as supportive measures [5,11].
However, TBI has a complex pathophysiology, with a number of mechanisms contributing
to the development of secondary imjury [12]. Mitochondrial dysfunction [13], metabolic
failure [14], excitotoxicity [15], oxidative stress [16], and neurcinflammation [17] are estab-
lished mediators of ongoing neural injury burden after primary trauma and contribute to
poor outcomes to an as-yet unquantified extent.

Current neuromonitoring strategies principally centre on ICP through the introduction
of an invasive fibre optic probe into the parenchyma [5,11]. Growing evidence for partial
brain tissue oxygen monitoring has increased its implementation in clinical practice [15,19].
Microdialysis of parenchymal tissue is implemented in some centres which provide some
metabolic indices [20]. Bevond these modalities, few established means of interrogating
the state of neural tissue exist in clinical practice. With the growing complexities of known
pathophysiological mechanisms in TBI, there is an increasing need for neuromonitoring to
increase in breadth, fidelity, and detail, particularly in monitoring tissue biochemistry.

Raman spectroscopy (BS) is a molecular monitoring technique, dependent on the
inelastic scattering of photons detectable after excitation from a monochromatic light source.
RS has gained interest in medical applications as a sensitive, label-free optical monitoring
maodality, capable of detecting molecular changes in real time [21-23]. The key to the
suitability of BS is its non-destructive nature: it permits accurate tissue interrogation at a
molecular level without compromising tissue integrity. RS has in recent years developed
a growing interest in a number of potential medical diagnostic applications [22]. These
include the diagnosis of atherosclerotic plaques during endovascular cardiac interventions,
diagnosis of inflammatory bowel disease during endoscopy, and cancer diagnosis in a
number of organs and tissue types.

RS is the technique in which the inelastically scattered light detectable from an excited
maolecule is exploited for information on the molecule’s structure. Upon excitation by a
monochromatic light source (e.g., a laser), electrons in a molecule are excited, inducing a
dipole. The dipole interacts with the light and can hereafter be distinctly categorised as
follows: elastic Rayleigh scattering and inelastic Stokes and anti-Stokes scattering. The
Raman effect is observed through the latter two, in which the scattered light has either a
higher or lower frequency than that of the laser. For the light to have a higher frequency,
as in anti-Stokes scattering, the molecule will have been in an excited state prior to being
exposed to light. As the molecule relaxes to its ground state, the emitted photon has more
energy in comparison to the photon emitted from the laser. Most molecules, however,
are found in their ground state at room temperature, making this event unlikely. For this
reason, usually, only Stokes scattering is considered. Stokes scattering consists of a ground
state molecule being raised to a higher energy state as a result of exposure to the laser. The
molecule returns to an energy state above the ground state: as such, the photon has a lower
energy value than that of the laser. RS data acquired are expressed as a function of the
Raman wavenumber, the shift being the difference in frequency between the induced light
and the scattered light. Each Raman shift is distinct due to the specific molecular vibration
each molecule will have, dependent on the number of atoms present, bond lengths, atoms
present, etc. The differences recorded provide each molecule a unique, label-free fingerprint,
regardless of the concentration of sample present, and is non-destructive, making BS a
powerful tool [24] and compatible with use in vivo.

The downfall of BS lies in its inherently weak nature. The number of photons inelasti-
cally scattered is comparatively small, compared with the elastically scattered light. This
means the signal is easily overwhelmed by fluorescence, especially from organic molecules.
To counter this, the lasers used tend to lie in the near-infrared range, the industrial stan-
dard being 785 nm, which allows for the least fluorescence without compromising on the
resolution. Other approaches to improve outputs have been to take advantage of nanoscale
features of surfaces such as gold or copper to chemically and electromagnetically enhance
the sample. This is known as surface-enhanced Raman scattering (SERS) and is considered
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the most effective way to increase the Raman signal. The need to place the sample on a
specialised surface for the SERS procedure, however, limits its use to ex vivo applications.

RS has been the subject of growing interest in pre-clinical studies for the identification
and study of a number of pathophysiological mechanisms. For example, RS has been used
to detect oxidative stress-induced inflammation in human endothelial cells [25], excitotoxi-
city in epithelial cells [26], and tracking mitochondrial function [27]. Raman techniques
have been utilised in alternative brain injury models, demonstrating consistent RS spectral
changes in response to injury, including rat ischaemia-reperfusion injury [2£], biochemical
change in post-traumatic stress disorder rat models [29], and radiation damage to the
brain in mice [30]. RS has been used in the identification of pathognomonic biochemical
alterations in a number of neurodegenerative disorders in pre-clinical studies [31] and the
identification of neoplasia in cerebral tissue [32]. RS has found applications and interest in
neuro-oncological surgery in recent years [33—3]. For rapid intraoperative diagnosis of
excised tissue, interest has grown in Raman histology, that is, the use of Raman microscopy
with deep convolutional neural networks for rapid and accurate prediction of tissue di-
agnosis for use in the operating theatre [44]. The application of RS for intraoperative
differentiation of normal brain tissue and glioma tissue demonstrates a proof of concept for
monitoring applications in the human brain [33], but the exploration of this in the context
of TBI has been limited.

The aim of this systematic review was to perform a literature search to identify the
purpose of RS in TBI. We discuss the current literature on the utilisation of RS methods in
pre-clinical and clinical development for monitoring in TBI and explore the translational
challenges and the potential future clinical applications.

2. Materials and Methods

A systematic review of the literature was performed to identify relevant articles
employing RS analysis in the setting of TBl. A comprehensive search was performed on
29 September 2021 following the methodology of the Cochrane Handbook for Systematic
Reviewers and presented in accordance with the Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA) [45].

Two authors (A.S. and Z.A.) systematically searched the following databases, from
their respective inception to 29 September 2021: MEDLINE, EMBASE, Cochrane Central,
Scopus, Google Scholar, and Web of Science. Reference lists of pertinent articles on the topic
were hand-searched for suitable articles. Reference lists of identified articles for inclusion
were also hand-searched for suitable articles. An example search strategy for Medline is
given below:

Exp Traumatic brain injury;
Exp craniocerebral trauma;
Keywords 1 or 2;

Raman spectroscopy;

Exp spectrum analysis, Raman;
Keywords 4 or 5;

Keywords 3 and 6.

NP N

2.1. Study Selection

Studies were independently screened for inclusion by two reviewers (A.S. and Z.A.).
Initial screening based on title and abstract was performed, followed by full-text screening.
Inclusion criteria were defined as utilisation of RS methods (alone or in combination with
other methods) for analysis of cerebral tissue from either in vitro or in vivo models of TBI,
or clinical use in patients with TBI. Exclusion criteria were articles in which no RS methods
were used, or no TBI tissue was utilised.
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2.2. Data Extraction

Data were extracted from included reports using a piloted form. Data extracted
included animal model used, number of replicates, Raman techniques used, the wavelength
of the excitatory laser, any tissue fixing prior to analysis, reported outcome, analytical
methods, spectral signatures identified, and author conclusions.

2.3. Risk of Bias
Risk of bias in individual studies was assessed using SYRCLE's tool for assessing the

risk of bias [46], and the overall risk of bias was determined as low, moderate, or high for
each included article.

2.4. Synthesis of Results
The heterogeneous nature of data collection and analysis methods precludes our

ability to combine and synthesise results into a meta-analysis, and therefore, what follows
is a qualitative summary of the results.

3. Results
3.1. Amimal Models of TBI

The search identified 131 articles and after the removal of duplicates, 62 remained.
Fifteen articles met our inclusion/exclusion criteria and, after full-text reading, seven
studies were included in our final analysis (flow diagram in Figure 1). The included study
characteristics are summarised in Table 1. Five additional studies utilised RS techniques for
ex vivo biofluid assessment in the context of TBI, and four additional studies investigated
RS in mechanistic models relevant to TBIL. These are discussed separately in this review.
Due to the heterogeneity in the data presented, a meta-analysis was not possible; hence, we
performed a qualitative analysis of each study (Figure 1).

Table 1. Characteristics of the included studies. CCl = controlled cortical impact; FTIR = Fourier
transform infrared spectroscopy; mTBI = mild traumatic brain injury; RS = Raman spectroscopy;
STBI = severe traumatic brain injury.

Raman Technique
Author Year Type Animal Model Used (Wavelength Overall Risk of Bias
In vivo CCl
Banbury et al. 2020 Article Mouse TBI/<TBI Confocal RS (785 nm) Moderate
Ercole et al. 2017 Abstract Mouse InvivoCCl  “Confocel RS imaging Moderate
sTBI (785 nm)
Stretcl Stimulated Raman
organotypic achitesing
Huetal 2016 Article Rat hi (720-990 nm pump Moderate
ippocampal
alice cull beam, 1064 nm
% Stokes laser)
Mowbray etal. 2021 Article Rat Iavive Y Confocal RS (785 nm) Moderate
Surmacki et al. 2016 Article Mouse Invivo CCl Confocal RS (785 nm) Moderate
Tay et al. 2011 Article Mouse In vivo CCl Confocal RS (785 nm) Moderate
Confocal RS
(532 nm)—
In vivo drill Additionally,
Kawon et al. 2021 Article Rat focal injury FTIR-only Raman Moderate
findings reported in
this article
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Figure 1. PRISMA flowchart of the systematic review process.

Banbury et al. [47] utilised a murine model of controlled cortical impact (CCT) to
administer either a mild TBI, severe TBL or no injury (sham). Three days post-injury,
the animal was sacrificed. Brain and retina samples were prepared for confocal RS after
paraformaldehyde fixation and air drying. 80% of spectral readings were used as input for
a ‘self-optimising Kohonen index network” (SKiNET [42]), a machine learning technique.
The remaining 20 were utilised as ‘test’ spectra. With this, RS of the retina was able to
‘predict’ sTBI in 82% of cases and mild TBIl in 75.1%. Brain tissue samples demonstrated
a number of spectral changes between injury groups. Severe TBl resulted in a modest
relative increase at 1447 cm !, accompanied by a significant decrease at 1660 cm !, Mild
TBI demonstrated the same decrease at 1660 cm ™! but remained unchanged at 1447 em ™!
in comparison to sham. Both injury severities demonstrated a decrease in the band at
1266 cm ™. Spectra retrieved were compared with a spectral library to ascertain possible
biochemical candidates responsible for the spectral shift observed in injury. Cardiolipin and
cytochrome ¢ spectra from a library were identified to fit well and as potential candidates
for the spectral effect.

Ercole et al. [4%] utilised false colour imaging with a Raman microscope in fresh
frozen sections of mouse brain tissue 2 and 7 days after severe TBL Injured specimens
demonstrated strong signals at 1003 and 1560 cm ~! persisting at 7 days. They also imaged
ipsilateral corpus callosum and internal capsule sections from a site distant from the lesion.
These demonstrated reductions in peaks at 1301 and 1440 cm ™!, partially recovering at
7 days. In a similar study by this group, reported by Surmacki et al. [50], they used
these time points of 2 and 7 days in a CCl mouse model of TBL In this study, they took
spectroscopic readings from whole-brain specimens from the contralateral brain, ipsilateral
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brain distant from contusion core, pericontusional tissue, and contusion core tissue, as well
as comparison to sham injury. Their results demonstrated changes in the 1440/1660 cm !
ratio both early (2 days) in the contusion core and late (7 days) in contralateral tissue,
suggestive of both local and global biochemical changes in lipid/protein ratio content
in response to TBL The further principal component analysis identified changes in the
701/718 cm ™! ratio, corresponding with cholesterol /phospholipid. They hypothesised
that the relative increase in cholesterol signal in the contusion core may relate to increasing
amyloid-p formation. The group also noted striking features of haem protein in the Raman
spectra in early samples from contusion core which resolved by day 7, demonstrating the
potential of RS for identifying haemorrhagic conversion/resolution.

Mowbray et al. [51] utilised a controlled cortical impact model of TBI from Sprague
Dawley rats. The group observed a fall in 1266 and 1660 cm ™! peaks in injured specimens
when compared with control. Control specimens also had a relatively smaller 1447 cm !
peak in comparison to TBL. The group utilised a handheld probe device (InPhotonics
Raman Probe I, Norwood, MA, USA) with a novel transcranial bolt device fitted with a
quartz ‘window’ to permit optical access to the parenchyma. The results of spectra gained
from ex vivo animal tissue were obtained using this probe system, which demonstrates
proof of concept for the translational ability of RS for in vivo human monitoring of brain
issue biochemistry. Research by Tay et al. also identified spectral shifts associated with
immunohistochemical findings of caspase-3 expression, adding further observations to
support a role for RS as a monitoring modality for levels of cell death or survival after injury.

Kawon et al. [52] principally studied the use of Fourier transform infrared microspec-
troscopy, supplemented by RS to analyse rat brain samples 30 days after focal injury. They
too noted RS changes at 1658 cm ™!, increasing in intensity associated with glial scarring
which they postulated to correspond to matricellular protein release by astrocytes. They
also observed reductions at 30 days in 2955 cm ! bands which they hypothesised to be
linked to reduced levels of lipids from the destruction of healthy tissue.

Hu et al. [53] utilised rat organotypic hippocampal slice cultures for ‘live” qualitative
imaging by stimulated Raman scattering. Slices after cultured were subjected to stretch
mechanical injury and cultured with deuterated amino acids and lipids, which were then
visualised with stimulated Raman scattering after 24 h. This was able to demonstrate that
increased protein and lipid synthesis occurred in injured hippocampal slices in comparison
with uninjured tissue. Due to the necessity of deuterated substrates added to culture media,
this technique involves labelling. The ‘label-free’ potential of Raman spectroscopic methods
is an attractive feature when considering the translational potential to in vivo settings and
is not the case with the methods used here. However, this study demonstrates in principle
the potential for Raman spectroscopic methods to be able to interrogate the biochemistry of
living injured tissue.

3.2. Rusk of Bias

All of the included studies stated their primary outcomes and described baseline
characteristics (Figure 2). However, none of the studies reported whether they performed
a sample size calculation, how incomplete data were dealt with, whether outcomes were
randomly assessed, blinding of investigators, random housing of animals, whether the allo-
cation of animals to groups was concealed, correct timing of randomisation, and whether a
random sequence was generated in terms of study design. Therefore, there is potentially
high risk of bias in all of these animal studies. However, future studies may avoid the ap-
parent high risk of bias by following a set of standardised techniques in animal experiments
based on the ARRIVE guidelines [54].
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Figure 2. Risk of bias analysis for the included studies using the SYRCLE tool: (A) risk of bias
summary in all studies; (B) risk of bias in individual studies.

3.3 Amalogous Animal Studies with Applicable Adverse Tissue Conditions

Hackett et al. [55] utilised resonance RS for selective imaging of haem components
in the lesion site and perilesional tissue in a collagenase model of intracerebral haemaor-
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rhage (ICH) in the rat. Whilst a model of primary haemorrhagic stroke, ICH models can
be considered translatable to the TBI pathophysiology given the frequent incidence of
contusion, an analogous pathology, in the traumatically injured cohort. This group was
able to utilise haem signal intensity to quantitatively identify the haemorrhagic boundary,
peri-haemorrhagic tissue, and normal tissue. This was utilised in a multimodal array,
with RR, Fourier transform infrared imaging, and X-ray fluorescence imaging, to improve
accuracy and quantitative assessment, and was further used to assess haematoma volume
response to rehabilitative therapy [56].

Jung et al. [28] investigated RS in ischaemia-reperfusion injury in a rat model. Though
an established model, their study had very small sample sizes, with one specimen in each
arm. The group was able to gain spectral data from hippocampal (cornu ammonis area 1)
tissue post-mortem ex vivoe. In ischaemic versus control models, 1276 and 1658 cm ! bands
increased in injury, whereas 1300 and 1438 cm ™! bands decreased.

Dutta et al. [57] modelled oxidative stress in hippocampal primary network neuronal
culture with the addition of hydrogen peroxide in the presence of Fe™* . Onddative stress is an
established mechanism of secondary injury after TBI [55]. Based on their results, 725 cm ™!
and 1320 /40 cm~! bands decreased progressively at the measured 20 min intervals over
the &0 min post-exposure. This effect of oxidative stress was ameliorated by the addition
of ascorbate, which correlated with live-dead cell counts. As such, the group further
demonstrated the ability of RS to identify this therapeutic response.

Lakshmi et al. [3] conducted ES studies on radiation damage to the brain tissue in
mice. After exposure to 10 Gy irradiation or control (anaesthesia alone), Raman spectra
weere obtained from both white and grey matter. These demonstrated early shifts in 1440
and 1660 cm ™! regions which were sustained over one-week post-exposure.

3.4. Biofluid Diagnostics

Detecting binchemical changes via TBI biomarkers using accessible samples such as
blood, saliva and urine can provide early information in the vital acute phase (<24 h) of
injury incidence [54] for triaging, monitoring, and diagnostics. Highly investigated TBI
biomarkers include 51008, glial fibrillary acidic protein (GFAP), neuron-specific enolase
(MNSE), and ubiquitin C-terminal hydrolase-L1 (UCHL1) [60]. In 2007, the Scandinavian
healthcare system introduced S100B into clinical practice guidelines to predict negative CT
scans, thus reducing the number of unnecessary scans [61].

A popular modified RS technique is surface-enhanced Raman spectroscopy (SERS)
which links the optimum excitation wavelength to the size, shape, composition, and dielec-
tric environment of nanoparticles [62]. This method requires a rough, metal SERS active
substrate to absorb the analyte or for the SERS substrate to be coated in nanostructures [63],
via metal colloids in a thin film layver. Rickard et al. [#4] developed an optofluidic device
using SERS capable of detecting picomolar concentrations of N-acetylaspartate (NAA) [64]
MAA is an abundant molecule in the central nervous system [CMNS) which is released
following TBI and is believed to correlate with injury severity and poor prognosis [65]. The
device was also able to detect and discriminate concentrations of S100B and GFAF, (glial
fibrillary acidic protein) also recognised biomarkers of neurological injury burden [66].
Whilst this device is developed as an ex vivo tool for monitoring the presence of markers
in biofluids, its ability to detect such biomarkers in minute concentrations represents the
significant potential of RS for diagnostic resolution for biomarker monitoring.

Gao et al. [67,68] utilised SERS with a paper-based lateral flow assay system with a
SERS labelled detection antibody to identify 51006 in human blood samples. Using blood
samples from patients with TBI, they demonstrated a good correlation with laboratory
ELISA measured values of 51008 concentration in the samples. Their system was developed
to offer a reduced cost and time for the identification of biomarkers of TBI. Li et al. [#9] simi-
larly implemented SERS for the assessment of neuron-spedific enolase (N5E), a biomarker of
TBL, in diluted plasma samples from patients with TBL With a ‘lateral-flow glass-hemostix’-
based SERS assay, the group identified a lower limit of detection of .74 ng/mL. These
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studies demonstrate sufficient fidelity and performance of SERS-based assay in clinically
relevant biomarker assay to suggest potential translatability to point-of-care testing.

O’Neal et al. [70,71] demonstrated the utility of SERS for the identification of exci-
tatory amino acids in dialysate from a rat model of ischaemic brain injury after middle
cerebral artery occlusion. Glutamate and aspartate in microdialysate were found to be
distinguishable using SERS. A comparison of a SERS-based assay with high-performance
liquid chromatography was able to identify concentrations of glutamate between 0.4 and
5 umol /L.

3.5. Spectral Evidence from Animal Models

Understanding spectral data from RS in TBl is integral to identifying translatable value
for clinical applications. Table 2 offers a summary of the literature on observed spectral
changes in animal models of TBI and analogous mechanistic animal studies. Clear and
reproducible shifts in peaks are identified across multiple studies and models. A notable
contradiction is the 1660 cm ! peak: TBI models have identified a consistent reduction in
1660 cm ! intensity in comparison with control [48,51,52,72]. In contrast, an ischaemia-
reperfusion model of brain injury identified an increase in the 1660 cm~! intensity. The
shift may alter between these pathologies; however, the validity of these results is highly
questionable given the use of # = 1 specimen in control and test groups.

Table 2. Consolidation of Raman spectral data for noted wavenumbers which have demonstrated
changes in TBI models or analogous mechanistic models. Assignment data are taken from correspond-
ing references or alternative sources [43,47,50,57,72-97]. Peak assignments based on spectra from ex-
citation with 785 nm laser unless otherwise stated. DNA = deoxyribonucleic acid; Hb = haemoglobin;
A = adenine; C = cytosine; G = guanine; mTBI = mild traumatic brain injury; sTBI = severe traumatic
brain injury; T = thymine.

Peak Wavenumber (em 1) Appropriation TBI
426 Hb [50] Chol 1 [50] Increasing in cof;!:zi;::\[o:);e between 2 and
4912 Combination modes of the uradl ring plus ribose  Increasing in contusion core between 2 and
3 vibrations [92] 7 days [30]
& Increased in contusion core vs.
L Cholesterol 150 contralateral hemisphere [50]
Decreasing in contusion core between 2
675 Hb [50], glycerol [93] and 7 days [50]
7012 Lipids (701 em~1) [50], cholesterol, cholesterol  Increasing in contusion core between 2 and
ester 7 days [50]
Symmetric and anti-symmetric stretch vibrations Daisiecyas &
5 contusion core vs.
718 ofthe chaline group Ne(CHish in PROSPROIPIS, conrytral hemisphere (2 nd 7 doys) 5]
725 nudeic acid (A) [57,94] Reduced oxidative stress [57]
Increased in contusion core vs.
contralateral hemisphere (2 and 7 days)
L Hb {30 [50], decreasing in contusion core between
2and 7 days [50]
DNA peak, cytosine (C), uracil (U), thymine (T), C, . -
782 T, U-ring breathing [57,95] Reduced oxidative stress [57]
801 Cyclohexane [74,75,98] (532 nm [96], 575 nm [73] Increased in contusion core vs.
and 785 nm [97] excitation) ontralateral hemisphere [50]
C-H wagging [72] (850 em '), C—C stretch in
850-2 proline (collagen) [M]; ring breathing (tyrosine) ;. o0 in mTBI and sTBI (3 days) [47]

[94]; C—O—C stretching (glycogen,
polysaccharides) [57,94], albumin (852 em 1) [50]
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Table 2. Coui.

Peak Wavenumber jem 1)

Appropriation

TEBI

Q970

1002

1003

1079
1080
10968

1154

1175

1224

12278

1266

130

1320

1337-1340

1420

1440

1447-50

1462

Intralipid [50] haem aggregation marker bands,
fibrin components [74]; C-C stretching mixed with
C-H rocking, biliverdin, protoporphyrin IX [75]

Ring breathing mode of phenylalanine (1002 em 1)
[50] and {1005 em ) [57]

C-C skslotal [72], phenylalanine [76,94], Hb,
albumin [50]

Intralipid [50]

POy stretch, phospholipids and suclele acid [77]
Phosphodioxy PO, [7E], nuclele acid (1097 em 1)
[]

Phenylalanine, tryptophan, hypro, tvr, phe,
m{CC/CN) proteins (1155 em~ ) [94] and (1156
em 1) [57]

Amide [ vibration, cholesterol [77]

Hb [50]

Amide Il vibration, phospholipid [77] (1227
em'); C-H methine bending vibration with
changing methaemaglobin content (1228 em 1)
[

CH bending modes [72): amide groups in lipids
and proteins [76], cardiolipin [47]

CH; twist/wag /deformation: phospholipid,
mixed fatty acid chains, mixed amide IIl protein
vibration [77], lipids [50]

CHz CHj twisting: Proteins /lipids nucleic acld
[57]

Muclele acld {A,G) [57]: b proteln CH; deformation
[72], amide I [7] {1337 em~"); collagen (1338
em 1) [94]: albumin(1339 con 1) [S0]; CH2 scissors,
C-OH bending [20]

DMA peak, nucleic acid (A, G) [57]; -CH:z bending
mode for proteins and lipids, indicates change in
cytochrome ¢, intracellular environment, and
mitochondrial membrane structures [51]

CH; twisting and bending [51,52 96], Lipid,
cholesterol, phospholipid, mixed amide | protein,
tyresine [30,94]

CH; bending [72], mixed proteins and lipids [76]
(1447 cm 1) [94], albumin, CH; deformation from
lipids and proteins (1450 cm Wi
Lipids [50]

Decreasing in contusion core between 2
and 7 days [50]

Decreasing in contusion core between 2
and 7 days [50], decreased in sTBI (3 days)
[47.51], decreasing in contusion core
between 2 and 7 days [50], weak or absent
in injured samples [77]
Decreasing in contusion core between 2
and 7 days [50], strong signal in
pericontusional tissue (days 2 and 7) [49]
Decreasing in contusion core between 2
and 7 days [50]

Stable in oxidative stress [57]

Increased in mTBlLand sTBI (3 days) [47]

Decreasing in contusion core between 2
and 7 days [50]

Band appears after injury [77]
Increased in contuslon core vs.
contralateral hemisphere (2 days) [50],
decreasing in contusion core between 2 and
7 days [50]

Increased in contusion core va.
contralateral hemisphere [50], band after
injury [77]

Decreased in mTBI and sTBI (3 days)
[47.51] decreased in contusion cone va.
contralateral hemisphere (2 and 7 days) [50]
Increasing in contusion core between 2 and
7 days [50], reduction in peak in ipsilateral
corpus callosum and internal capsule
(distant from lesion) at 2 days, partally
recovering by 7 days [49]
Reduced oxidative streas [57]

Reduced in oxidative stress [57], increased
in sTBI (3 days) [47,51]

Reduced oxidative streas [57]

Initially decreased in contusion core va.
contralateral hemisphere (2 and 7 days),
increasing progressively in contralateral
hemisphere and contusion core between 2
and 7 days, to above control levels [50],
reduced after ischaemic injury

Increased in sTBI(3 days) [47.51]

Increasing in contralateral hemisphere
between 2 and 7 days [50]
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Table 2. Cont.
Peak Wavenumber fem 1) Appropriation TEI
Decreased in contusion core va.
1547 Hb [50] contralateral hemisphere (2 and 7 days),
decreasing progressively over Hme [50]
) - Strong signal in pericontusional tissue
1560 Associated with mitochondrial activity of cells [77] (days 2 and 7) [49]
Increased in contusion core vs.
1562 Hb [50] contralateral hemisphere (2 days resolving
by 7 days) [50]
DA peak, nuclele acid (A, G) [57]: Hb in red
blood cells [£2] (though not identified by -
1576 dedicated erythrocyte RS at 785 nm [#3): N = N Reduced oxidative stress [57]
stretching vibration [#4]
1586 Albuenin [50] Sharp band after injury [77]
Predominantly C = O streteh in protein, Hb, Amide
1618-1620 {1618 cm 1} [77], tyrosine, tryptophan [94] Sharp band after injury [77]
Increased in contusion core vs.
1620 Hb [50] contralateral hemisphere (2 days, resolving
by 7 days) [50]
Decreased in contusion core va.
1648 Predominantly C = O stretch in protein, Amide | contralateral hemisphere (2 and 7 days),
[57] increasing progressively in contralateral
hemisphere over time [50]
Decreased in mTBI and sTBI (3 days)
Lipids [50], C = C strebching [72,76,52], amide I 147,311, decreaged in contusion com va.
A ) contralateral hemisphere (2 and 7 days)
1660 vlﬁratl.onl[:,x; L T{nﬁhﬁemj"’l'lk;'lm lﬁpl.ds increasing progressively in contralateral
and prokeing I‘ﬁLLﬁ:{T . [-I-iila om coll [4], hemisphers and contusion core betwesn 2
pan L8 and 7 days [50,77]. Increased after
ischaemic ingury.
1670 Cholesteral, C = C stretching [50] Marginal increase in contusion core vs.

contralateral to lesbon [50]

Metrics offer a means of rationalising an otherwise arbitrary intensity measurement
obtained from spectra. Table 3 offers a summary of the literature on ratio-based metrics
from TBI animal studies. Identification of a consistent, unchanged ‘reference” peak which

is minimally altered in the context

of injury, allows an internal comparator for a dynamic

peak of interest. Based on the data, 1440 cm ™! is an example of a ‘reference’ peak, with
minimal shift in TBI models; 1660 cm ™! operates as a *dynamic’ peak which alters in injury:

Table 3. Metrics utilised in the literature for ratio-based comparative analysis of spectral data [48,51,52].

TBI = traumatic brain injury.

Metrics em Yem ! Remark Changes in Animal Models
Statistically significant difference between the contralateral
01/718 Chalesterol / phosphoelipid and pericontusional /contusional regions at 7 days after
TBI[50]
Statistically significant difference between the contralateral
1301 /1350 Mixed fatty acid chains famide I protein and pericontusional /contusional regions at 7 days after
TBI [50]
1440/1660 CH deformation mixed amide Lprotein e O 3 and 7 days
and C=C stretching of lipids pericantusional/cantusional regions at 2, 3,and 7 days
Statistically significant difference between the contralateral
1301 /1620 Mixed amide Il protein and fatty acid =, oniisional/contusional regions at 7 days after

chains/haemoglobin

TBI [50]
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Resolution of early strong band signals from haem occurs between 2 and 7 days [50].
Whilst initial haem signal may obfuscate underlying metabolic tissue signal, identification
of alterations in haem signal may be clinically advantageous to identify and monitor the
temporal evolution of contusion. Utilisation of RS amongst other methods to delineate
haematoma boundaries further suggests the potential for this application [55].

Dwsfunctional mitochondrial lipid metabolism plays a role in both acute and chronic
sequelae of TBI [%9]. Tissue levels of free fatty acids are dynamic following TBI in rat
models and may play a role in secondary tissue damage [98]. Differences between lipid
concentrations between injured and uninjured brain tissue are also present after injury [100],
and lipid composition changes can be identified with ES to discern such changes [50].
Ohddative states of cardiolipin and its interaction with cytochrome c are altered after injury
and may be a mechanism for the production of reactive oxygen species [49]. Cardiolipin
has been identified as a potential source for band shift after injury [47] and presents a
potential for monitoring by RS, though there are consistent strong Raman bands from
numerous brain lipids in the 1440 cm ™! region [91]. Whilst there is some overlap of lipid
and protein signals, increased acquisition of data and utilisation of neural network analysis
may provide means to differentiate and utilise such data.

Beyond this, bands in the 2600-3800 cm ! region are able to identify the water content
of the brain in the region of (.75-095 to an accuracy of 0.01 [101-103]. Real-time assessment
of the progression of brain cedema has clear clinical applications for guiding medical and
surgical therapy for acute TBI in the intensive care unit setting.

4. Discussion
4.1. Translational Considerations

RS is a powerful, label-free, non-destructive modality for binchemical analysis. As
demonstrated by early studies using ex vivo analysis of injured and normal brain tissue,
it can produce relevant binchemical data relatable to tissue integrity, injury burden, and
progression or resolution. Similarly, ex vivo techniques have found clinical utility in neuro-
oncology settings for ‘operating table-side” histological diagnostics. Clearly, in contrast
to this application, the clinical setting of TBI is directed at maximal tissue salvage, rather
than identifying tissue for excision. As such, in vivo RS would be necessary for providing
clinically useful data in TEL Whilst a number of the studies identified to use in vivo
modelling of traumatic brain injury, the RS measurements have been taken ex vivo. In vivo
applications of RS in TBI are yet to arise, though the technique has found applications in
patients in neuro-oncological surgery [33,34,36—43]. Particularly, Jermyn and colleagues
report the development of an intraoperative probe used for the detection of brain cancer
tissue, compared with healthy brain tissue, and have demonstrated its safe and effective use
in humans [34,41,43]. This concept has been further demonstrated with the development of
a fibre optic probe for inclusion within a brain biopsy probe, which has been validated in
human pilot studies [104]. The success of live-tissue’ RS in vitro amongst included studies,
though not in vivo, does further support the concept of gaining binchemical data from
living brain tissue using RS,

There are a number of translational barriers to the effective application of BS for the
benefit of patients. One consideration is the access to brain parenchyma: unlike near-
infrared spectroscopy, the Raman scattering return signal does not display skull penetrance
rendering a transcranial approach vulnerable to excessive ‘noise’ from extracranial tissue
scatter, to the extent of rendering it impractical. Subsequently, there are three options: (1)
intrapperative cortical access; (2) a probe device which allows optical passage across the
skull via a “window’ [51]; (3) a temporarily implanted fibre optic probe array capable of
excitation and detection, either as an intraparenchymal or cortical monitoring device.

4.2, Cranial Access

Proof of principle of utilising RS as an intraoperative means of brain tissue interro-
gation has been established in the field of neuro-oncology [34,41,43]. As described above,
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numerous publications have described the developments required for the translation of an
intraoperative application of RS—specifically, the localised differentiation between tumour
tissue and normal parenchyma as a means to optimise maximal safe resection in glioma
surgery. This demonstrates in vivo brain RS as a workable concept.

Whilst the intraoperative period provides cortical access opportunity, readings during
surgery will be unable to avoid a degree of ambient light. Whilst the highly fluorescent
direct lighting could be averted for readings, it is neither practical nor safe to be able to
take cortical readings in circumstances at or nearing darkness. RS is a highly sensitive
method but vulnerable to such background optical ‘noise’. Adjustments to laser power and
background reference measurements can be applied to overcome this potential [40].

Though the intraoperative period provides cortical access for RS monitoring in pa-
tients with traumatic brain injury, the majority of the acute phase of severe TBI is spent in
the intensive care unit rather than the operating theatre. Single-time-point (intraoperative)
biochemical interrogation with RS could provide clinically relevant data which may corre-
late with the burden of injury and thus prognosis. However, to permit longitudinal data
throughout the acute phase, alternative means of access are required.

Our group has explored a quartz lens as a ‘window”’ technique as a means for gaining
optical access to the intracranial compartment [51]. Mowbray et al. [51] designed and engi-
neered a novel device which functions as a means of eliminating extra- and cranial tissue,
with a polished quartz disc as a transparent window to facilitate spectral interrogation of
brain tissue intermittently. This carries a relative advantage that the RS is external and
has, therefore, no requirement for sterilisation between patients and is reusable within
the lifespan of the equipment, with the comparatively simple cranial access device as a
single-patient ‘consumable’.

Standard cranial access techniques to facilitate intracranial monitoring devices are
well integrated into modern neurosurgical practice. Up to a fifth of patients with trau-
matic brain injury who require admission to secondary care facilities need such invasive
placement of monitoring probes, principally for the monitoring of ICP as a key paradigm
in the supportive management after severe injury. In recent years, additional modalities
have become integrated, including brain tissue oxygen monitoring and the insertion of
microdialysis probes for the sampling of small molecules of metabolic interest (such as
glucose, lactate, pyruvate, etc). The standard of care, therefore, involves the invasive
component required, and additional monitoring requires only adaptation of the systems
already established, with minimal additional risk burden to patients. An example of this
principle is the integration of a near-infrared spectroscopy probe with ICP monitoring [105].
This device has utilised existing intracranial access to introduce an optical monitoring
modality for the assessment of cerebral haemodynamics, successfully implemented in a
small pilot group without safety concerns.

4.3. Probe Development

Whilst a cranial window has been demonstrated as a technically feasible means to
facilitate cortical RS, it holds a number of potential limitations. The device is too bulky
and cumbersome for continual monitoring in clinical practice. Furthermore, obfuscation
of the window with blood, inflammatory tissue, serous fluid, or other tissue may render
the implanted device unusable for monitoring at depths beyond this layer which would
inherently carry its own Raman signal.

An alternative means of facilitating RS monitoring in parenchyma is through the
temporary implantation of a probe. This would require a fibre optic system for delivery
of excitation wavelengths, and a further fibre optic system for collection and transmission
of detected photons to a charge-coupled device (CCD) for spectroscopic analysis. The
system at its most basic could comprise two optical fibres, one dedicated to each of these
purposes. Filtering and focussing optics, too large for integration at a probe tip, are external
to the probe tip and patient. More complex arrays, typically increasing the number of
detection fibres or introducing lens tips, have been developed for endoscopic and probe-
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based monitoring systems [34,41,43]. One difficulty with fibre optic RS is the inherent
Raman signal of silica-based fibre optic surrounds, though this can be accounted for with
computational methods. Data resolution may be compromised with a reductionist system,
but similarly, computational methods have been demonstrated to achieve optimal data
interpretation from such data [45].

Implanted cerebral devices are typically for single use. Cost effectiveness of disposable
devices should be considered: minimising production costs of consumables and materials
required would both increase the likelihood of cost-effective uptake, as well as achieve
favourable sustainability in implementation.

4.4. Wavelength Selection

Raman signal is weak and is inversely proportional to the fourth power of the exci-
tation wavelength: longer wavelengths result in reduced scatter and, therefore, reduced
sensitivity [106]. Conversely, lower wavelengths (particularly in binlogical tissues) induce
autofluorescence: this signal creates significant ‘noise” alongside the Raman scatter, mak-
ing achieving usable resolution more challenging. As such, 785 nm is a typically used
wavelength as a ‘middle ground” [22].

4.5, Potential Clinical Applications
4.5.1. In Vivo Monitoring: Detailed Biochemical Assessment

Current therapeutic paradigms in acute TBI are aimed at restoring physiological in-
tracranial haemostasis to minimise secondary injury [5]. Most commonly, this involves
measurement of ICF via an implanted probe and therapeutic intervention based on avoiding
high ICP [11]. However, numerous further known and unknown mechanisms contribute
to poor functional outcomes in secondary brain injury after trauma. These include neural
apoptosis, glial scarring, axonal degeneration, excitotoxicity, metabolic failure, mitochon-
drial dysfunction, neuroinflammatory responses, and oxdidative stress [12].

Detection of optical biomarkers in the injured brain could have prognostic value and
guide further therapy in the acute phase. KBS has demonstrated a pre-clinical aptitude
for the assessment of aspects of these pathophysiological pathways, as outlined above.
For example, metabolic failure from mitochondrial dysfunction is a key factor in poor
outcomes from TBI, but the real-time assessment of this is minimally addressed with current
standard neuromonitoring and therapeutic methods [107-110]. In vivo RS monitoring in
the gastrocnemius muscle of the rat has been demonstrated to be able to detect early
changes in mitochondrial redox states in response to sepsis, prior to any change detected in
lactate levels. Translation of this concept to brain tissue as a single example would provide
great potential for clinical applications; an illustration of a potential application and a
general summary are given in Figure 3.

As described above, there are a number of possible methods of accessing brain tissue
for optical interrogation. The standard of care in moderate-to-severe TBI routinely involves
the invasive placement of probes into the brain parenchyma and would add a minimal
excess risk burden to utilise such access for RS. This would permit ‘online’ or ‘real-time”
detailed biochemical assessment and response to therapy.

Further considerations are required for the utility of Raman spectra in clinical decision
making. Given the currently sparse available data, it is not possible a priori to determine
the exact influence RS may in the future have on the clinical care of patients with TBL To
consider ICF monitoring in comparison, since first-in-human measurements in 1951, and its
integration into standard practice in the 1970s [111], further study and optimisation of the
interpretation and clinical applications of the indices and derivatives of ICP are ongoing to
this day [112]. However, it can be reasonably argued that a technique such as BS has the
potential to offer molecular insights into the function and dysfunction of the human brain
far bevond that of intraparenchymal pressure. In discerning the potential utility and clinical
relevance of RS in acute traumatic brain injury, clinical studies to gain spectral data from
humans with traumatic brain injury would be of tremendous benefit in the exploration of
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future applications. A summary of commercially available probes which have been applied
in neurosurgical settings is available in a review article from DePaoli et al. [113].
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Figure 3. [llustration of a simplified Raman spectroscopy system and its potential application in
clinical environments. CCD = charge-coupled device.

The spectral data from implanted fibre optics may be technically problematic. RS is
sensitive to a number of factors which may adversely affect data quality and consequently,
utility. Implanted fibre optic probes inherently are affected by ‘background’ spectra from sil-
ica fibre covering, and using small numerical aperture optics (as is preferable for minimising
invasiveness) may further compromise the data. Previously, our research group has used
machine learning tools to overcome such difficulties (SKiNET [47,51]). As demonstrated
by SKiNET, it is possible to train such a system to accurately discern subtle modalities of
biochemical derangement which correspond with differing adverse tissue conditions.

RS is able to identify a spectral ‘signature’ of normalisation of biochemical derange-
ment. This effect has been observed in an oxidative stress model, with normalisation of
deranged Raman signal with the addition of ascorbate [57]. Applied in vivo, this permits
an immediate optical monitoring mechanism for oxidative stress states. Given the wide-
ranging capabilities of RS to resolve spectral fingerprints of biochemical change at the
molecular level, there is significant potential for such a concept to be applicable to other
pathophysiological mechanisms in TBL. At present, outcome measures in TBI require at least
three months of follow-up. Even with extensive longitudinal outcome assessments, the
heterogeneity of injury necessitates vast numbers required in clinical trials to demonstrate
clinical efficacy. Immediate biochemical feedback of normalisation of such mechanisms
which may correspond to neural survival could provide such a proxy measure for early
indication of effect.

4.5.2. Microdialysis Online Analysis

A microdialysis is a tool for neuromonitoring of cerebral metabolic function, used in
limited centres in clinical practice [20]. Presently, samples of effluent dialysate are collected
over intervals (one hour is typical) and intermittently analysed. This creates limitations
in both clinical and research practice: changes in metabolite composition of the dialysate
are not immediately recognisable, and any change is ‘binned’ into a mean sample for each
hour. As such, establishing a true temporal relationship between patient or therapeutic
variables and the metabolic observed effect is not possible [114]. RS-based methods have
been established as effective in identifying clinically relevant quantitative information
on metabolites [70,71]. Given the high sampling rate and accuracy of RS-based methods,
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there is the potential for continuous analysis of passing dialysate: a bedside system for
microdialysis with continuous ‘online” analysis.

4.5.3. Pitchside/Bedside Concussion Assessment

A number of studies have utilised RS (or a variation thereof) in developing point-of-
care applicable diagnostic devices for the recognition of biomarkers of TBI [64-69]. Point-
of-care detection for TBI has the most relevance in mild TBI and particularly concussion.
In severe TBI, the clinical condition of the patient (typified by impaired consciousness or
seizure) or the severity of the injury mechanism necessitates urgent radiological diagnosis.
However, clinical diagnosis of concussion can be more challenging, both for sportspeople
and patients.

Currently, TBI point-of-care diagnostic and monitoring techniques routinely used by
healthcare professionals are those of clinical examination and assessment. For moderate-
to-severe injury with markedly altered levels of consciousness, the Glasgow Coma Scale
(GCS) is the standard examination tool, alongside the assessment of pupillary responses to
light. GCS is a fast and simple assessment method that can be performed by a healthcare
professional of any level, by assessing the patient’s motor, verbal, and eye responses [115].
Clinical assessment of suspected concussion and mild TBI can rely upon a more nuanced
and detailed neurocognitive and symptomatology in addition to an assessment of con-
sciousness, as in the Sports Concussion Assessment Tool, currently in its fifth version
(SCAT5) [116].

Clinical examination methods are subjective, with moderate interrater reliability. There
are inconsistencies between scores when undertaken by different healthcare workers and
at varied timeframes [117]. GCS may also be affected by the presence of intoxicants,
medication, sedation, and pre-morbid disability. SCAT5 assessments particularly require
patient compliance and participation in both baseline and incident examinations. Attempts
to develop objective bedside/ pitchside diagnostics in recent years include pupillometry
devices to improve interrater reliability of such clinical assessment [115], but as yet, a true
point-of-care diagnostic device is not available to clinicians.

The available assessment methods have numerous limitations which highlight the
need for an alternative point-of-care method that may be fulfilled by an RS diagnostic
device. For maximal clinical utility, prospective diagnostic advice should be relatively
portable and rapid for ‘point-of-care’ testing, in both geographical and temporal senses.
As with any diagnostic test, the accuracy of the device (specificity and sensitivity) should
also be appropriate to the cohort. For a pitch-side application, the ideal device would
be user-friendly, such that a monitored first-aid provider would be able to take readings.
In this context, the patient would also be outside of a hospital setting, so a pitch-side
device would be capable of non-invasive measurements without incisions. RS has also
been applied to non-invasive identification of traumatic brain injury diagnosis and severity
stratification via examination of the retina [47] and may hold future potential with further
development.

5. Conclusions

RS is a powerful diagnostic tool with the potential to provide detailed biochemical
diagnostic information on the injured brain. This review highlights the success of RS in iden-
tifying biochemical changes after injury in tissue from in vivo models and holds significant
potential for applications in in vivo or clinical settings for TBI diagnostics and monitoring.
Potential applications in TBI are broad and include direct brain monitoring and biofluid
diagnostics, with the opportunity to obtain detailed and temporally resolved detail of
metabolic and biochemical shifts in response to injury which could increase understanding
and inform clinical decision making. Novel spectral biomarkers of injury severity observed
from in vivo models represent a significant opportunity for monitoring and treating the
complex pathophysiological processes as yet uncaptured by neuromonitoring modalities.
Further pre-clinical and clinical studies are required to fully recognise the potential for RS
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in TBI. Whilst there are translational challenges, discussed examples from neuro-oncology
and related optical monitoring modalities set a proof of concept for further investigation
and application of RS in TBIL.
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faa Controlled cortical impact

FTIR Fourier transform infrared spectroscopy
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RS Raman spectroscopy

SCATS  Sports concussion assessment tool 5
SERS Surface-enhanced Raman scattering
SKINET  Self-optimising Kohonen index netwaork
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