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Abstract 
Age-related hearing loss (ARHL) is the third most prevalent degenerative condition in the 

elderly, with cochlear fibrocyte inflammation preceding sensory cell loss. A deeper understanding of 

inflammatory mechanisms is essential for developing regenerative therapies. 

In a novel multi-modal investigation, this study utilised Raman spectroscopy, FTIR 

spectroscopy (ATR-FTIR and Synchrotron S-FTIR), and SIFT-MS to analyse primary cochlear fibrocytes, 

their supernatant (culture media from cells), and headspace (culture vessel gas). Fibrocytes were 

stimulated with TNF-α and IL-1β (1–50 ng/mL) to assess dose-dependent inflammatory responses. 

Human cerumen was preliminarily examined for diagnostic potential. 

Raman spectroscopy revealed inflammation-associated biochemical changes, including CoA 

depletion (927 cm⁻¹, 950 cm⁻¹), lipid accumulation (1447 cm⁻¹), oxidative stress markers (962 cm⁻¹) 

and disrupted protein/lipid membrane assemblies (1658cm-1). S-FTIR further revealed alterations in 

proteins (1527cm-1, 2800-3100cm-1), lipids (2800-3100cm-1), nucleic acids (<110cm-1, 1115-1130cm-

1), phospholipids (<110cm-1), and carbohydrates (<110cm-1), suggesting membrane structural 

changes and metabolic dysregulation. S-FTIR data may warrant consideration of a fibrocyte activation 

state similar to that seen in macrophages. Neural network models classified cytokine dosages with 

>80% accuracy, reinforcing the diagnostic relevance of these findings. 

ATR-FTIR analysis of supernatant identified cytokine-driven disruptions in protein secondary 

structure (amide I: ~1650 cm⁻¹) and lipid composition (~1740 cm⁻¹), indicative of metabolic 

dysregulation. Proposed histidine-related spectral variations in supernatant and headspace suggest 

cytokine-induced alterations in amino acid metabolism. SIFT-MS headspace data, through changes 

seen in acetaldehyde and pyruvate, support a hypothesis of citric acid cycle disruption in inflamed 

fibrocytes. 

Overall, this research advances understanding of cochlear inflammation in ARHL. Raman and 

S-FTIR facilitated detailed cellular examination while ATR-FTIR provided critical insights into 

supernatant composition – potentially translatable to cochlear fluid analyses. Cerumen 
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demonstrated preliminary promise as a diagnostic biofluid. With further refinement, these findings 

could contribute to future ARHL detection and monitoring strategies. 
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1. Introduction 

1.1. Motivations for the Study 
As one of the three most seen degenerative conditions affecting the elderly, age related hearing 

loss (ARHL, also known as presbycusis) affects around a third of people over 65 and over half of all 

people over the age of 75 [1-5]. This gradually worsening hearing loss stems from damage or death of 

sensory and support cells within auditory circuitry and is not only debilitating but leads to additional 

social and cognitive impairments in patients [1,6-10]. As such, it is vital that detection and intervention in 

this condition occur in as accurate and expedient manner as possible- something which is of limited 

possibility with current time-intensive testing methods. 

With a focus on the potential for early, quick, and patient-friendly detection of and intervention in 

age related hearing loss (ARHL), the primary purpose of this research is to highlight the diagnostic 

potential of spiral ligament fibrocytes- a largely under-investigated support cell type in hearing loss 

research, and to introduce a method by which this potential may be employed. Paired with non-

invasive techniques such as selected ion flow tube mass spectrometry (SIFT-MS), which allow 

detection of trace levels of compounds in samples, and the employment of biofluid sampling, it is 

possible that fibrocyte degeneration may be detected early enough to allow intervention before 

hearing loss occurs to any great severity.  

Such techniques may also be employed in the application of regenerative therapies (see section 

1.6.3), enabling non-invasive monitoring of cultured cells for markers of health. Such monitoring 

facilitates the assessment of cultures for clinical suitability without the necessity for intervention or 

disruption beyond sampling of headspace and supernatant, potentially via automated means.  

 

1.2. Introduction to Hearing Loss 
 Though the present research focuses on ARHL, it may be argued that the data gathered is 

relevant to hearing loss (HL) research as a whole, with advances in the facilitation of ARHL therapies 

potentially applicable to other hearing loss types. This is of great interest as, in general terms, HL 
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affects around five-hundred million people worldwide [11] and is the leading cause of years lived with 

disability in the UK [12]. 

Hearing loss can occur at any age and originate from a range of pathologies affecting all points of 

the auditory system from outer to inner ear.  It is commonly believed that there are two general types 

of hearing loss- with loss stemming from cochlear pathologies known as sensorineural hearing loss, 

and hearing loss caused by mechanical impairment to sound transmission known as conductive 

hearing loss [11,13].  

In general, conductive hearing loss types may originate in the external ear (pinna) and auditory 

canal, where issues which may affect hearing ability include impaction of cerumen, obstruction of the 

ear canal, abnormality of the ear canal, and otitis externa [14]. Treated via cerumen removal, surgical 

intervention, foreign body removal and antimicrobial/anti-inflammatory medication respectively, 

these conditions do not typically affect hearing long-term. However, where otitis infections are 

concerned, recurrence may lead to further complications.   

Moving inwards, the tympanic membrane is often subject to issues which affect hearing 

capabilities. Typically, this is perforation, often stemming from manual ear trauma such as impacts to 

the head. Perforation of the eardrum can also occur via barotrauma (i.e. pressure shock) and frequent 

infection. Perforation risk may be increased by use of cotton buds in ear cleaning, as users often probe 

too deeply into the ear canal [15]. Use of cotton buds in this manner may also increase risk of infection, 

as highlighted in one case wherein a patient was found to have necrotising otitis externa due to the 

retention of part of a cotton bud in the ear canal [16]. Usually, perforations of the eardrum are able to 

heal naturally. Those that do not may require surgical intervention, with antibiotics often administered 

to treat existing or arising infections.  

In the middle ear, conditions which affect hearing become more difficult to treat, with anatomical 

components less easily accessible. Still considered to be conductive hearing loss, issues which may 

affect the middle ear include disruption of the ossicular chain, otosclerosis and otitis media, typically 

managed using surgical interventions and antibiotic treatment respectively [13].   
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The inner ear is where the more fine-tuned components of hearing occur and is the region 

responsible for around 90% of hearing loss cases. The main sensory organ of the auditory pathway, 

the cochlea, resides in the inner ear and contains the sensory, nerve and support cells necessary for 

signal transduction. The cochlea is composed of three fluid-filled compartments which enable the 

necessary ion gradient for depolarisation. To simplify an intricate process, upon the input of sound, 

vibrations from the oval membrane are transmitted to the fluids contained within these chambers, 

causing vibration of the basilar membrane. Upon this membrane, cochlear hair cells on the organ of 

Corti detect motion via deflection of stereocilia (small hair-like projections) (Fig. 1). There are two 

types of hair cell, outer hair cells (OHCs) and inner hair cells (IHCs) which amplify signals and 

transduce signals to the auditory nerve respectively. This deflection of stereocilia opens 

mechanoelectrical transducer (MET) channels, allowing conversion and transduction of signals to 

auditory spiral ganglion neurons (SGNs) [132]. 

Inner ear conditions, often sweepingly referred to as sensorineural hearing losses, are the most 

difficult to treat due to location and the delicate fluid and cell system of the cochlea. Inner ear-based 

Figure 1: The Organ of Corti and lateral wall. 

A simple diagram highlighting the main components of the 
cochlea which contribute to auditory transduction. The Organ of 

Corti, consisting of hair cells and support cells, is indicated in 
blue. The lateral wall (LW), consisting of the stria vascularis and 

spiral ligament, is indicated in pink. (SGNs= Spiral ganglion 
neurones). 
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hearing losses typically stem from degradation of cells within the cochlea, whether this be hair cells, 

SGNs or support cells such as cochlear fibrocytes. Such degradation may be due to a range of factors 

including ageing, noise exposure, ototoxic drugs, and disease. 

 

1.3. Age Related Hearing Loss – Condition and Diagnosis 

1.3.1. Introduction to ARHL 
As with most bodily functions, human hearing capabilities tend to decline with age. Alongside 

other sensory issues including visual deterioration and loss of balance, reductions in auditory acuity 

are unfortunately an inevitability of the ageing process, with age related hearing loss (ARHL, also 

known as presbycusis) noted as one of the three most seen degenerative conditions affecting the 

elderly [2,4,5]. As early as the 1990s, ARHL was identified as the third most common condition seen in 

the elderly, with arthritis and heart disease leading [17]. In fact, ARHL affects around a third of people 

over 65 and over half of all people over the age of 75, with a 2011 statistic presented via the WHO 

suggesting that 299million men and 239million women worldwide experience hearing loss [1,3]. 

Typically, ARHL arises between the ages of 55 and 65, beginning in high frequency hearing loss 

and progressing to more severe bilateral hearing loss with time, worsening as patients age [1,7,9]. 

Generally, this hearing loss stems from damage or death of sensory and support cells within auditory 

circuitry, though other contributory factors beyond the inner ear are noted. Such factors include 

arthritis of the ossicular chain, tympanic membrane stiffening and muscular degeneration [18]. 

Sensory losses like ARHL are not only physically debilitating to those who experience them, but 

lead to additional social and cognitive difficulties, with depression and isolation common among 

sufferers [6,8,10]. Additionally, hearing impairment in older patients is known to contribute to falls, 

apparent frailty, and is noted to even exacerbate dementia and cognitive decline [19-21,26]. 

In examination of ARHL, symptoms are classified into four sub-types based upon primary area of 

damage [1,9,22,23]. Though distinct in precise pathologies, ARHL can present with mixed phenotypes 

adding further difficulty to diagnosis and treatment. The types of ARHL, originally noted by Schuknecht 
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via temporal bone studies [24,25], are sensory, neural, strial (metabolic), and cochlear conductive, with 

sensory and neural ARHL often combined under the title of sensorineural ARHL.   

To briefly introduce the types- sensory ARHL occurs via the death of hair cells. Neural ARHL, as its 

name suggests, stems from damage to spiral ganglion neurones. Cochlear conductive ARHL is the 

result of alterations in the mechanical properties and conductive characteristics of the inner ear, not 

damage to a particular cells type. Finally, metabolic ARHL occurs via strial atrophy (implying the death 

of cochlear fibrocytes and strial cells) and the resultant shutdown of the EP [23-25]. Of these, metabolic 

ARHL is known to be the most prevalent and, by extension, is arguably the most clinically significant 

category of ARHL [23]. 

 

1.3.2. The ARHL Diagnosis Process 
Where diagnosis of ARHL is concerned, examination occurrence is heavily reliant upon patients 

being aware of and acknowledging their condition. If patients do not realise that they are experiencing 

reduced hearing capability, or are experiencing denial, they are unlikely to seek diagnosis and 

treatment without encouragement from family, friends, or clinicians. Research suggests that, without 

report from patients themselves, even clinicians may fail to notice the signs of age-related hearing 

loss in its early stages as it relies upon patient reports [13]. This regularly leads to late intervention and 

under-treatment, particularly in more severe cases where patients are highly aware of their issues yet 

are unwilling to seek treatment due to social stigma. It is, thus, not unfounded to suggest that 

alternative methods of hearing loss assessment, that do not lead to apprehension regarding 

complexity and social stigma, should be investigated.  

Typically, once patients decide to attend a hearing test appointment, diagnosis of ARHL can be 

made by an audiologist (however, metabolic ARHL is often overlooked due to difficulty in detection, 

with sensorineural sub-types far more apparent during diagnosis [22]). Appointments typically begin 

with evaluation of patient medical history and conversation regarding auditory symptoms. Often, 

family or friends will accompany patients to provide assistance and support, and to weigh in on 

symptom evaluation by providing an external perspective of the patient’s hearing issues. Symptoms 
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such as noise sensitivity, tinnitus, and vertigo may also be discussed as these are often indicators of 

hearing loss of some kind [27,28]. A particular notable feature of ARHL is a gradual loss of hearing, 

beginning particularly in high frequencies, with particular difficulty in discriminating speech from 

background noise [13]. In addition to auditory and balance-related symptoms, clinicians also aim to be 

aware of additional medical conditions which may experience comorbidity with hearing loss, such as 

diabetes mellitus, depression, and dementia [29-32]. 

Following initial evaluation of patient history and discussion of symptoms, physical examination 

typically occurs, with general inspection of patient health and a focus on the ear (usually via 

otoscope). Typically, the ear is examined for abnormalities including ear wax (cerumen) impaction, 

signs of otitis media, retraction of or damage to the tympanic membrane, immobility in tympanic 

membrane, obstructions to the ear canal, inflammation, and visible injuries to the ear canal. Often, 

external auditory anatomy will appear normal in ARHL cases, as issues typically arise from inner ear 

degradation [13]. General patient examination beyond the ear focuses on detection of symptoms such 

as face and neck weakness, numbness, and stiffness, fever, nystagmus (involuntary eye movement), 

head and neck injuries, and hematoma [33].  

Where hearing loss of any kind is suspected and physical symptoms alone are not sufficient for 

diagnosis, pure tone audiometry testing is required to investigate further [28,34]. This method assigns 

severity of hearing loss by examination of the volume at which pure tones are detectable by the patient 

[13]. This is typically a referral process, wherein patients are sent to a specialist to undergo testing.  

Based upon these parameters, diagnosis of ARHL may be made and intervention recommended. 

In recent years, advancements have been made in the distinction of metabolic and sensory 

components of ARHL via audiograms, though these methods do not appear to have been employed 

clinically to date [35]. Laboratory evaluation including imaging may also be conducted, but this is 

generally not required where ARHL is suspected [28]. Such investigations are primarily used in 

characterisation of cases such as asymmetrical hearing loss and sudden hearing loss [36]. Generally, 

even before referrals to specialists, the diagnosis process for hearing losses is time consuming and 

often off-putting to patients. Additionally, as mentioned, metabolic hearing loss is difficult to diagnose 
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and distinguish in comparison with sensorineural sub-types. Ideally, a faster, more routine approach 

to diagnosis, able to detect and distinguish hearing loss sub-types, should be developed.  

 

1.4. Metabolic ARHL 

1.4.1. Fibrocytes, Potassium Recycling, and the Endocochlear 
Potential 

Though hair cells are arguably the main component of the cochlea, converting mechanical signals 

to electrical signals, they are primarily responsible for only one type of ARHL (sensory). An under-

recognised subtype of arguably equal/greater prevalence metabolic ARHL, stems instead in part from 

damage to fibrocytes which aid in the regulation ion concentrations of cochlear fluids. As mentioned 

in section 1.2, the cochlea is divided into three fluid filled compartments. These compartments are 

the upper scala vestibuli, central scala media and lower scala tympani [1,131] (Fig. 2). The scala tympani 

and scala vestibuli are filled with perilymph, a fluid high in sodium and low in potassium. The scala 

media, contrastingly, contains high potassium and low sodium endolymph [1,37]. The fluid variations 

across the cochlear chambers allow generation and maintenance of the endocochlear potential (EP), 

an 80-90mV homeostatic trans-epithelial potential in the scala media [38]. 

Figure 2: Cross-section of the cochlea. 

A simple diagram indicating the three fluid chambers of the 
cochlea. High Na, low K denotes perilymph. High K, low Na 

denotes endolymph. 
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The endocochlear potential acts as a biological battery, maintaining homeostasis via secretion 

and recycling of potassium ions by support cells known as cochlear fibrocytes [39-42].  This function 

occurs via diffusion of potassium from the scala media via one of two routes (intracellular or 

extracellular) into the stria vascularis and back to the scala media via the spiral ligament, where 

fibrocytes reside. These fundamental support cells, surrounded by connective tissue and perilymph, 

contain cell junctions, ATPases, connexins, and channels necessary to perform potassium recycling 

[40,42,43]. Research additionally demonstrates structural specialisation of fibrocytes, with high 

mitochondrial density and numerous potassium channels indicative of their ion recycling function 

[44,45]. 

Without the presence of fibrocytes, specialised for the role of potassium recycling, the 

recirculation of potassium into the scala media would not take place. Thus, generation of the 

endocochlear potential would not be properly maintained, preventing depolarisation and removal of 

potassium from the organ of Corti. Without such removal, cochlear hair cells are susceptible to 

potassium toxicity, which leads to cell damage and death and, subsequently, loss of auditory function 

[37]. As such, deterioration in metabolic ARHL is primarily attributed to damage to these fibrocytes. This 

vital function is well discussed in the highly comprehensive review by Furness [46], who focused on 

fibrocytes to explore their properties and roles in great detail. 

 

1.4.2. Cochlear Fibrocyte Pathology 
As mentioned above, fibrocyte degeneration is one of the primary forms of damage in ARHL, 

particularly in the metabolic subtype and mixed subtypes. Studies have shown, that fibrocyte 

degeneration in HL cases generally occurs before degeneration of other cells (i.e. hair cells, neurones) 

with both types of damage contributing to the loss of hearing function [47,48]. Cochlear fibrocyte 

degradation, as such, may be taken as a precursor for further damage, making it the ideal indicator of 

metabolic ARHL in its early stages. From this, a breadth of treatment options may be made available 

to counteract fibrocyte, general spiral ligament, and stria vascularis damage (see section 1.6). 

Furthermore, in addition to preceding downstream cell losses, fibrocyte damage may be 

contributory to further degeneration in the rest of the cochlea. Certainly, it is not beyond the realm of 
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possibility that the alterations in cochlear fluid composition caused by fibrocyte degradation would 

negatively affect the functions of hair and neural cells to the point of hearing loss. However, though 

research into fibrocyte damage often hints to this effect, researchers cannot confidently assign a 

causal link. This is due to the unfortunate lack of consensus regarding the mode of fibrocyte 

degeneration and its effect on other cochlear cells downstream. In literature, fibrocyte loss is typically 

attributed to factors known to arise/worsen with age, such as mitochondrial dysfunction, ROS 

(reactive oxygen species) accumulation, and general inflammation, though specific mechanisms of 

degradation within cells and how these affect functional properties are not well understood [4,5,48-52]. 

As such, cochlear fibrocytes are an ideal target for investigations into pathological mechanisms such 

as those conducted in this research. 

1.5. Inflammation and the Cochlea 

1.5.1. Inflammaging 
The term inflammaging refers to the chronic low-grade inflammation often seen in age-related 

diseases [53]. ARHL is one such disease, wherein the lateral wall of the cochlea, home to the spiral 

ligament, is known to be a typical site of inflammation [54] with proximity to the fluid-blood barrier 

enabling signals to be met with the release of pro-inflammatory cytokines in the stria vascularis. As 

such, the pathology of ARHL has often been linked to the inflammaging process [1,5,55-57]. 

Figure 3: General intensity over time of the biochemical events associated with the 
onset and resolution of inflammation. 

(From Kalnec et al., 2017, Modified from Maderna and Godson, 2009.) 
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There are several hypotheses for the exact pathways of inflammaging, but research predominantly 

suggests two causes: pro-inflammatory protein build-up [57] and cell debris accumulation [53]. The 

suggested pathology of inflammatory build-up appears to be a simple one, in that rather than a return 

to normal pathology following inflammation (Fig. 3), the inflammatory state persists at a low level, 

gradually building over time. The cellular debris hypothesis is similarly simple in general theory, with 

poor clearance of cell waste resulting in the production of a continuous immune response and 

inflammatory state. Arguably, the pro-inflammatory protein build-up pathology is the more logical 

target of in vitro studies, as it may be better controlled than cellular debris clearance. The pro-

inflammatory protein pathology is explored in this research due to the capacity for better controls than 

the cellular debris option.  

 

1.5.2. Inflammation, Mitochondrial Dysfunction, and ARHL 
Considering relevance to ARHL, as outlined in section 1.4.2 metabolic ARHL is becoming 

recognised as likely the most prevalent form of the condition, with fibrocyte damage and resultant 

reduction in endocochlear potential (enabling hair cell depolarisation) often preceding further 

damage [9,23,46-48,58]. As above, the cause of cochlear fibrocyte damage and general atrophy of the 

cochlear lateral wall is believed to be primarily caused by factors exacerbated with age such as 

inflammation, accumulation of reactive oxygen species, and mitochondrial dysfunction [4,5,48,49,51,52]. 

In 2022, Seicol et al. [59] highlighted the presence of low-grade inflammation in animal models and 

deceased human subjects with early onset ARHL. Through their investigation, it is suggested that this 

inflammation is perpetuated through macrophage activation/accumulation and upregulation of pro-

inflammatory signals. However, this research does not address cochlear fibrocytes or the tissues of 

the lateral wall thus, despite the presence of resident macrophages within the lateral wall that may 

behave similarly [60], this pathology is not confirmed in the present context.  

Considering mitochondrial damage, another of the highlighted pathologies in inflammaging and 

cochlear degeneration, the recent research by Miwa et al. [50] is of interest. In this research, a gradual 

dysfunction of respiratory complexes in cochlear fibrocytes with age was noted. Such dysfunction was 

shown to yield mitochondrial changes, cell senescence and EP reduction, leading to downstream 
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damage to sensory cells and neurons. Though this study, unlike the present research, focuses on the 

use of knockout mice, the results linking the accumulation of dysfunctional mitochondria in cochlear 

fibrocytes to the onset of ARHL are of undeniable relevance to the present research. 

 

1.6. Treatment of ARHL 

1.6.1. Existing ARHL Treatments 
Though ARHL is a well-recognised and prevalent issue, there are relatively few treatments 

available for sufferers. Those who develop age related hearing loss are typically left with one option- 

hearing aids. Hearing aids are known to be effective in improving quality of life and auditory function 

in hearing loss sufferers, with improvements most apparent in speech recognition and prolonging 

good cognitive function [61]. Information such as this, outside the general device functionality of 

hearing aids, often arises from self-reports as testing using objective metrics such as the hearing aid 

speech perception and quality indexes (HASPI and HASQI) is relatively rare [62-64]. Though beneficial to 

patients on a fundamental level, hearing aids cannot recover the fine tuning of natural hearing and do 

not provide continued functional improvement as hearing loss progresses. Additionally, hearing aids 

lack the capacity to function completely independently, requiring tuning and maintenance (such as 

battery changes) which may prove difficult for ageing patients [65]. Such issues with use easily occur in 

elderly patients, despite training on the use of hearing aids and rehabilitative measures offered by 

practitioners [33]. 

Though hearing aids are seemingly common among the elderly, usage rate is fairly low, with the 

administration of hearing aids to ARHL patients is often delayed by perceived lack of need, lack of 

prescription and high cost, leaving many hearing loss sufferers without relief [66]. In a longitudinal 

cohort study, [67] identified an average delay of 8.9 years between hearing aid candidacy (i.e. when a 

hearing aid may be required/of benefit) and hearing aid adoption. It would seem that many patients 

often refuse to acknowledge their auditory decline, or patients fail to notice hearing losses in the early 

stages of ARHL, as high frequency sounds are uncommon in everyday situations. Additionally, other 

factors may be at play including whether patients are able to see the mouths of conversation partners 

and adaptation of family and friends (i.e. speaking louder). In this manner, recognition and subsequent 
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treatment of ARHL may be delayed until greater hearing losses or declines in visual acuity occur.  

Within this time, hearing capability, cognitive function, and physical faculties are likely to decline, 

making eventual hearing aid adoption more difficult a task. 

Generally, it would seem that elderly patients dislike hearing aids, with studies reporting 

complaints of feedback (e.g. whistling), the occlusion effect (wherein patients perceive distortions in 

their own voices) and general disturbances in sound processing [68]. Even when in possession of 

hearing aids, it would seem that elderly patients are reluctant to use them due to lack of comfort, 

difficulties with use, and social stigma [69]. Such stigmatization is often exacerbated by media 

representation of the elderly, with deafness associated with accelerated age and frailty that many 

patients do not wish to acknowledge [70]. Thus, denial of ageing frequently leads to denial of hearing 

loss and under-use of the therapeutic device, despite the improved quality of life that such use 

typically provides [71,72]. 

Additionally, hearing aids, when administered, require a period of adjustment for patients to 

acclimatise to the new device, with greater cognitive processing than usual required during this time 

[73]. Coupled with the cognitive decline often associated with ARHL and ageing in general, the 

increased cognitive strain of hearing aid adjustment, as well as the necessity for regular tuning, 

renders hearing aids unsustainable in the treatment of an ageing population of ARHL patients [74]. 

In more severe ARHL cases, where there is insufficient auditory function remaining for hearing aid 

use, or where patients experience poor word understanding with hearing aids, cochlear implants (CI) 

may be considered as a therapy for ARHL [75]. These are offered as an alternative when hearing aids no 

longer serve to provide distinction between speech and background noise [76]. CIs are surgically 

implanted and essentially replace the function of the cochlea, stimulating the spiral ganglion directly. 

An external component of the implants transduces sound signals in a similar way to that in which the 

cochlea performs this function, with auditory input converted to electrical signals which can be 

interpreted by the brain as sound. Such intervention appears to demonstrate success in older 

patients, increasing hearing capabilities and quality of life similarly to that seen in younger hearing 

loss sufferers [77,78]. 
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This is not to say, however, that cochlear implants are a faultless replacement for organic 

cochleae. In fact, such implants are not nearly well-developed enough to replicate the delicate fine 

tuning of the cochlea, thus auditory experiences of patients are often comparably inferior to those 

relying upon the natural cochlea. As such, for patients who have previously had no issue in hearing, 

cochlear implants are difficult to adjust to and provide little satisfaction, with greater successes seen 

in patients who have experienced deafness from birth or early childhood. In age related hearing loss 

cases, the additional facet of surgical complications must be considered, with ageing patients less 

likely to successfully undergo surgery without issue. Above the ages of 55, patients are at higher risk 

of infection, poor healing and even death.  

With the faults of these treatments considered, it is undeniable that better alternatives should be 

strived for in research. Such interventions should be effective in restoration of hearing function with 

little requirement for maintenance. Ideally, these interventions would prevent or delay further decline 

of hearing capabilities. From these criteria, it is logical that early intervention in the form of cell-

focused treatments should be investigated thoroughly. 

 

1.6.2. Intervention Strategies Using Fibrocyte Manipulation 
At present, no cure exists for ARHL. However, in the search for a starting point for such a cure (or 

at least for a more effective treatment than hearing aids/cochlear implants), the potential of a focus 

on fibrocytes must be considered. Due to the tendency of fibrocyte death to precede further cell death 

in ARHL, it is prudent to consider interventions focusing on this cell type a suitable starting point.   

In terms of treatment, focusing on therapies for the lateral wall wherever possible is ideal, as its 

accessibility and relative toughness allow it to better withstand procedures than, for instance, the 

organ of Corti, which is far more easily damaged. Where such fibrocyte-based interventions are 

concerned, there are three main paths which may be taken: stimulation of repair, manipulation of 

fibrocyte physiology to prolong cell functions, and cell replacement therapies. It is important to note 

while considering such treatment paths, that the size and inaccessibility of the inner ear still pose 

issues in treatment provision and often dictate the nature of treatment that may be considered 

alongside patient factors such as age. 
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Concerning stimulation of regeneration, it is known that fibrocytes possess an innate capacity for 

proliferation due to their mesenchymal nature [79-81]. However, the nature of metabolic ARHL, in that 

hearing loss is progressive, highlights that this regenerative capacity is not sufficient to maintain the 

lateral wall (LW) without intervention.  

However, application of treatments to the LW may have the potential to prolong the health of 

remaining cells and potentially prevent further death. Though focused on the inflammatory response 

seen following acute otitis media infection rather than ARHL, research by Moriyama et al. [82] noted 

that increased nitric oxide (NO) production plays a role in inflammatory cochlear pathology (suggested 

to be a contributing factor in metabolic AHRL [4,5,48,49,51,52], and proposed application of corticosteroids 

as a potential solution. Using cultured murine spiral ligament fibrocytes (predominantly of type I), the 

research team found that TNF-a-induced production of NO could be significantly inhibited by 

dexamethasone (a clinically popular corticosteroid). From this, it is possible that application of 

corticosteroids, or other similarly acting drugs, in suitable dosages may limit the inflammation seen 

during metabolic ARHL and prolong the life and function of spiral ligament fibrocytes.  

Additionally of interest in combating symptoms arising from inflammation is the application of anti-

interleukin-1 therapies. These therapies rely on the application of antibodies against IL-1 (typically IL-

1β) such as Akinara, Rilonacept, and Canakinumab (Fig. 4) [83]. These antibodies work to prevent signal 

transduction of IL-1β and its receptors, alleviating downstream inflammatory effects. In the context of 

hearing loss, it is known that some HL forms can be improved through the application of these 

therapies [84], though this does not appear to have been trialled to date in the context of ARHL and it is 

noted that younger patients tend to respond better to treatment of this kind. It is also valuable to note, 

particularly where elderly patients are concerned, that the application of anti-interleukin-1 therapies 
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may lead to lower cell density in the spiral ganglion [85]. With this in mind, the necessity for certainty in 

diagnosis and the development of additional treatment methods is made even clearer. 

Alteration of fibrocytes via methods such as genetic engineering is a further viable option in 

enhancing growth of fibrocytes in vivo. Genetic modification may focus on triggering the upregulation 

of growth factors to enhance cell growth and maintenance. In particular, insulin-like growth factor 

(IGF-1), which is involved in inner ear development, is known to improve survival of hair cells and is 

being investigated as a therapeutic agent for hearing loss in clinical trials [86]. These may be added to 

Figure 4: Anti-interleukin-1 therapeutic agents and their modes of action. 

A) Typical mode of IL-1β signal transduction. B) Therapeutic agents and their 
structures. C) Anakinra acts as a competitive inhibitor to IL-1β in binding to IL-
1-R1. Rlionacept and Canakinumab bind Il-1β to prevent signal transduction 

(from Nakanashi et al., 2022). 
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the spiral ligament directly or, where cell replacement is concerned, cochlear fibrocytes may be 

genetically engineered to express these factors to maintain the LW as well as other cochlear cell types 

[87,88]. Though, it should be noted that the genetic engineering process is substantially more complex 

and time consuming than direct application of growth factors to the cochlea which may be preferred 

for ease. 

 

1.6.3. Fibrocytes and cell replacement therapies 
An additional therapy to counteract the effects of fibrocyte damage in metabolic ARHL is cell 

replacement. Ideally, autologous spiral ligament fibrocytes could be extracted, cultured in vitro, and 

re-implanted in greater numbers than harvested. However, this is largely unfeasible due to difficulties 

in extracting autologous fibrocytes without cochlear damage and does not appear to have been 

trialled to date. However, where non-autologous cochlear fibrocytes are concerned, replacement is 

possible as cochlear fibrocytes (due to their regenerative capacity) can be cultured in vitro when 

healthy, allowing scale up of small cultures for potential cell replacement [89,90]. 

One criticism of cochlear fibrocyte implantation is that, when cultured in vitro, it appears that it is 

rare for all sub-types of fibrocytes to be seen (with labelling often indicating type III fibrocytes as most 

common), thus threatening to leave areas of the spiral ligament essentially unfilled upon replacement 

if all subtypes are not present. Additionally, where re-implantation of fibrocytes is concerned, it is 

known that activated fibrocytes (cells expressing pro-inflammatory cytokines) encourage the 

persistence of inflammation in the spiral ligament [91]. Thus, re-implanted cells may be subject to the 

same inflammation as native tissue.  

In considering alternative cell types, it is notable that iPSCs have been shown to effectively act as 

cochlear hair cells when implanted [2]. This regeneration is both morphological and functional, in 

contrast to MSC-derived hair cells, which have not been shown to functionally replace/regenerate hair 

cells to date. Use of iPSCs, however, is limited in application to the inner ear, particularly where ARHL 

patients are concerned. This is due to the high risk of rejection and tumour development noted with 

iPSC use [250], despite suggested immunomodulatory properties [251].  
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In contrast to iPSCs, whose applications seem to lie primarily in the recovery and replacement of 

hair cells [2], MSCs appear to be more suited to the replacement of inner ear cells possessing 

mesenchymal properties (e.g. cochlear fibrocytes), though they may be suitable for hair cell 

replacement as well [252]. In the interest of the present research this is a desirable feature due to the 

fibrocyte death which initiates symptomatic metabolic ARHL. Furthermore, where seeking to treat 

ageing patients, it must be noted that MSCs possess immunomodulatory and anti-inflammatory 

properties which reduce the risk of rejection and may prove therapeutic to the site of implantation.  

A particular benefit of potential MSC use lies in the application of MSCs in anti-inflammatory 

treatment. The review by Regmi et al. [92] noted the use of MSCs in this manner, citing several ongoing 

clinical trials employing MSCs to counteract inflammation. This anti-inflammatory property, alongside 

the potential of MSCs to differentiate and replicate fibrocytes when implanted [93, 94], would potentially 

allow replacement of damaged fibrocytes and improvement of the native environment to discourage 

further damage simultaneously. This is further supported in studies wherein MSCs have been applied 

with less specificity and have shown evidence of migration to damage inner ear tissues spontaneously 

[95]. 

Though MSC implantation in this context has not yet been performed in humans, several research 

groups have produced promising results in animal models. In perhaps the earliest successful study of 

its kind, Kamiya et al. [94] demonstrated the use of murine bone marrow derived MSCs in the 

improvement of ABR thresholds in treated animals. In this study implanted MSCs differentiated to 

show fibrocyte-like morphologies and functions in vivo, enabling functional recovery. Following 

transplantation of bone marrow derived mesenchymal stem cells into the lateral semi-circular canal, 

stem cells were discovered to have migrated to the lateral wall (wherein an injury had been induced 

via 3NP application). Transplanted stem cells in the lateral wall were shown to express connexin 26 

and connexin 30 similarly to native cells, suggesting in vivo alterations based upon local environment.  

The singular query regarding this work in a translational context is that the damage from which animals 

recovered was chemically induced rather than as a result of natural degradation through the use of an 

accelerated age model for instance. Nonetheless, if the replacement technique could be refined and 

translated to humans, it may offer the first step to long-term functional recovery in ARHL. 
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Almost a decade later, Ma et al. [95] demonstrated similarly encouraging results in a congenitally 

deaf guinea pig species. In this study, human umbilical cord MSCs were applied to animals via the 

subarachnoid cavity, and successfully migrated to the stria vascularis, basal membrane and spiral 

ganglion. Migration was also seen to other bodily tissues such as the heart, brain and liver, but this 

does not appear to have caused any adverse effects- likely as MSCs are generally considered safe due 

to their immunomodulatory properties [96]. Reviewing the results of this study, ABR testing 

demonstrated new waveform generation in some treated animals, suggesting auditory function. 

However, despite the positive outcomes of this research, there is some concern as to the consistency 

of its effectiveness, with only 3 in 8 treated animals showing improvement. It is clear from this and 

other studies of the kind that there is still development to be made in cell replacement therapies for 

the inner ear [97].  

More recently still, Kada et al. (2020) [253] demonstrated via similar methods to Kamiya (3NP 

damage, semi-circular canal application) the migration of implanted MSCs to the spiral ligament, and 

the partial recovery of hearing function following implantation in mice. In inspection of repopulated 

cells, the cellular density in the spiral ligament was shown to be improved, with implanted cells shown 

to express relevant functional proteins. This is congruent with previous research in the field. 

Additionally, utilising methods from the group’s earlier research [254], this study measured the 

endocochlear potential both prior to and after MSC implantation, demonstrating its recovery following 

replacement therapy. Such recovery serves to verify the health of implanted cells and restoration of 

appropriate function in the spiral ligament facilitated by MSC implantation. 

In a human study of MSC transplantation for sensorineural hearing loss, MSCs were verified as 

safe for use. However, no recovery of hearing function was seen in patients [255]. This casts doubt upon 

the ability to replicate animal study results in humans, though the lack of similar hearing function 

restoration may be due to several factors beyond species variation. These factors include but are not 

limited to a distinct difference in cell administration technique between studies. Whereas rodent 

models were administered cell therapy via semi-circular canal injection, human patients had cells 

administered via the subclavian line. This, as noted in the study, is unlikely to yield hearing status 

improvement as delivery directly to the inner ear environment is required in order for cells to bypass 
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the blood-labyrinth barrier. While local transplantation of cells into the patient cochlea is theoretically 

possible, this is likely to yield damage to the cochlear and does not yet appear to have been trailed in 

humans to date. 

Though not verified in humans to date, it is undoubtable that, if successful, transplantation of 

MSCs into the injured inner ear may prove useful in reducing inner ear damage. In metabolic ARHL (the 

focus of the present research) MSC transplantation is likely to allow regeneration of fibrocytes (due to 

factors secreted by SLFs promoting transdifferentiation of MSCs) as well as functional recovery aided 

by the natural anti-inflammatory properties of MSCs [93]. Should a viable method by which to apply 

MSCs to human inner ears be developed, it is undoubtable that they may be of therapeutic benefit, 

particularly in the treatment of metabolic ARHL. Where this condition is concerned (as well as other 

hearing loss types wherein cochlear fibrocyte death precedes further damage), it may be reasonably 

stated that successful cell replacement therapy administered prior to hair cell damage/death may 

delay or even halt disease progress. However, this is dependent upon timely application, ideally 

before hair cell loss occurs (i.e. prior to symptomatic damage). 

Though there are no clinically available biological interventions for hearing loss or fibrocyte 

damage currently, evidence from research implies there is growing potential for treatment 

development. Should such a treatment to repair or replace damaged fibrocytes become available, it 

is likely that hearing function may be restored as shown in animal-based studies and that progression 

to further hearing loss types may be limited or even prevented.  

In pursuit of viable cell replacement therapies for the inner ear, present inability to reliably 

determine which cells remain in the patient cochlea must be addressed. Not only does this mean that 

researchers cannot accurately determine the nature of cell replacement required, but in cases of 

metabolic ARHL it may be reasonably stated that inability to assess the inner ear state may prevent 

the derivation of any benefit from treatment. As mentioned above, Kada et al. (2020) [253] recently 

demonstrated partial recovery of hearing function following MSC implantation in mice. Within the 

study, however, it was noted that recovery was only seen in the mild degeneration model, with 

researchers suggesting that improvement may only be feasible should sensory cells remain 

undamaged. As hearing loss is minimally symptomatic prior to sensory cell damage, without an 
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alternate insight into inner ear health of patients, MSC replacement of cochlear fibrocytes cannot offer 

functional recovery. 

In aims to combat this issue, the present research suggests the use of non-invasive mass 

spectrometry technique SIFT-MS to detect patient inner ear health in a minimally invasive manner via 

biofluids. More specifically, the present research aims to conduct the first stage of investigations on 

the path to the establishment of distinguishable profiles of healthy and unhealthy murine cochlear 

cells, with a view to progressing towards profiling inner ear health in live animals via relevant biofluids. 

Eventually, it is hoped, this research will come to form the groundwork of clinically applicable 

research into inner ear health detection in human patients. 

 

1.7. Spectrometry and Spectroscopy for the Monitoring of 
Cochlear Fibrocytes- Introduction to Relevant 
Techniques 

In order to identify metabolic and mixed ARHL in the fibrocyte stage, and to monitor cells in vitro 

non-invasively, mass spectrometry and vibrational spectroscopy techniques may be of use. As 

metabolic and mixed phenotypes of HL are so difficult to determine and to distinguish from other sub-

types, techniques capable of identifying small variations are vital to achieve the goal of detection and 

distinction of metabolic ARHL in a clinically translatable setting. Combining sensitive molecule 

detection methods with minimally invasive techniques such as gas sampling (or supernatant 

sampling for cell cultures) facilitates both the advancement of potential ARHL diagnostics and 

treatments. To this end, the techniques Raman spectroscopy, FTIR spectroscopy and SIFT-MS are 

explored in the present research.  

 

1.7.1. Raman Spectroscopy 
In the present research, cultured cells were first explored through vibrational spectroscopy to 

observe the cell endometabolome (metabolic environment within cells) for comparison with the 

exometabolome (metabolic environment outside of cells e.g. supernatant, gas headspace). Both 
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Raman spectroscopy and Synchrotron-FTIR spectroscopy were employed to this end (direct cellular 

analysis). 

To briefly introduce vibrational spectroscopies – analytical techniques within this category 

provide insights into molecular structure, dynamics, and interactions through the examination of 

molecules’ vibrations in response to light. Both Raman spectroscopy and FTIR spectroscopy are 

widely used across industry and academia in various fields including chemistry, materials science 

and even clinical biology. While both Raman and IR based techniques fundamentally rely on light 

interaction with molecules, they differ in their modes of action. Put simply, Raman spectroscopy relies 

on changes to molecule polarizability (ease of electron cloud distortion) of a molecule, while IR 

techniques (e.g. FTIR) rely on chances in a molecule’s dipole moment (separation of opposing 

charges). As such, Raman and IR spectroscopies are considered complementary.  

Table 1: Comparison of Raman Spectroscopy and FTIR Spectroscopy (adapted from 
Kendall et al. (2009). 

 Raman Spectroscopy FTIR Spectroscopy 
Principle Scattering of light by vibrating 

molecules. 
Absorption of light by 
vibrating molecules. 

Molecular Activity A molecule is Raman active if 
incident light causes a 
change in polarizability. 

A molecule is IR active if 
incident light causes a 
change in dipole moment. 

Molecular Bond 
Sensitivities 

Non-polar bonds including C-
C double and triple bonds. 

Strong polar bonds including 
hydroxyl (OH), carbonyl (CO) 
and amide bonds. 

Spatial Resolution Higher spatial resolution 
(1µm) due to diffraction limit. 

Lower spatial resolution 
(10µm) due to diffraction 
limit. Synchrotron sources (2-
5µm). 

 

To introduce further - Raman spectroscopy operates via the quantification of Raman 

scattering (inelastic scattering of incident photons) by molecules of interest. Dependent upon the 

nature of their bonds, molecules may possess various vibrational modes (Fig. 5) enabling the 

continuous movement of their atoms. Vibrational modes include symmetric and asymmetric 

stretching, symmetric bending in a plane (bending), asymmetric bending in a plane (rocking), 

symmetric bending out of a plane (twisting), and asymmetric bending out of a plane (wagging). 
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As such, when monochromatic light interacts with these molecules, photons are either absorbed 

or subject to scattering, with some absorption occurring when the incident energy is equal to that of 

the vibrational mode and scattering occurring in all other cases. Raman scattering can take three 

forms- Rayleigh, where scattered photons have the same energy as incident photons; Raman Stokes, 

where scattered photons have higher energy than incident photons; Raman anti-Stokes, where 

scattered photons have higher energy than absorbed photons (Fig. 6) [98]. From this, given that the 

incident energy is known, researchers may infer qualitative and quantitative information about 

samples of interest based upon their absorption/scattering.   

Figure 5: Vibrational modes of molecules. 

Fundamental vibrational modes of a triatomic non-linear molecule observed in 

infrared (IR) and Raman spectroscopy. Bending (Scissoring (β)): Atoms move toward 

and away from each other in the same plane, altering bond angles. Rocking (ρ): Atoms 

oscillate side to side in parallel motion, maintaining bond lengths. Symmetric 

Stretching (ν₁): All bonds elongate and contract in-phase, maintaining molecular 

symmetry. Asymmetric Stretching (ν₂): Bonds stretch and compress in an out-of-phase 

manner, leading to dipole moment changes crucial for IR activity. Wagging (ω): Atoms 

move in and out of the plane in unison, resembling a "wagging" motion. Twisting (τ): 

Atoms rotate in opposite directions about the bond axis, introducing torsional strain. 
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Where the diagnosis and monitoring of disease is concerned, Raman spectroscopy has a range of 

applications depending upon the specifics of the methods used. It has been employed to date in the 

context of countless conditions including cancers [99], Alzheimer’s disease [100], and Hepatitis C [101], 

along with a notable potential for application in COVID-19 diagnosis (and the diagnosis of similar viral 

illnesses at pandemic scale) [102]. 

 

1.7.2. ATR-FTIR Spectroscopy 
ATR-FTIR spectroscopy was employed in this research to examine supernatant samples of 

cochlear fibrocyte cultures to contribute to cell exometabolome understanding. ATR-FTIR (an 

enhanced form of FTIR spectroscopy), similarly to Raman spectroscopy, operates via measurement 

of the absorption and scattering of incident light to infer molecular features. Once again, this 

technique relies upon the vibrational modes of molecules noted in figure 5. As its name suggests, FTIR 

observations are conducted in the infrared spectrum, with infrared radiation typically produced via 

Globar (thermal light) source passed through a sample and the resulting absorbance and 

transmittance (passage of radiation through the sample) recorded to generate spectra via the Fourier 

Figure 6: Types of scattering in Raman spectroscopy. 

Rayleigh scattering – λscatter = λlaser. Stokes Raman scattering - λscatter > 
λlaser. Anti-Stokes Raman scattering - λscatter < λlaser. 
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transform [103]. Absorbance occurs when the resonance frequency of analysed molecules matches the 

frequency of the IR radiation applied. 

The Fourier transform, simply put, is employed in FTIR spectroscopy to arrange signal outputs into 

measures of frequency and amplitude which may be interpreted as spectra, essentially acting as a 

series of filters which separate signals into constituents. That is, given an output, the Fourier 

Transform works in reverse to calculate input components, generating spectra that allow molecules 

to be identified. 

Through combining the fundamental technique of FTIR with the attenuated total reflection (ATR) 

sampling method, ATR-FTIR enables non-destructive, high sensitivity analysis of samples with 

minimal preparation requirements. In the context of cell culture media analysis, the technique is 

particularly applicable as it enables direct analysis of water-rich liquid samples. The ATR sampling 

method operates by IR absorption by a sample in contact with a high-refractive-index crystal (referred 

to as the ATR crystal e.g. diamond, germanium, zinc selenide). Total internal reflection (incident 

angle>critical angle) in the ATR crystal generates a phenomenon known as an evanescent wave (see 

Fig. 7). This evanescent wave penetrates the sample, interacting with its molecules to produce 

detectable IR absorption relative to vibrational modes. 

 ATR-FTIR, through use of total internal reflection to improve signal strength, enables the direct 

examination of solid and liquid samples without requirement for excessive preparation. This is of great 
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interest in the context of disease monitoring and diagnosis, where samples are likely to arise in solid 

and liquid form and timely results are vital in order to intervene.   

Figure 7: The principal of ATR-FTIR – total internal reflection and evanescent wave 
generation.  

Infrared light enters a high-refractive-index crystal at an angle exceeding the critical angle, 
undergoing total internal reflection at the crystal-sample interface. This creates an 

evanescent wave that extends a few micrometres into the sample, enabling interaction 
with molecular vibrations. Absorption of specific IR frequencies by the sample alters the 

reflected light, producing an IR spectrum characteristic of the sample’s molecular 
composition. The depth of penetration depends on factors such as wavelength, refractive 

indices, and angle of incidence. 

 

As such, ATR-FTIR spectroscopy is employed across a wide range of applications including  

studying molecular structures, examining surface properties and monitoring chemical reactions. In 

the biological context, the technique has been employed in the diagnoses and monitoring of a range 

of conditions and their treatments including Hepatitis (B and C) [104], chronic kidney disease [105] and 

ovarian cancer [106]. Such studies are typically targeted at the use of biofluids such as serum, saliva 

and urine, with a clear drive towards the development of minimally invasive, rapid detection and 

monitoring methods. 
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1.7.3. Synchrotron-based Analysis 
In the course of this research, FTIR spectroscopy using a Synchrotron light source (Diamond 

Light Source, Oxford, UK) was conducted in order to further analyse subcellular alterations to 

cochlear fibrocytes. Compared to benchtop FTIR which uses globar light, synchrotron light-based 

techniques offer higher resolution sampling and improved signal-to-noise ratio. This improvement is 

of considerable value when seeking to analyse changes at a subcellular and molecular level. 

Synchrotron light is initiated via electron gun, in which a cathode produces free electrons 

which are then pulled into a stream via magnetic field. The produced electron stream travels through 

a linear accelerator where high energy microwaves and radio waves split the stream into pulses. The 

linear accelerator feeds into the booster ring wherein the electron stream is modulated to a circular 

path and accelerated to relativistic velocity by a series of particle accelerators. Once stable, the 

electron stream is fed into the storage ring, a vacuum-maintained tube wherein a magnetic lattice 

keeps the electron beam focused to a true circular path. Synchrotron light is produced when a bending 

magnet deflects the electron beam, with each bending magnet linked to a beam line wherein 

synchrotron-based analyses may be conducted using the emitted electromagnetic radiation. This is 

summarised in figure 8.  

Though Synchrotron and benchtop spectroscopic methods differ in their mode of action, both 

may be analysed similarly. A crucial component of spectral data analysis is the conduction of 

multivariate data analysis (MVDA). MVDA methods such as principal component analysis (discussed 

in greater detail in section 2.2.3) enable researchers to handle the large volumes of highly variable 
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data typical of spectroscopic techniques, identifying patterns and relationships within data, reducing 

dimensionality, and providing ease in data visualization and interpretation.  

Of particular interest in the present research is the capacity of MVDA methods to be used in the 

classification of samples. Should classification of cochlear fibrocyte samples by inflammation level 

be feasible, this may inform creation of a predictive model which, in theory, could distinguish inflamed 

cells from healthy and inform diagnostic/clinical applications. Such a model, if performance could be 

appropriately validated, could be employed in real-world settings to rapidly identify and categorise 

cell inflammation state in the hearing loss context and beyond. 

 

Figure 8: A Simple Diagram of Typical Synchrotron Setup. 

Electrons are initially accelerated in a linear accelerator (linac) 
before being injected into a booster synchrotron, where they gain 

energy through radiofrequency cavities. The electrons are then 
transferred to the storage ring, where they circulate at relativistic 

speeds, emitting synchrotron radiation as they are deflected by 
bending magnets or insertion devices such as wigglers and 

undulators. This radiation is directed into beamlines for various 
spectroscopic and imaging applications. 
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1.7.4. Vibrational Spectroscopy in Inflammation and Hearing 
Studies 

 

Techniques such as Raman spectroscopy and FTIR can be highly valuable tools in the study of 

inflammation-related metabolic changes in cells. These methods provide label-free, non-destructive 

analysis with high specificity, making them uniquely suited for detecting subtle biochemical 

alterations linked to inflammation, mitochondrial dysfunction, and metabolic pathway disruptions. 

As noted previously, Raman and FTIR are complementary techniques and, used together, enable 

molecular fingerprinting of samples revealing chemical and structural modifications in proteins, 

lipids, and other metabolites. 

It should be noted that the label-free, non-invasive nature of vibrational spectroscopies in this 

context contrast with traditional biochemical validation methods for inflammation and inflammatory 

markers (such as western blot, ELISA, mitochondrial function assays etc.) which are time consuming 

and often considered invasive to cultures under study. FTIR in particular, when employing the media 

sampling methods used in the present research, presents a potentially highly effective non-invasive 

analysis method for cells in culture. 

Though not conducted in the context of ARHL, both Raman and FTIR spectroscopies have been 

employed in numerous studies of cellular inflammation and related biomarkers. Concerning Raman 

spectroscopy, the paper by Borek-Dorosz et al. (2024) [265] is of particular interest as it explores the 

activation of glucose and lipid metabolism in endothelial cells by inflammation with TNF-α. This 

research suggested alteration in the ratio of lipid:protein/lipid bands in Raman spectra as a result of 

inflammation, as well as general accumulation of lipids – known to arise as a product of inflammation 

[266]. Such lipid alterations as a result of inflammation have been analysed by Raman spectroscopy 

across a variety of contexts including nervous system-focused research [267]. Though not strictly 

applicable to studies of ARHL, the versatility of Raman spectroscopy in inflammatory studies, 

particularly where lipid and protein analyses are concerned, lend it well to the present research. In 

particular, where lipids are concerned, Raman spectroscopy presents a label-free alternative to 
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perhaps more traditional immunocytochemical methods, enabling the preservation of potential 

inflammatory cellular features (e.g. lipid droplet accumulation in macrophage-like cells). 

FTIR spectroscopy, similarly, has been employed across a range of studies surrounding 

inflammation and mitochondrial dysfunction, as well as more generally in diagnostics [268,269]. Though 

not directly linked to cochlear fibrocytes, the 2018 paper by Rodrigues et al. [270] provides general 

insight into the analysis of cell and tissue inflammation using FTIR. Researchers in this study 

demonstrated FTIR differentiation of several variations between normal and pathological mucosa 

samples, with differences arising in spectral regions including those attributed to DNA (~970cm-1), 

proteins (1312cm-1) and lipids (1743cm-1). Of particular interest is the variation seen in glycogen 

(~1080cm-1) between inflamed and normal tissue. Glycogen is a key molecule in energy production 

and is broken down during glycolysis to generate pyruvate and, subsequently, acetyl-CoA through the 

citric acid cycle. This is particularly interesting in the context of cochlear fibrocytes as they are, like 

macrophages, considered immunocompetent cells [271] and it is known that in macrophages, 

performance of the citric acid is affected by inflammation [272]. As such, the present research also 

serves to explore where cochlear fibrocyte inflammatory responses resemble those of macrophages 

and where they differ.   

Concerning the diagnoses of ARHL, vibrational spectroscopy techniques such as Raman and FTIR 

spectroscopies are of great value. However, to date there have not been any studies which have 

employed these techniques specifically to monitor the health of cochlear fibrocytes. 

Raman spectroscopic studies surrounding the ear typically appear more broadly focused, often 

concentrating on outer and middle ear heath and adaptations to current treatment options (e.g. 

cochlear implants) [107-109]. However, though there do not appear to be any studies focused solely on 

cochlear fibrocytes and their health, Raman studies into the composition of perilymph and its 

diagnostic potential have been conducted. 

In their 2016 study, Höhl et al. employed UV-resonance-enhanced Raman techniques to examine 

amino acids in aqueous solutions such as human perilymph [110]. In 2019, the group continued in this 

line of research, taking a first step towards their long-term goal of developing a fibre-based Raman 

endoscope for non-invasive perilymph measurements during cochlear implant surgeries [111]. In this 
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study, Höhl et al. (2019) presented a prototype fibre optic probe to acquire Raman spectra of heat 

shock proteins (HSPs) 70 and 90 in perilymph. These proteins are known to perform several functions 

including preventing stress-induced apoptosis in hair cells and, as such, form part of the inner ear 

‘stress proteome’ – a potential target for drug-based interventions [112].  In the study, researchers 

employed the prototype probe to collect Raman spectra of purified HSP70 and HSP90 samples ex 

vivo, successfully identifying key spectral components and demonstrating the accuracy of their 

methods via PCA and predictive model. To date, this research group appears to still be working 

towards its long-term goal. 

Though this research differs from the present study in the setup and nature of samples observed, 

it is still highly relevant to the present research with the actions of cochlear fibrocytes directly 

impacting the composition of perilymph in vivo. As such, the goals and findings of this research were 

considered when conducting the present study. However, it is arguable that the present study’s ATR-

FTIR analyses are more relevant to the Höhl et al. research direction than Raman analyses, as these 

deal with cell supernatant rather than cells themselves. 

As successful diagnosis of age-related hearing loss (ARHL) by the methods studied requires 

access to reliable and relevant biofluids from which to elucidate biomarker information, it is of value 

to consider perilymph in this context. Perilymph, due to its proximity to cochlear cells, reflects the 

physiological and biochemical state of the inner ear, making it a highly relevant fluid for investigating 

cochlear inflammation and metabolic changes. Certainly, if in vitro cell culture supernatant may be 

used as an analogue for perilymph in this proof of concept research, it serves to demonstrate how 

further spectroscopic techniques such as ATR-FTIR may be of value in analysing the ‘stress proteome’ 

(e.g. proteins such as HSP70 and HSP90) of the inner ear and cochlear fibrocytes. Should 

inflammation-based variation be detectable through culture media by ATR-FTIR, the present research 

encourages the techniques use as a further, complementary, biomarker analysis approach to the 

Raman analyses shown by Hohl et al.  Success in these methods could enable earlier detection, 

improved monitoring, and personalized intervention strategies for ARHL. 

ATR-FTIR, similarly to Raman spectroscopy, appears widely used in studies surrounding 

adaptations to HL treatment options (such as cochlear implants) [109], with seemingly fewer studies 
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devoted to ear cell investigations. Most studies that do involve inner ear cells (e.g. hair cells/SGNs) 

appear to focus on biomaterial development for cell scaffolds, nanoparticles, and artificial cell-like 

structures, with FTIR employed to characterise these materials rather than cells themselves [126, 259]. 

To date, it does not appear that FTIR-based techniques have been used to examine cochlear fibrocytes 

or their surrounding fluids. 

With this in mind, the investigations conducted in the present research are undoubtedly unique, 

with vibrational spectroscopy being used to characterise in vitro cochlear fibrocytes for the first time. 

Not only are fibrocytes analysed in their healthy state, but inflamed cells are also investigated. 

Furthermore, in addition to benchtop analyses, this research presents findings of S-FTIR fibrocyte 

analyses conducted at Diamond Light Source Synchrotron Facility (Oxford, UK) and marks the first 

occasion in which such cells have been scrutinised at a synchrotron facility.  

 

1.7.5. Selected Ion Flow Tube Mass Spectrometry (SIFT – MS) 
In pursuit of minimally invasive cell observation methods, and further to vibrational spectroscopy 

techniques, this research employed Selected Ion Flow Tube Mass Spectrometry (SIFT-MS) in 

examining the gas headspace of cochlear fibrocytes in vitro. This method allows real-time 

identification of compounds within gaseous samples, often requiring significantly less preparation 

than other gas analysis methods such as gas chromatography mass spectrometry (GC-MS). 

Compared with GC-MS, SIFT-MS is a newer, faster method for metabolomic study which has shown 

Figure 9: A simplified schematic of the SIFT-MS instrument. 

Schematic indicates the arrangements of SIFT-MS components including quadrupole 
filters, ion detector and microwave resonator. Helium carrier gas flow is indicated in the 

main flow tube (adapted from Smith & Španěl, 2005). 
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extensive potential for diagnostic use. It is a radiation-free, analytical method that allows real-time 

analysis of gaseous sample composition, producing a profile of volatile organic compounds (VOCs) 

from samples. 

SIFT-MS operates via soft chemical ionisation, wherein a sample vapour is reacted with known 

ions selected by a quadrupole mass filter (typically H3O+, NO+ or O2
+ due to their lack of reactivity with 

major compounds in air) from a mixture of ions produced via microwave discharge through air [113]. The 

selected ion (one of H3O+, NO+ or O2
+) is reacted with samples in an inert carrier gas (usually helium) 

at a controlled flow rate to generate analyte ions. These analyte ions are then sampled by a mass 

spectrometer which generates a measure of ion counts (Fig. 9). 

Assignment of molecules to samples is made based upon ion reaction mechanics, according to 

the precursor ion employed. H3O+ precursor ions react with sample molecules via proton transfer, 

with products often undergoing hydration due to sample humidity. NO+ precursor ions typically react 

via charge transfer, wherein an electron is drawn from the sample molecule to neutralise the NO+ ion 

to NO. NO+ precursors may also react via hydride ion transfer (due to sample humidity) or association. 

O2
+ precursors react similarly to NO+, in that typical reactions with sample molecules occur in the 

form of charge transfer. These reaction mechanisms are summarised in Table 2 below. 

Table 2: Reaction mechanics of common SIFT-MS precursor ions. 

 

Reaction Type Reaction Equation 
H3O +  
Proton transfer M + H3O+ → MH+ + H2O 
Product ion hydration MH+ + H2O → MH+(H2O) 
Reaction with hydrated precursor ions M + H3O+(H2O) → MH+(H2O) + H3O+ 
NO+  
Charge transfer M + NO+

 → M+ + NO 
Hydride ion transfer MH + NO+ → M+ + HNO 
Association M + NO+ → NO+M 
O2

+  
Charge transfer M + O2

+ → M+ + O2 
 

1.8. Mass spectrometry in diagnosis 
Concerning the diagnoses of ARHL as well as the distinction between subtypes and monitoring of 

cell health, non-invasive gas sampling techniques such as SIFT-MS are ideal, though liquid sampling 
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using vibrational spectroscopy is also feasible in vitro. SIFT-MS has previously been used in non-

hearing-related studies focused upon diagnosis [114-120], though clinical use in relation to ARHL has not 

yet occurred. 

To date, SIFT-MS has been used to determine the profiles of and distinguish between a variety of 

human cell types, typically with little sample preparation and real-time analysis possible [113, 128]. This 

capacity is of great interest in seeking a non-invasive monitoring method for cochlear fibrocyte 

pathologies in vitro and may lend itself to in vivo investigations should an appropriate sample source 

be obtainable from patients.   

Generally, clinical SIFT-MS research focuses on the use of breath as this is an accessible, patient-

friendly sample type and the large gas-exchange surface of the lungs allows VOC profiles from blood 

to be carried into exhaled breath. Breath studies conducted using SIFT-MS are highly versatile, 

characterising ‘breathprints’ for a range of conditions including cancers, Crohn’s disease, cystic 

fibrosis, and renal failure [115-120, 129]. 

Though most clinically relevant SIFT-MS studies focus on breath research, breath can be tricky 

capture and store and, as such, may not be the ideal approach to developing potential ARHL 

diagnostics. With such issues in mind, alternative sample types may be used provided that they have 

a gas headspace that can be collected for analysis. For example, though far less common than breath 

studies, research into plasma and blood headspace analysis via SIFT-MS has been conducted [121,122]. 

However, such sampling methods cannot be considered truly non-invasive, with blood tests and 

similar needle-based procedures (including the extraction of perilymph) off-putting to many patients 

[123]. 

Based on these factors, cerumen is suggested as a biomarker of interest in this research. Though 

only the first stages of investigation are conducted alongside cell analyses presently, GC-MS based 

studies have demonstrated the biofluid’s diagnostic potential [127]. Cerumen, though external to the 

cochlea, offers a potential non-invasive alternative biofluid for biomarker analysis compared with 

blood sampling or perilymph extraction. Its composition includes a mixture of lipids and proteins 

which may reflect metabolic processes and indicate inflammation-related processes such as 

oxidative stress, and its properties as a wax offer potential for the entrapment of volatile organic 
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compounds from the ear which may offer further metabolic information. By complementing or 

replacing perilymph analysis, cerumen may provide a patient-friendly approach that aligns with the 

broader push toward non-invasive diagnostic strategies in precision medicine. This is explored in 

depth in chapter 5.  

 

1.9. The present study- Aims and Objectives  
In order to further the field of hearing loss research, the present thesis provides the first stage of 

investigation into the potential of Raman spectroscopy, FTIR spectroscopy and SIFT-MS in the 

assessment of cochlear fibrocyte damage by inflammation. Based upon the literature, inflammation 

was induced in this research via cytokine administration. This method was selected to enable dose-

response-like analysis wherein inflammation may be observed at a range of levels. From this, it is 

hoped that distinct and detectable metabolic profiles of healthy and inflamed cells may be 

characterised with a view to future clinical translation following further study and the identification of 

appropriate patient sample sources such as perilymph and cerumen. 

As such, the key aims of this thesis are: 

1. To further understanding of cochlear fibrocyte inflammatory pathology via analysis of healthy 

and inflamed cell and supernatant profiles using Raman spectroscopy, S-FTIR spectroscopy 

and ATR-FTIR spectroscopy. 

2. To investigate, via SIFT-MS, the headspace profiles of healthy and inflamed cochlear 

fibrocytes, providing insight into biomarkers of interest for potential clinical translation.  

3. To conduct preliminary investigations into the use of cerumen as a non-invasive sample 

biofluid for Raman spectroscopy, ATR-FTIR spectroscopy and SIFT-MS analyses of cochlear 

fibrocyte health. 

It is hoped that the findings from these studies will improve understanding of the metabolic 

mechanisms of cochlear fibrocytes in response to inflammation and contribute to the development 

of technologies intended to detect and inhibit the progression of ARHL. 
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2. Materials and Methods 

2.1. Cell Culture Methods 

2.1.1. Dissection and Growth of Murine Cochlear Fibrocytes 

Primary murine cochlear fibrocytes were retrieved from CD/1 mice using methods adapted from 

the gerbil dissection protocol of Gratton et al. [89]. Prior to their termination, mice were bred and 

maintained in the Biomedical Services Unit of the University of Keele according to the 1986 Animals 

(Scientific Procedures) Act under regulatory control of the UK Home Office and following appropriate 

project approval. All terminations were carried out under Schedule 1 of the act (see letter in Appendix 

A) by trained persons at the Biomedical Services Unit.  

Mice at approximately postnatal day 10 were humanely euthanized via anaesthetic overdose 

using an injection of 0.05mL sodium pentobarbital (Vetalar). A toe pinch check was performed on each 

animal to ensure no motor response before proceeding with transportation and dissection. Once 

proper anaesthetization was achieved and animals confirmed to be deceased, they were safely 

transported to the Keele University Guy Hilton Research Centre site in a sealed, cooled container. 

Once at the Guy Hilton Research Centre site, animals were immediately transferred from the 

container to a biological safety cabinet prepared via cleaning with Virkon followed by 70% industrial 

methylated spirit (IMS), containing petri dishes, sterile scissors, sharp sterile tweezers, magnification 

equipment, a waste disposal container, a container of appropriate dissection buffer, and a container 

of appropriate culture media. 

In the first stage of dissection, wherein otic capsules were removed, mouse heads were detached 

and bisected sagitally to expose the brain (Fig. 10, image 1). Brains were then removed to expose otic 

capsules (Fig. 10, image 2), the approximate locations of which can be ascertained by visually 

following the lower jawbone of the animal and identifying a characteristic protrusion from the skull. 

Once located, otic capsules were carefully detached from the skull whole using sharp, sterile 

tweezers (Fig. 10, images 3 and 4). 
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To extract spiral ligaments, the shell of each cochlea (made accessible by the removal of the otic 

capsule from the skull) was peeled away to access the lateral wall, residing immediately beneath the 

bone. From the lateral wall, tissue was removed (Fig. 10, image 5) and spiral ligaments isolated (Fig. 

10, image 6). During this stage of dissection, tissue was handled in a petri dish containing dissection 

buffer composed of 90% sterile phosphate buffered saline (PBS) (Corning) and 1% penicillin-

streptomycin- amphotericin B (Lonza). Isolated ligaments were individually placed in a 6 well plate 

and topped with a sterile, dry coverslip (sterilized via submersion in 70% IMS, with IMS allowed to 

evaporate off before use). Once plated, sufficient fibrocyte culture media (composed as listed in the 

general cell culture procedures (section 2.1.2)) to cover the ligament and coverslip was added to each 

well, before transferring the plate to an incubator set at 37°C and 5% CO2. Following dissection, all 

waste products and consumable items employed in the dissection process were disposed of via 

clinical waste and the safety cabinet thoroughly cleaned with Virkon and 70% IMS. 

Figure 10: Photographic images of the cochlea dissection procedure. 

1) Sagitally bisected mouse head, brain indicated by tweezers. 2) Sagitally bisected 
mouse head with brain removed, otic capsule indicated by tweezers. 3) Explanted otic 

capsule, cochlea indicated by tweezers. 4) Close up image of the explanted otic capsule 
with cochlea clearly visible. 5) Explanted lateral wall tissue. 6) Isolated spiral ligament 

piece. (Furness, 2020, pers. comm.). 
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Plates containing ligaments were cultured in a 37°C (5% CO2) incubator with media changes every 

other day. Coverslips were removed once ligaments had adhered to plates. Ligaments were removed 

and discarded after around 1-2 weeks depending upon the rate of cell proliferation from the explant. 

Cells were cultured until confluent patches formed in wells, then split for use in experiments or frozen 

for future use according to the protocols outlined in section 2.1.3. 

 

2.1.2. General Cell Culture Conditions 

Murine cochlear fibrocytes from tissue explants were cultured in a 37°C (5% CO2) incubator in 

media composed of 88% glucose-free culture medium (Sigma Aldrich) (powdered, diluted in sterile 

dH2O, D-glucose (Sigma Aldrich) added 1 g/L, pH balanced using sodium bicarbonate (Fisher 

Scientific)), 10% Foetal Bovine Serum (FBS) (Labtech), 1% L-glutamine (Lonza), 1% non-essential 

amino acids (NEAA) (Lonza), 1% penicillin-streptomycin-amphotericin B, and 1% insulin-transferrin-

selenium-G (ITS-G) (Thermofisher). To minimize degradation of media components, glucose, FBS, and 

ITS-G were not added to media aliquots until the point immediately before use. Media ‘base’ without 

these components was made in large quantities and stored under refrigeration (2-8°C) to further 

minimize this degradation. Ahead of experiments, media was prepared in full a day before at 

maximum, with surplus experimental media used for general cell culture and housekeeping activities. 

All media changes and passages were conducted under sterile cell culture conditions. 

Contrary to typical culture methods for cochlear fibrocytes, cell culture surfaces were not 

collagen coated. This revised method was used as quality and preparation of the collagen solution 

used for coating can significantly impact fluorescence imaging (as seen in Fig. 11). In initial attempts 

to incorporate collagen coating into the culture methods, it was observed that the presence of 

collagen interfered with the fluorescence staining of S100B, leading to increased background signal 

and potential misinterpretation of results. This interference could be due to non-specific binding of 

the S100B antibody to collagen fibres. With this in mind, culture without collagen coating was trialled, 
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with lack of collagen in culture demonstrating no apparent effect on overall cell morphology and 

marker expression (see chapter 3). As such, the revised collagen-free method was deemed 

acceptable for the present investigations.  

In vessel selection and cell number detection experiments, MG63 human osteosarcoma cells 

(cell line derived from the left femur of a 14-year-old Caucasian male), provided by Professor Ying Yang 

at Keele University, were cultured in a 37°C (5% CO2) incubator in media composed of 87% Dulbecco’s 

Modified Eagle’s Medium (DMEM) (Corning), 10% FBS, 1% L-glutamine, 1% NEAA, and 1% penicillin-

streptomycin-amphotericin B. This cell line was employed to minimize unnecessary animal use in 

optimization stages.  

 

2.1.3. Passage and Storage 

Passages were performed once cultures reached approximately 80-90% confluence. To passage, 

cell culture media was removed and 8:6 trypsin (Corning): PBS added, followed by incubation for 5-10 

minutes in a 37°C (5% CO2) incubator. Manual aggravation was applied following the incubation 

Figure 11: Fluorescence images of cochlear fibrocyte secondary cultures with and 
without collagen. 

Fluorescence images of cochlear fibrocyte staining for Na+/K+ATPase (green), S100B 
(magenta) and AQP1 (red) with DAPI nuclear stain. A) With rat tail collagen 1 coating- 

collagen fibres can be seen in the culture environment, making cells more difficult to 
visualize. B) Without collagen coating- cells may be seen clearly. Scale: 100µm. 
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period to ensure thorough cell detachment. Once cells were adequately detached, flasks were 

quenched with media and cell suspensions centrifuged at the appropriate rate (1000 rpm for 8 

minutes for cochlear fibrocytes, 1200rpm for 5 minutes for MG63). Supernatants were discarded and 

pellets resuspended in 5mL media. 20µl of cell suspension was then combined with 20µl of 0.4% 

trypan blue solution (Lonza) to perform counts using a haemocytometer. Bright, unstained cells were 

counted as live and dark, stained cells were counted as dead/non-viable. 

Where not immediately required and to avoid senescence (anticipated early into the culture 

process for primary (non-immortalised) cells), cells were frozen. Cells were trypsinised, centrifuged, 

resuspended, and counted as above. For every million cells, 1.8mL of freezing media was created- for 

MG63s this was 90% standard MG63 media, 10% Dimethyl Sulphoxide (DMSO (Fisher Scientific)); for 

cochlear fibrocytes this was 70% media, 20% FBS, and 10% DMSO. Cells were centrifuged again 

following counts, at the appropriate rate indicated above. Supernatants were discarded and pellets 

resuspended in the appropriate freezing media (at 1.8mL per million cells as stated). Each 1.8mL of 

cell suspension was added to a cryovial, placed in a thawed freezing container, and added to a -80°C 

freezer. Following approximately 24 hours in the freezer, cryovials were transferred to liquid nitrogen 

containment for long-term storage. 

 

2.1.4. Cell Survival Assays 

Cell viability, whether for storage or experimental purposes, was determined using the trypan 

blue exclusion method. Trypan blue solution (0.4%) was mixed 1:1 with cell suspension, with stained 

cells counted via haemocytometer as noted above.  

 

2.1.5. Cochlear Fibrocyte Characterisation 

Cochlear fibrocytes were characterised via immunocytochemistry, staining against NaK-ATPase, 

S-100, and aquaporin 1. Specifics of antibodies and methods employed are detailed in chapter 3.  
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2.2. Raman Spectroscopy of Cochlear Fibrocytes 

2.2.1. Raman Sample Preparation and Sampling 

In preparation for Raman spectroscopy, cells were detached from flasks via trypsin (similarly to 

the passage methods outlined in section 2.1.3.) and cytospun through a cytofunnel and filter card 

(Shandon, UK) at 900rpm for 3 minutes (medium setting) onto 0.5mm thickness IR/Raman-grade 

calcium fluoride (CaF2) slides (Crystran, UK) to form a monolayer of approximately 250,000 cells. 

Cytospinning was employed in preference to growing cells directly onto sample slides as it flattens 

cell bodies- a benefit in sampling techniques whose results may be affected by uneven topography. 

Cytospinning also mimics clinical cytological preparation and may be relevant to future translational 

steps. Cytospun samples on slides were placed in a petri dish and fixed using 4% paraformaldehyde 

in 0.9% NaCl for 15 minutes, followed by one wash using NaCl solution and three washes using dH2O, 

and air dried at room temperature. Prior to air drying, excess liquid was carefully removed from slides 

using filter paper to minimise the formation of any artefacts (e.g. crystals). 

In cerumen sample analysis, cerumen samples were not subject to any pre-processing. Cerumen 

was spread directly upon IR/Raman-grade calcium fluoride sample slides. In depth methods for this 

sample preparation may be found in section 2.7. 

Raman spectroscopy measurement was conducted using a Thermofisher DXR 3 Raman 

spectrometer (532nm laser, full range 900lines/mm grating). For point maps, typically, 100-300 

spectra were collected per condition (1 point per cell with sampling conducted around the nuclear 

region). A 120 second acquisition time was used for each sample point, with 3 scans per sample and 

4 scans of background. Following every 25 cells sampled, a series of ‘blank’ spectra were taken from 

cell free substrate regions in order to facilitate baseline correction, identify potential sources of 

interference and ensure instrument calibration. Sample spectra were collected at 20x magnification. 

Laser power was 10mW, with a 50µm pinhole aperture employed. A spot size of approximately 2.5µm 

was achieved. Prior to sample spectrum collection, samples were photobleached for 30 seconds to 

mitigate sample fluorescence and improve the contrast of Raman bands in spectra. A high cosmic ray 

threshold was employed.  
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2.2.2. Raman Data Pre-processing 

Following collection, point maps were split in Omnic software and individual spectra exported as 

.SPA files. All data processing and analysis was conducted in Orange (Quasar) software (versions 

1.7.0 to 1.9.1) (https://quasar.codes).  

Sample data were first compared with blanks collected at slide locations with no cells. This was 

done to check for artefacts arising from the instrument and to ensure that variations seen arose from 

sampled cells, not slides. A comparison of raw undosed cell sample data against blanks is presented 

in figure 12 below, with difference between sample and blank clearly visible. 

 

Following checks against blanks, data were pre-processed to reduce variations in samples not 

introduced through experimental means. Such variations may originate from environmental factors 

such as instrument drift, temperature and humidity.  Spectra were first cut to remove noise (if 

necessary) and the large CaF2 peak, followed by the application of a rubber band baseline correction. 

Following this, data were smoothed using Savitsky Golay (window 11, polynomial 2) and vector 

Figure 12: Average Raman spectra of cell samples vs blank CaF2 slide. 

Representative samples of 100 cells and 12 blanks employed in the generation of 
averages. The characteristic CaF2 peak at 321cm-1 as well as a peak at 2325cm-1 are 

noted in both blanks and cell samples. 

https://quasar.codes/
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normalised to reduce variation arising from sample thickness and to allow for comparison across 

instruments. Window and polynomial were selected to achieve optimum smoothing and signal to 

noise ratio without over-processing. Finally, data were cut to regions of interest (400-3600cm-1 

general, 400-1800cm-1 fingerprint, 2800-3600cm-1 high wavenumber). Any clearly anomalous spectra 

were excluded from data prior to averaging and analysis. A comparison of raw and pre-processed 

Raman data is presented in figure 13 on overleaf. 
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Figure 13: Average Raman spectra of cell samples at each pre-processing stage. 

A) Trimmed raw spectrum. B) Rubber band baseline correction applied. C) Savitsky 
Golay smoothing applied. D) Vector normalisation applied. 
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Second derivative spectra were generated by increasing derivative order at the Savitsky-Golay 

smoothing stage. Generation of second derivate spectra enabled clearer visualisation of Raman 

bands by reducing background and interference. To reduce noise in second derivative spectra, 

Savitsky Golay filter window was increased to 27. An example second derivative plot of the undosed 

cell is shown in figure 14 below. 

 

2.2.3. Raman Data Analysis 

Following pre-processing, data were analysed using Orange (Quasar) software. First, manual peak 

identification was performed on average spectra. That is, average spectra were visually inspected and 

peaks identified, noting shift and changes in band intensity and consulting second derivative spectra 

for clarity where applicable. Bands were assigned to bond vibrations and potential molecules through 

literature consultation (see table 3). 

Table 3: Raman band assignments. 

Raman Band Region (cm-1) Associated Bond 
Vibration 

Molecular Family 

400-600 CH2 bending, C-C-C 
deformations 

Polysaccharides/nucleic acids 

600-700 CH2 bending, amide IV, C-
S stretching, nucleotide 
ring breathing 

Polysaccharides/nucleic 
acids/proteins 

725 Bond vibrations in adenine Nucleic acids 
750 Bond vibrations in thymine Nucleic acids 

Figure 14: Average second derivative Raman spectrum of cell samples. 

Generated by increasing derivative order at the smoothing stage of spectral preprocessing. 
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785 Bond vibrations in cytosine Nucleic acids 
825 O-P-O stretching of 

nucleic acids 
Nucleic acids 

852 C-H ring breathing Amino acids 
870-980 C-O stretching, C-C-N 

asymmetric stretching, C-
O-C ring deformation 

Lipids/proteins/nucleic acids 

1005 Symmetric ring breathing  Proteins 
1032 CH3 wagging Proteins 
1050-1115 C-O stretching, C-C 

stretch, C=O vibration 
Lipids/proteins 

1128 C-C stretch, CH2 vibration Lipids/glucose 
1145-1195 C-C stretching, C-H 

bending, C-N vibration 
Proteins/amino acids 

1195-1405 Amide III, C-O stretching, 
C=C vibrations, CH2 
wagging 

Lipids/proteins/polysaccharides 

1441 CH2/CH3 deformation Lipids/proteins 
1540-1625 C=C stretch, N-H bending, 

tryptophan ring stretching, 
C-C-H ring vibration 

Proteins 

1659 Amide I, C=O stretching Lipids/proteins 
1720-1900 C=O stretching Lipids 
2830-2900 CH2 stretching Lipids/proteins 
2900-3100 CH3 stretching Lipids/proteins 

 

Principal component analyses (PCAs) were conducted, also in Quasar software, with associated 

loadings plots generated from components. PCA was employed to enable visualisation of sample 

clustering and identification of variation sources through accompanying loadings plots. PCA was also 

used to reduce data dimensionality ahead of modelling in inflammation investigations. As Raman 

spectral data is highly dimensional (each wavenumber representing a different variable), PCA is an 

ideal method to transform data into a less varied format while still retaining valuable information.  

PCA works by assigning variance in data to principal components (PCs). Principal components, 

calculated from data set covariance, indicate sites of variation in data, with principal component 1 

(PC1) corresponding to the highest variance and the PCs that follow it (PC2, PC3 etc.) corresponding 

to reduced variances as they continue.  

PC scores were employed to generate scatter plots enabling visualisation of data point clustering. 

Corresponding loadings plots enabled visualisation of variable participation in each principal 

component. By observing both scatter plots and loadings plots, sample clustering and its sources may 

be identified. In terms of spectral data, scatter plots of PCs may, for example, demonstrate significant 
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separate clustering of a dosed and undosed cell condition, which can be attributed to spectral 

variations identifiable by consulting the associated loadings plot.  

In all sections of the present research, Principal Component Analysis was performed using 

Orange Quasar software. PCA was conducted before any non-linear predictive models to reduce data 

dimensionality. In inflammation investigations, predictive models were generated using Orange 

Quasar. Neural network was selected as the optimal model for use in this research due to its capacity 

to recognise patterns in data without the need to specify the nature of interaction.   

To explain a neural network’s functioning – each model is made up of components known as 

neurons, arranged into layers corresponding to inputs, computations, and outputs. Neurons in each 

layer are connected to neurons in the next layer, with each connection given a weight representing its 

importance. Initially weights are assigned random values, but as the model trains and learns these are 

adjusted to improve model performance.  

Data is introduced through the input layer, with each neuron calculating a weighted sum of inputs 

before applying an activation function (which transforms neuron outputs into values for the next 

neuron in the network). Activation functions enable non-linear relationships between input and output 

data. Data then undergoes feedforward propagation, where neurons receive previous layers’ outputs, 

apply computations, and apply the activation function. Finally, an output is generated in the output 

layer.  

After generating an output, the model calculates the loss (error) by comparing the predicted 

output to the actual output using a loss function. The model is then able to learn through 

backpropagation, wherein the model works from the output layer back to the input layer, calculating 

error for each layer as it goes and updating weights accordingly. 

Neural network models can predict data classifications through a repeat training and testing 

process where the model is trained on a dataset (repeatedly performing forward propagation and 

backpropagation to update weights). During testing, the model is then able to make predictions on 

new, unseen data based on generalisation of its findings from the training data including the weights 

of connections. This enables a neural network model to classify data based on what it has learned. 
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2.3. ATR-FTIR Spectroscopy of Cochlear Fibrocyte 

Supernatant 

2.3.1. The Dxcover Sampling System  

During this research, all FTIR spectroscopy conducted at the Keele University Guy Hilton Research 

Centre site made use of a novel sampling setup generously provided by Dxcover Ltd., Glasgow. This 

setup combined a Specac Quest ATR accessory with a Dxcover® Sampling Unit and Dxcover® Sample 

Slides to enable rapid benchtop sampling (Fig. 15). Dxcover® technology focuses on the development 

of liquid biopsies for early detection of cancer and other diseases, thus the provided kit was ideally 

applied in the present research, wherein it is employed for the analysis of cell supernatant samples. 

The Dxcover® Sample Slides employed in this research consisted of four individual silicon wafers 

labelled 0 to 3 per slide (Fig. 16). This setup and the way it was used enabled a ‘triplicate per slide’ 

arrangement. That is, three technical replicates of the same sample could be present on a single slide 

alongside a single blank wafer used for background. This significantly streamlined the sampling 

process when compared with typically employed methods. 

 

Figure 15: Accessories employed in the ATR-FTIR setup. 

A) The Specac Quest ATR accessory. B) The Dxcover® Sampling 
Unit and sample slides. 
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2.3.2. ATR-FTIR Sample Preparation and Sampling 

For ATR-FTIR spectroscopy, samples were prepared subject to specific experimental 

requirements in T25 flasks. Media samples from flask cell cultures were taken from populations of 

approximately 200,000 cells. Media-only samples were set up in flasks parallel to cell samples to 

ensure minimal variation from culture condition factors. Media samples were taken from cell culture 

flasks and relevant controls, centrifuged to separate any non-supernatant components, and 6µl of 

each pipetted onto the silicon wafers of Dxcover® Sample Slides (Dxcover). Each flask was sampled 3 

times, with a single slide per sample employed and 3 available wafers on a slide forming a triplicate 

technical replicate as outlined in section 2.6.1. Samples were allowed to air dry in ambient conditions 

prior to measurement. 

ATR-FTIR measurements were taken using a Thermo Scientific iS50 spectrometer coupled with 

the aforementioned Specac Quest ATR accessory onto which the Dxcover® autosampler was 

positioned. Dxcover® Sample Slides were loaded into the Dxcover® auto sampler for measurement.  

Measurements were taken using Omnic software. Spectral parameters were set as follows: 128 

co-added scans per spectrum with a resolution of 4cm-1 across a 4000-400cm-1 range. A background 

measurement was taken before each sample measurement using the same general parameters as 

Figure 16: A Dxcover® sample slide. 

Photograph of a Dxcover® labelled according to the placement of samples 
and blank control. 
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sample spectrum collection. All measurements were taken in absorbance mode with no corrections 

applied during sampling. Automatic atmospheric suppression was employed. 

2.3.3. ATR-FTIR Data Processing and Analysis 

As in Raman spectroscopy, ATR-FTIR data were pre-processed to reduce uncontrollable variation 

across samples. Following collection, spectra were opened in Omnic software and exported as .SPA 

files. All data processing and analysis was conducted in Orange Quasar software. Spectra were cut to 

remove noise where necessary, followed by a rubber band baseline correction. Data were then 

smoothed using Savitsky Golay (window 11, polynomial 2) and vector normalised. Finally, data were 

trimmed to regions of interest (400-3800 cm-1 for full spectra, 400-1800cm-1 for fingerprint, 2800-

3600cm-1 for high wavenumber). Pre-processing steps are illustrated in figure 17 on overleaf. 
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Figure 17: Average ATR-FTIR spectra of cell samples at each pre-processing stage. 

A) Trimmed raw spectrum. B) Rubber band baseline correction applied. C) Savitsky 
Golay smoothing applied. D) Vector normalisation applied. 
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Second derivative spectra were generated by increasing derivative order at the Savitsky Golay 

smoothing stage. To counteract noise introduced by this, window was increased to 27. An example 

second derivative ATR-FTIR spectrum is shown in figure 18 below. 

 

Following pre-processing, data were analysed using Orange (Quasar) software. As for Raman 

data, manual peak identification was performed on average spectra, consulting second derivative 

spectra for clarity where applicable. Bands were assigned to bond vibrations and potential molecules 

through literature consultation (see table 4). PCA were conducted using the same methods as noted 

for Raman spectra in section 2.2.2., with associated loadings plots generated from components sued 

to identify sources of variation. 

Table 4: ATR-FTIR band assignments. 

Wavenumber (cm-1) Associated Bond Vibration Molecular Family 
920-940 DNA-linked deformations Nucleic acids 
1030 C-O stretching and C-O 

bending 
Carbohydrates 

1070- 1105 Phosphate group 
deformations 

Nucleic acids/phospholipids 

1120-1240 C-O stretching, C-OH 
antisymmetric stretching 

Nucleic acids 

1305 Amide III Proteins 
1340 CH2 wagging Lipids 
1400 COO- symmetric stretching Amino acids/fatty acids 
1450 CH3 antisymmetric stretching Proteins 
1470 CH2 wagging Lipids 
1520-1550 N-H bending Proteins 
1550 Amide II Proteins 
1615-1695 C=O stretching Proteins 

Figure 18: Average second derivative ATR-FTIR spectrum of cell samples. 
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1650 Amide I Proteins 
1735 C=O stretching of esters Lipids 
2800-3100 CH2 stretching, CH3 

stretching, =CH stretching, 
amide B 

Proteins/lipids 

3100-3600 -OH stretching, -NH 
stretching, amide A. 

Proteins 

 

 

2.4. Synchrotron FTIR Spectroscopy (S-FTIR) and 

Hyperspectral Raman 

2.4.1. Synchrotron Instrumentation and Sample Preparation 

S-FTIR data were obtained from the Diamond Light Source (Oxford) using beamline station B22 

(MIRIAM).  This station is equipped with a Hyperion 3000 microscope (Bruker) and a Bruker 80V FTIR 

spectrometer, coupled with a liquid nitrogen managed 100 x 100µm2 MCT/A detector. Spectra and 

images were obtained via a 36x Schwarzchild objective, managed by Opus software (Bruker). 

Hyperspectral benchtop Raman measurements were also conducted at the Diamond facility. Further 

details of the methods employed may be found in chapter 4, which focuses on the work conducted at 

Diamond Light Source. 

 

2.4.2. Synchrotron Data Processing and Analysis 

To enable comparison across samples taken using both standard benchtop and micro-

Raman/synchrotron-FTIR instruments, data were subjected to the same pre-processing as applied to 

benchtop instrument results. This included a normalisation step to enable comparison. PCA were 

conducted in Orange Quasar software, with associated loadings plots generated from components. 

From S-FTIR data, predictive models were generated using Quasar software. Visualisations of Raman 

hyperspectral data were generated using Quasar software, including k-means analyses. Further 

particulars are discussed in chapter 4. 
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2.5. SIFT-MS of Cochlear Fibrocytes 

2.5.1. SIFT-MS Instrumentation 

Measures of VOCs in sample headspace were taken in house at Keele University using a 

Transpectra Profile 3 SIFT-MS instrument, from Instrument Science, UK.  As described in chapter 1, 

selected reagent ions, H3O+ and NO+, were produced via microwave discharge through air and isolated 

by sorting via mass quadrupole filter. Within the SIFT-MS instrument, selected ions were reacted with 

sample headspace (taken up via heated sampling line) in helium (acting as an inert carrier gas) at a 

controlled flow rate in order to yield identifiable and quantifiable products for which absolute 

concentration may be calculated. SIFT-MS identification of product ions is conducted my mass 

spectrometer and counts of ions are conducted by electron multiplier, with concentration 

calculations conducted in real time by the attached computer system. 

SIFT-MS was used in two sampling modes for this research: multi-ion monitor (MUI) mode and full 

scan (FS) mode. MUI mode allowed analysis of chosen analytes based upon an uploaded kinetic 

library, compiled based upon numerous ion-molecule reactions indicated in literature. FS mode 

allowed general analysis of analytes in the m/z range 1-180.  

 

2.5.2. SIFT-MS Vessel Selection for Cell Sampling 

Before beginning any SIFT-MS observation, viability counts were conducted on cells seeded into 

various containers to ascertain the most suitable vessel for SIFT-MS. Qualities assessed were cell 

viability, liquid capacity, and available headspace for sampling. The ideal container was that which 

yielded the best viability, the largest surface area for cell adherence and the largest headspace for 

VOC accumulation and sampling. Though larger headspaces may result in dilution of samples, they 

are preferable to smaller alternatives to allowing greater numbers of measurements to be taken. 
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This was conducted using MG63 rather than cochlear fibrocytes due to their rapid growth and lack 

of need for animal sacrifice. Samples of 15,000 and 150,000 cells were seeded into either- a 12mL 

vial, a 25mL bottle, a 30mL bottle, a 70mL bottle, or a 150mL bottle (all of which had rubber septum 

lids which could be pierced by the SIFT-MS instrument’s sampling head) with 20mL media added to 

each. After incubation at 37°C (5% CO2) overnight, cells were retrieved and counted, using the trypan 

blue live/dead exclusion method. 

To retrieve cells from bottles, supernatant media was first removed and kept separately in labelled 

50mL conical test tubes. 3mL 8:6 trypsin: PBS was then added, and samples incubated for 10 minutes 

at 37°C (5% CO2) with manual aggravation. Samples were quenched with their corresponding 

supernatants and added to tubes as before. Samples were then centrifuged at 1200rpm for 5 minutes. 

Each pellet was resuspended in the 300µl of supernatant media retained. Each cell suspension was 

transferred to an Eppendorf tube and centrifuged at 1200rpm for 3 minutes. Following centrifugation, 

200µl of supernatant was removed and each pellet was resuspended in the remaining 100µl. 

Live/dead cell counts were performed using a haemocytometer and trypan blue at a 1:1 ratio. Cells 

that appeared bright under trypan blue were counted as healthy, while those that stained dark blue 

were counted as dead/non-viable. Percentage viability was obtained by dividing live cell number by 

total cell number, with viability results averaged across conditions (Table 5). 

Table 5: Table of percentage viability for each potential SIFT-MS vessel. 

 

From this viability assessment, 150mL glass bottles were chosen as the best vessel for SIFT-

MS investigations of cells. This vessel was employed in all SIFT-MS investigations throughout the 

research.  

  

Bottle Type Average % Cell 
Viability 

Likely Media 
Capacity 

Available 
Headspace 

150mL Glass Bottle 78% 20mL 130mL  
70mL Glass Bottle 43% 20mL 50mL 
30mL Glass Bottle 40% 10mL 20mL 
25mL Glass Bottle 75% 10mL 15mL 
12mL Glass Vial 67% 5mL  5mL media 
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2.5.3. SIFT-MS Low Cell Number Testing 

Following vessel selection, samples of MG63 cells were created in triplicate in 150mL bottles with 

black rubber septum lids, with either 15,000 cells, 150,000 cells or control media only (i.e. 9 bottles 

per experiment), in order to verify the ability of SIFT-MS to detect cell presence at low, physiologically 

relevant cell numbers (around 15,000 cochlear fibrocytes in vivo). Samples were seeded, air purged 

using dry compressed air, and incubated at 37°C for approximately 16 hours before measurement to 

allow sufficient accumulation of headspace [130]. During measurement, samples were heated in a 37°C 

water bath. Samples were normalised to a water vapour level of 4% (appropriate for wet samples) 

using in-software flow rate adjustment. 

Measures of VOCs in the headspace of MG63s were conducted (using Transpectra Software, 

Transpectra UK), with observations across H3O+ and NO+ precursors for compounds of m/z 1-180. 

Multi-ion monitor mode samples were taken using an uploaded kinetic library (Appendix B) for 40 

seconds in each bottle for both reagent ions. Average scans (each scan= average of 3 20 second 

scans) of each sample were also taken for both reagent ions. Headspace in bottles was topped up 

using a purge bag containing dry compressed air between each measurement in order to prevent 

depletion of gas headspace and maintain relative compound concentrations where possible. 

Preliminary results confirmed the suitability of SIFT-MS in the detection of low, physiologically 

relevant cell numbers, with similar signal distinction proven possible at 15,000 and 100,000 cells per 

sample. These results are not included in the present thesis. 

 

2.5.4. Fibrocyte Sample Preparation and SIFT- MS Sampling 

As in MG63 tests, cochlear fibrocyte and associated control media samples were created in 

triplicate in 150mL bottles with black rubber septum lids, with conditions and number of samples 

employed dependent upon experiment (outlined in relevant experimental chapter methods). In 

general, samples were seeded, air purged using dry compressed air, and incubated at 37°C for 

approximately 16 hours before measurement. Where additional processing (e.g. incubation of 
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inflammatory agents) was required, 16 hour incubation time was factored into this (see relevant 

experimental chapters). As before, during measurement, samples were heated in a 37°C water bath 

and normalised to a water vapour level of 4% for wet samples using in-software flow rate adjustment.  

Measures of VOCs in sample headspace were conducted (using Transpectra Software, 

Transpectra UK), with observations across H3O+ and NO+ precursors for compounds of m/z 1-180. 

Multi-ion monitor mode samples were taken using the uploaded kinetic library for 40 seconds in each 

bottle for both reagent ions. Average scans (each scan= average of 3 20 second scans) of each sample 

were also taken for both reagent ions. Headspace in bottles was topped up using a purge bag 

containing dry compressed air between each measurement. 

 

2.5.5. SIFT-MS Data Processing and Analysis 

As noted above, SIFT-MS sampling was conducted either in the form of a 40 second duration 

continuous abundance/time profile (MUI) or an average scan (3 scans of 20 seconds) of abundance 

per sample in counts/second (FS). SIFT-MS acquired profiles were handled in either SIFT time profile 

viewer or SIFT mass spectra software (for MUI and FS data respectively).  

In time profile software, MUI data was opened and central 30 second samples of each 40 second 

time profile snippet logged individually into a Microsoft Excel 2016 sheet, ensuring data presentation 

in parts per billion (ppb). To ensure accurate relative quantification of compounds, samples were 

normalized via flow rate alteration/water value correction to 4% (wet samples) or 2% (dry samples) to 

account for variations in sample humidity and environment. Water correction percentages were set 

based on the average correction applied to the liquid to headspace ratio employed. Numerical data 

from time profile snippets was exported in .CSV format to Microsoft Excel 2016 for compilation and 

appropriate formatting. Statistical testing of MUI data was conducted via Mann Whitney U test or 

Kruskal Wallace H test (depending upon condition numbers), performed in SPSS data analysis 

software to a p≤0.05 significance level. Bar charts presenting MUI data were generated in Microsoft 

Excel 2016. 
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In FS software, scans were normalized and averaged, before exporting into Microsoft Excel 2016 

for compilation and formatting. For H3O+ FS data, m/z 17-180 were presented, with precursor 

isotopologues removed: m/zs 19, 20, 21, 30, 32, 34, 37, 38, 39, 48, 55, 56, 57, 66, 73, 74, 75, 91. NO+ 

data were treated similarly, with removal of m/z 30. 

 FS data were generally presented as heat maps generated using Quasar software. Compounds of 

interest were manually identified based on literature. 

2.5.6. Mann Whitney U Test and Kruskal Wallis H Test  

Significance testing in the present research was conducted via Mann Whitney U or Kruskal 

Wallace H test. The Mann Whitney U test was employed when comparing two conditions, and the 

Kruskal Wallace H test was employed when comparing more than two conditions. These tests were 

chosen as they act as non-parametric alternatives to the Student’s T-test and ANOVA respectively and 

data are not assumed to be normally distributed. These statistical tests allow comparison of means 

across sampling conditions, enabling significant differences (e.g. in compound levels) to be identified. 

2.6. Cerumen Investigations 

2.6.1. Human Cerumen Samples 

All human cerumen samples employed in this research were commercially sourced via Caltag 

Medsystems (Buckingham). As samples were purchased through a commercial supplier and no 

patients were directly involved in the research, no patient-focused ethical clearance was 

necessitated. Nonetheless, ethical clearance for use of the biofluid was obtained via Keele 

University’s Faculty of Medicine and Health Sciences Research Ethics Committee (Appendix C).  

Due to the potential for tissue presence in cerumen samples and the resulting classification as a 

‘relevant material’ (point 54, Human Tissue Act, 2004), all samples were handled, stored, transported 

and disposed of according to the Human Tissue Act (2004).  Samples arrived on cotton swabs and 

were maintained as such, in the containers in which they arrived, until use. Samples were stored at 

room temperature, in their sealed containers to prevent effects of humidity variations. 
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2.6.2. Vibrational Spectroscopy of Cerumen 

 For the purposes of Raman spectroscopy, a single cerumen sample was transferred from the 

cotton swab upon which it arrived to a CaF2 substrate. No fixation or further treatment was applied. 

Sampling was conducted under the same methods as cellular samples (outlined in chapter 2.2.1), 

with 100 points sampled across the wax area. Data work was conducted as outlined in chapter 2.2.2 

using Quasar software. 

In preparation for ATR-FTIR, cerumen swabs trialled in both wet and ‘processed’ states. Dry 

wax was not subjected to any preparation. ‘Processed’ wax was submerged in 200µL dH2O and heated 

to 37°C for 10 minutes. Vials of dH2O containing cerumen were then centrifuged at 1200RPM for 3 

minutes. Supernatants were discarded and samples vortexed for 10 seconds followed by thorough 

mixing. Mixed samples were pipetted onto Dxcover® sample slides (6µL per silicon wafer) and air 

dried. Sampling was conducted under the same methods as cellular samples (outlined in chapter 

2.3.2), with 100 points sampled across the wax area.  

 

2.6.3. Headspace Analysis of Cerumen  

To investigate the headspace of cerumen samples, SIFT-MS was employed. Cerumen 

samples on swabs were placed into 150mL glass bottles as used in cellular investigations, with swab 

stems trimmed consistently to allow sealing of bottles. Samples were air purged with dry compressed 

air prior to sampling to remove laboratory air and sealed with a black rubber septum lid to allow VOC 

accumulation. Samples were then incubated for 16 hours at 37°C. 

Following incubation, measures of VOCs in sample headspace were taken as outlined in 

chapter 2.3.4. Data were processed as detailed in chapter 2.2.5, with Mann Whitney U test employed 

to test for differences between wax and non-wax conditions. Water correction was conducted at 2% 

rather than 4% to account for the use of dry samples. 

Swab only ‘blanks’ were conducted alongside swabs with cerumen to act as a control. Blank 

swabs were prepared in the same manner as those containing sample.  



59 
 

3. Characterisation of Healthy and Inflamed Cochlear 
Fibrocyte Cultures by Raman Spectroscopy and ATR-
FTIR 

3.1. Introduction 
3.1.1. The Healthy Cochlear Fibrocyte State 

As discussed in section 1.4.1, the ability of sensory cells within the inner ear to depolarise and 

transduce signals is reliant upon the maintenance of ionic differences within the fluids of the scala 

vestibuli, scala media, and scala tympani. In their healthy state, the balance of such ionic differences 

is maintained by cochlear fibrocytes. To reiterate the information overviewed in chapter 1, high 

sodium, low potassium perilymph is contained within the upper and lower chambers, whereas low 

sodium, high potassium endolymph is contained within the central chamber [1, 37], with the difference 

between ionic concentrations present across these chambers generating an 8090mV homeostatic 

trans-epithelial potential in the scala media [38]. This potential, the endolymphatic/endocochlear 

potential (EP), ensures that the endolymph within the central cochlear chamber has the appropriate 

potassium and sodium concentrations to facilitate depolarisation of hair cells and transmission of 

signals to auditory nerves. 

 

3.1.2. Cochlear Fibrocyte Classification 
Cochlear fibrocytes, though primarily located in the spiral ligament (some occur in the spiral 

limbus) may be sub divided into five types (type I, type II, type III, type IV, type V) dependent upon their 

location (Fig. 19). Classification is also dependent upon expression of features including transporters, 

enzymes and channels [44,46]. The variation between these sub-types could potentially produce 

detectable differences when aiming to non-invasively identify fibrocyte damage, thus all sub-types 

must be considered. 

Type I fibrocytes are found directly adjacent to the stria vascularis [40].  Like the majority of 

subtypes, these fibrocytes are also known to express the glutamate-aspartate transporter (GLAST), 

indicating a role in glutamate homeostasis [133]. This is consistent with the context of auditory function, 

as glutamate is the primary afferent neurotransmitter of the inner ear [134]. Additionally, type I enact 
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their role in potassium recycling via the expression of carbonic anhydrase (CA) and creatine kinase 

(CK), which convert H2O and CO2 to H+ and HCO3
-, and phosphate to ADP respectively. H+ and HCO3

- 

exchange for sodium and potassium, contributing to fluid ion content regulation. Conversion of 

phosphate to ADP allows ATP production, enabling potassium recycling function [42, 43, 48]. 

Type II fibrocytes are found at the point where the basilar membrane and LW intersect. This type 

of fibrocyte is known to express potassium uptake transporters (Na+, K+-ATPases) enabling 

manipulation of local ion concentrations, as well as structural specialisation for ion pumping [40, 44, 45, 

135]. This is evident of a significant role in potassium recycling. GLAST transporter expression across all 

SLFs is the highest in this sub type, suggesting a high level of glutamate homeostasis [133]. 

Type III fibrocytes, or tension fibrocytes (a name earned due to their role in basilar membrane 

contractility manipulation) are found in the marginal region of the spiral ligament [39, 136].  With a role in 

control of the basilar membrane, confirmed across multiple mammalian species, type III fibrocytes 

Figure 19: Fibrocyte regions within the spiral ligament. 

Diagram showing locations of fibrocyte sub-categories 
within the cochlea. Type I- lateral to stria vascularis; type II- 

lateral to spiral prominence epithelium; type III- marginal 
region; type IV-basilar crest region; type V- supra-strial 

(adapted from Kelly et al., 2012). 
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demonstrate an effect on the tuning of hair cells, thus is it not beyond possibility that damage to this 

type in particular may exacerbate hearing losses without additional damage to other subtypes. Type 

III, like type I fibrocytes express CA and CK, as well as low levels of GLAST transporters [44]. In research 

it would appear that type III are the most prevalent and best identified sub type, with anti-aquaporin 

staining often used to classify the type in vitro [39, 40, 136].   

As there is limited research in the area, it is unclear whether the apparent prevalence of type III 

fibrocytes in vitro is due to their hardiness in comparison to other sub-types, whether they serve as a 

base type from which other fibrocyte classifications stem, or due to another reason entirely. Thus, 

where modelling of fibrocyte death in vitro is concerned and where experimental time allows it would 

be prudent to trial different conditions, LW sectioning methods, and employ samples from a range of 

animal ages in aims to cover as broad a range of fibrocyte sub-types as possible.  

Type IV fibrocytes are found in the basilar crest region at the lower point of the LW. They are known 

to express potassium uptake transporters Na+, K+-ATPase and Na+,K+,2Cl−-cotransporter (NKCC) on 

their membranes, as well as CA and CK internally, similarly to type II [40, 44, 135].  However, where 

potassium recycling function is concerned, type IV fibrocytes are suggested to serve little purpose due 

to their relative lack of connexins [137]. Like most other types, type IV fibrocytes express GLAST [133]. 

Finally, type V fibrocytes primarily occur at the highest, innermost point of the LW, directly above 

the stria vascularis. Initially, it was suggested by suggestion by Qu et al.  [138] that these fibrocytes 

showed low numbers of Na+, K+-ATPase transporters than other types. However, it has since been 

demonstrated that expression of these transporters in type V fibrocytes is of a similar level to that in 

type II [40].  Like other sub-types, type V demonstrate CA and CK expression, as well as the second 

highest GLAST expression across sub-types [44,133].     

In general, it is clear that fibrocytes play fundamental roles in auditory function, particularly where 

EP generation, tension regulation, and glutamate homeostasis are concerned. From this, it is possible 

to confirm that fibrocyte degeneration is a causative factor in many hearing loss types, metabolic 

ARHL in particular [9, 58]. 
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3.1.3. Traditional Methods of Cochlear Fibrocyte Observation  
 As outlined above, cochlear fibrocytes are typically distinguished into 5 sub-types based upon 

their location and on the expression of markers such as ion transport channels. As such, cells are 

typically characterised and monitored via the use of immunocytochemistry of cultured cells and 

tissue slices to identify sub type and track changes. Common proteins targeted for 

immunocytochemistry are outlined in table 6 below. 

Table 6: Fluorescence markers of cochlear fibrocytes (Adapted from Furness, 2019) 

Protein Type I Type II Type III Type IV Type V 

Caldesmon - - X - - 
S-100 X X - - X 
Na, K-ATPase - X - - X 
Ca, ATPase X - - - - 
Na, K, Cl-cotransporter - X - X X 

Kir5.1 - X - X X 
AQP1 - - X - - 
Carbonic anhydrase X - X X X 

Creatine kinase X - X X X 

CTGF - - - X - 
 

3.1.4. Modelling Cochlear Fibrocyte Inflammation In vitro 
As discussed in chapter 1, a particular pathology of interest in ARHL investigation is 

inflammation, with inflammatory markers such as IL-6 associated with inflammaging and ARHL [154]. It 

is understood that such inflammation contributes to further pathological development including 

mitochondrial damage, affecting the long term functioning of cells and diminishing potential for 

recovery [49]. In turn, mitochondrial damage in fibrocytes is known to lead to the onset of further inner 

ear damage and symptomatic ARHL [50]. 

Where simulation and detection of the inflammatory state in vitro are concerned, it is of note 

that the majority of inflammaging appears to arise from similar mechanisms and proteins of interest 

(Table 7) [155]. A selection of these markers are used presently to produce an in vitro inflammatory state 

for detection- it should be noted that IL-6 particularly has been highly implicated in age-related 

conditions and, in previous studies of ARHL inflammation, has been shown as expressing within the 

spiral ligament [156]. This is taken into account when seeking to verify inflammation in cochlear 

fibrocytes. 
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Table 7: Cytokines of interest in inflammation investigations (Adapted from Michaud et al., 
2013) 

Item  Role in vivo 

IL-1(IL-1β 
particularly) 

Essential to pro-inflammation cellular function. Associated with 
acute and chronic inflammation, among the first activated in the 
inflammatory response. Start of inflammatory cascade. Regulates 
cell proliferation and differentiation. 

IL-6 Pro-inflammatory cytokine linked to aging tissue and hearing 
associated conditions (diabetes particularly). Commonly used to 
assess level of inflammation in inflammaging studies. 

TNF-α Central circulating factor that proliferates under pro-inflammatory 
conditions. Leads to leukocyte binding and promotes inflammatory 
response. 
 

TGF- β Participates in chronic inflammation in ageing tissue. Assists in 
regulating cell regeneration, angiogenesis, and recruitment of other 
pro-inflammatory proteins. 

CRP Acute inflammatory protein that increases up to 1,000-fold at sites 
of infection or inflammation. Involved in the production of 
particularly interleukin-6 and tumour necrosis factor-α. 

IL-8 Pro inflammatory chemoattractant cytokine produced by a variety of 
cells. Attracts and activated neutrophils in inflammatory regions. 

 

 

3.1.5. The Role of TNF-α in Cochlear Fibrocyte Inflammation 
In research to date, TNF-α has been highlighted as a crucial component of hearing loss 

pathogenesis. However, TNF-α does not appear to lead to cell death in cochlear sensory cells directly 

unless present in extremely high concentrations [157-159]. This has led some groups to suggest the 

presence of other molecules which may sensitise cells to TNF-α.  

However, it may also be suggested that the death of cochlear sensory cells in such 

inflammatory conditions is due to dysfunction and death of support cells such as cochlear fibrocytes. 

This circumstance seems highly likely as research shows evidence of spiral ligament fibrocytes 

upregulating TNF-α in response to the inflammatory state [159].  
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Such involvement of TNF-α has been highlighted in studies using knockout animals but efforts 

to induce cellular mitochondrial alteration via cytokine dosing do not appear to have been made to 

date [59]. Thus, the present section of research investigates the inflammation of cochlear fibrocytes by 

TNF-α dosage and the detection of downstream effects using methods previously unexplored in the 

field. 

 
 

3.1.6. IL-1β and the NLRP3 Inflammasome 
Additional to TNF-α, the cytokine interleukin-1β (IL-1β) is significantly implicated in 

inflammation-associated inner ear damage [162]. As previously highlighted, IL-1β plays a fundamental 

role in the onset and perpetuation of the inflammatory state in vivo, contributing to the earliest stages 

of the inflammatory response in both acute and chronic inflammation.  

In identifying the source of IL-1β upregulation in inflammation, complexes known as 

inflammasomes have become a target for investigation [163]. These complexes trigger the activation of 

caspase-1, a proteolytic enzyme responsible for the maturation of pro-inflammatory cytokines IL-1β 

and IL-18 from their precursors [164, 165] as well as the onset of an inflammation-associated form of cell 

death known as pyroptosis [166]. The activation of inflammasome complexes is triggered in response 

to either pathogen-associated or danger-associated molecular patterns (PAMPs or DAMPs), and is 

critical in inflammatory responses to pathogen invasion and other tissue damage. Of these patterns, 

DAMPs are of particular interest in the present research. DAMPs may be defined as endogenous 

signals of danger released by damaged cells during non-infectious cases of inflammation (with 

infectious inflammation leading to PAMPs) [167]. 

Of those identified, the NLRP3 inflammasome is arguably the most well-understood, with 

variations to the gene encoding the complex highly implicated in genetic sensorineural hearing loss 

and other diseases that may lead to hearing deterioration such as cryopyrin-associated periodic 

syndrome (CAPS) [168, 169]. 

The association of NLRP3 and IL-1β secretion in hearing loss is of particular interest to the 

present research due to the potential for the application of anti-interleukin-1 therapies, particularly in 

hearing losses that are not genetically predisposed such as ARHL [169]. It may be comfortably stated in 
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this case, therefore, that the detection of inflammation mediated by NLRP3 activation and resultant 

IL-1β secretion may allow more timely and targeted application of anti-interleukin-1 therapies.  

Though other cochlear tissues such as the Organ of Corti lack macrophages [170, 171], research 

has demonstrated that macrophages are present in all areas of the spiral ligament though their 

distribution varies through this tissue. Research suggests that macrophages of the spiral ligament are 

found most abundantly in those regions corresponding to type II and IV fibrocytes [172-175], with a 

relatively lower concentration of macrophages in the areas immediately adjacent to the stria 

vascularis [176], though no specific link between fibrocyte region and macrophage distribution is 

suggested.  

For the purposes of the present research, wherein cultured fibrocytes are suggested to be of 

type II, IV, V, the presence of macrophages in local native tissue is highly likely. As such, activation of 

the NLRP3 complex may be relevant when considering lateral wall inflammation associated with these 

cochlear fibrocyte sub-types and is highly relevant where inflammaging is concerned [177]. 

 

3.1.7. Anti-IL-1 Therapies Revisited 
 As mentioned in chapter 1, anti-interleukin-1 therapies are a potential target for the treatment 

of inflammation in ARHL. Such therapies, as discussed, prevent signal transduction of IL-1β and 

alleviate inflammatory symptoms. With this in mind, further necessity for the present section of 

research is evident, with the detection of IL-based inflammatory changes necessary to facilitate 

timely, targeted anti-interleukin-1 therapies. 

 Should the present section of research demonstrate capacity for minimally-invasive IL-1β 

detection, it is additionally feasible that the present methods be employed in the monitoring of 

therapeutic effects. That is, the present techniques, combined with appropriate patient sampling 

methods, may be used to follow-up anti-interleukin-1 therapies and ensure their success without 

reliance on symptom-based assessment as is currently typical of hearing testing. 
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3.1.8. Detection of Cochlear Fibrocyte Health via Raman and 
ATR-FTIR Spectroscopy 

As a relatively small research niche when compared with studies into sensory cells of the 

inner ear, it is not surprising there have been very few investigations of cochlear fibrocyte health 

through the methods explored in the present research. To date, it would appear that there have been 

no studies involving the examination of cochlear fibrocytes via Raman spectroscopy or FTIR 

spectroscopy, with the most relevant studies to ARHL being those by Höhl et al. (2019) previously 

discussed. 

 Despite this, cellular health studies having been conducted for countless other cell types via 

the methods targeted, justifying their use in fibrocyte analyses. Nonetheless, it is safe to say that a 

distinct ‘expected profile’ is neither in place for vibrational spectra of cochlear fibrocyte cells or 

supernatant, with this research marking the first steps towards establishment of such profiles. From 

this, it is hoped that a deeper understanding of cochlear fibrocyte inflammatory pathology may be 

gleaned, and that this may aid in the development of diagnostic and therapeutic efforts moving 

forward. 

With this in mind, the first stage of the research focused upon the characterisation of cochlear 

fibrocytes in their healthy and inflamed cultured states by way of Raman spectroscopy and ATR-FTIR 

spectroscopy. 

 

3.2. Chapter Aims 
 
The aims of this section of research are as follows:  

1. Successfully explant, culture and, by way of immunocytochemistry, characterise murine 

cochlear fibrocytes.  

2. Establish a spectral profile of murine cochlear fibrocytes in an untreated state using Raman 

Spectroscopy.  

3. Establish a spectral profile of untreated murine cochlear fibrocyte culture supernatant using 

ATR-FTIR.  

4. Induce inflammation-like responses in cochlear fibrocyte cultures using TNF-α and IL-1β.  
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5. Establish spectral profile of cytokine-dosed cochlear fibrocytes and distinguish between 

healthy and inflamed cells via Raman Spectroscopy.  

6. Establish spectral profiles of cytokine -dosed murine cochlear fibrocyte culture supernatant 

and distinguish between healthy and inflamed cells via ATR-FTIR.  

 

3.3. Materials and Methods 
3.3.1. Cochlear Fibrocyte Explantation, Growth and Maintenance  

As outlined in section 2.1, murine cochlear fibrocytes were retrieved from CD/1 mice using 

methods adapted from the gerbil dissection protocol of Gratton et al. [89]. Mice were euthanized via 

injection of 0.05mL sodium pentobarbital, heads were detached and bisected sagitally, brains 

removed and otic capsules detached from the skull. Cochlear shells were peeled away to access 

spiral ligaments, which were removed to 6 well plates, topped with a coverslip and covered with 

culture media. Coverslips were removed once ligaments had adhered to plates. Ligaments were 

removed after around 1-2 weeks. Cells were cultured until confluent patches formed in wells, then 

split for use in experiments or frozen for future use according to the protocols outlined in section 

2.1.3.  

All cochlear fibrocyte cell culture was conducted under sterile conditions in a class 2 BSC. Cells 

were grown in a 37°C (5% CO2) incubator with media changes every other day. Cells were passaged 

and stored as outlined in section 2.1.3.  

 

3.3.2. Observation of Cell Outgrowth from the Spiral Ligament 
Throughout the cell growth process, regular observations of cultures were made using via light 

microscopy conducted using an Olympus CKX41 microscope with a Q-Imaging Micropublisher 5.0 

RTV camera attachment. Observations focused on examining cell population number, cell 

morphology, and general culture health. 

To further visualise the outgrowth of cochlear fibrocytes from murine spiral ligaments in vitro, 

Vybrant™ Cell-Labeling Solution was employed. Following explantation, plating and topping with 

coverslips as detailed above, ligaments were allowed to sit for 2-3 hours before the removal of growth 
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media from wells and brief air drying in a BSC. Staining medium was prepared by adding 5 µL of dye 

labelling solution to each 1 mL of pre-prepared growth medium. Staining medium was pipetted in 

increments of 100 µL into the well until the coverslip and ligament pieces were fully immersed. Plates 

were then incubated at 37°C for 20 minutes to allow dye uptake. Following incubation, staining 

medium was removed and wells were washed 3 times by adding growth media to cover contents, 

incubating for 10 minutes, then repeating. The final addition of growth media was left on cells for 

incubation under observation using an Echo Cellcyte live cell analyser.  

 

3.3.3. Characterisation of Cultured Cells by 
Immunocytochemistry 

For characterisation via ICC, fibrocyte secondary cultures were established in 24-well plates 

alongside parallel MG63 cell line cultures (cultured as outlined in chapter 2) for use as negative 

controls. Cells were fixed in 4% PFA for 15 minutes followed by 3 washes with PBS. Fixed cultures were 

then incubated with 0.25% triton-X 100 in PBS with 1% Donkey Serum (DS) for 30 minutes. Cells were 

then washed once again 3 times with PBS. Washed samples were pre-blocked in 10% DS-PBS for 30 

minutes followed by the addition of primary antibody diluted in 1% DS-PBS at room temperature for 2 

hours. The primary antibodies selected were against AQP1 (rabbit anti-mouse, Sigma Aldrich, 1:100 

dilution), S-100 (sheep anti-mouse, R&D Systems,1:100 dilution) and NaK-ATPase (goat anti-mouse, 

Furness Lab, 1:50 dilution) to enable detection of all 5 fibrocyte sub types. 

To enable further control in analysis and ensure awareness of any stain interactions and natural 

fluorescence, well-plates were stained as follows: 3 wells with no primary antibody applied 

(secondary only), 3 wells with no secondary antibody applied (primary only), 3 wells with AQP1 

staining only, 3 wells with S100B staining only, 3 wells with NaK-ATPase staining only, 6 wells with both 

primary and secondary antibody for each target applied (triple staining).  

Following primary incubation, cells were washed 3 times in 1% DS-PBS. Appropriate secondary 

antibody diluted in 1% DS-PBS was added to cells at room temperature for 2 hours (donkey anti-rabbit 

rhodamine (Sigma Aldrich), donkey anti-sheep far red (Sigma Aldrich), donkey anti-goat FITC (Sigma 



69 
 

Aldrich) – 1:100 dilution for all). Cells were then washed 3 times in PBS. DAPI staining solution (Sigma 

Aldrich) was added at room temperature for 5 minutes followed by 3 washes with PBS. 

 

3.3.4. Induction of Inflammation and Confirmation of the 
Inflammatory State 

Based upon the markers indicated (Table 6) and the influence of TNF-α and IL-1β in ARHL, it was 

decided that the in vitro inflammatory state for the present research be induced by addition of TNF-α 

or IL-1β to culture media. To do this, standard cochlear fibrocyte culture media was dosed with 

1ng/mL, 5ng/mL, 10ng/mL, 25ng/mL and 50ng/mL of cytokine (TNF-α or IL-1β) solution to produce 

conditions referred to as lowest, low, medium high and highest dosage respectively. Cells were then 

labelled and incubated under standard culture conditions in this media. Following a period of 24 hours 

incubation (37°C, 5% CO2) with dosed media, samples were subjected to relevant preparation and 

spectral analysis steps. 

To confirm successful inflammation induction, inflamed cultures were subjected to 

immunocytochemistry for downstream inflammation indicators IL-6 and IL-8.  Following primary 

antibody incubation, cells were washed 3 times in 1% DS-PBS. Appropriate secondary antibody 

diluted in 1% DS-PBS was added to cells at room temperature for 2 hours. Cells were then washed 3 

times in PBS. DAPI staining solution was added at room temperature for 5 minutes followed by 3 

washes with PBS. 

 

3.3.5. Raman Spectroscopy of Healthy and Inflamed Cochlear 
Fibrocytes 

Healthy and inflamed cochlear fibrocytes were detached via trypsin and cytospun onto CaF2 

slides as outlined in chapter 2.2.1. Sampling was conducted on all outlined conditions- 0ng/mL, 

1ng/mL, 5ng/mL, 10ng/mL, 25ng/mL, 50ng/mL. Samples were analysed by Thermofisher DXR 3 Raman 

spectrometer (532nm laser, full range grating) as outlined in section 2.2.1. Typically, 100 spectra were 

collected per condition (1 point per cell with sampling conducted around the approximate nuclear 

region). A 120 second acquisition time was used for each sample point, with 3 scans per sample and 

4 scans of background. Following every 25 cells sampled, a series of ‘blank’ spectra were taken from 
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cell free substrate regions. Sample spectra were collected at 20x magnification. Prior to sample 

spectrum collection, samples were photobleached for 30 seconds to mitigate sample fluorescence 

and improve the contrast of Raman bands in spectra. A high cosmic ray threshold was employed in 

order to minimise background noise and improve signal clarity in spectra despite lack of mechanical 

isolation in the benchtop setup. This, along with the relatively high spectral resolution employed 

(~10cm-1 on average), is also supportive of comparative analyses across instruments with similar 

parameters e.g. hyperspectral Raman at Synchrotron facility.  

 

3.3.6. ATR-FTIR Spectroscopy of Healthy and Inflamed Cochlear 
Fibrocyte Supernatant 

Media samples from healthy and inflamed cochlear fibrocytes, as well as acellular controls were 

collected from flasks and transferred to Eppendorf tubes. Three samples were taken per flask, with 

three flasks created per sample condition. Ahead of slide preparation, samples were centrifuged to 

separate any non-supernatant components. Samples were allowed to air dry in ambient conditions 

prior to measurement. 

ATR-FTIR measurements were taken using a Thermo Scientific iS50 spectrometer coupled with 

the Specac Quest ATR accessory onto which a Dxcover® autosampler was positioned. Dxcover® 

Sample Slides were loaded into the Dxcover® auto sampler for measurement as outlined in section 

2.3.2.   

Sampling was conducted on all outlined conditions- 0ng/mL, 1ng/mL, 5ng/mL, 10ng/mL, 

25ng/mL, 50ng/mL. Measurements were taken using Omnic software. Spectral parameters were set 

as follows: 128 co-added scans per spectrum with a resolution of 4cm-1 across a 4000-400cm-1 range. 

A background measurement was taken before each sample measurement. All measurements were 

taken in absorbance mode with no corrections applied during sampling. Automatic atmospheric 

suppression was employed. 

  

3.3.7. Data Processing and Analysis 
Data were pre-processed and analysed as outlined in sections 2.2.2, 2.2.3 and 2.3.3. Raman 

spectroscopy data was pre-processed in Orange (Quasar) software. Spectra were first cut to remove 
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noise and the large CaF2 peak, followed by the application of a rubber band baseline correction. 

Following this, data were smoothed using Savitsky Golay (window 11, polynomial 2) and vector 

normalised. Finally, data were cut to regions of interest (400-3600cm-1 general, 400-1800cm-1 

fingerprint, 2800-3600cm-1 high wavenumber). Anomalous spectra were excluded from data prior to 

analysis. Second derivative spectra were generated by increasing derivative order at the Savitsky-

Golay smoothing stage. To reduce noise in second derivative spectra, Savitsky Golay filter window was 

increased to 27. 

ATR-FTIR data spectroscopy data was pre-processed in Orange (Quasar) software. Spectra were 

first cut to remove noise, followed by the application of a rubber band baseline correction. Data was 

then smoothed using Savitsky Golay (window 11, polynomial 2) and vector normalised. Finally, data 

were cut to regions of interest (400-3800cm-1 general, 400-1800cm-1 fingerprint, 2800-3600cm-1 high 

wavenumber). Anomalous spectra were excluded from data prior to analysis. Second derivative 

spectra were generated by increasing derivative order at the Savitsky-Golay smoothing stage. To 

reduce noise in second derivative spectra, Savitsky Golay filter window was increased to 27. 

For both Raman and ATR-FTIR data, samples were analysed using Orange (Quasar) software. 

Manual peak identification was performed on average spectra, consulting second derivative spectra 

for clarity where applicable. Bands were assigned to bond vibrations and potential molecules through 

literature consultation. Principal component analyses (PCAs) were conducted in Quasar software, 

with associated loadings plots generated from components. 

Thanks to the relatively high sample number observed, Raman spectra of healthy and inflamed 

cells were utilised to produce a non-linear predictive model. This was conducted on pre-processed 

data following PCA to reduce dimensionality. Data was split randomly (50:50 train to test), and neural 

network modelling performed. 

A 50:50 test to train split refers to presentation of condition labels for half of the data at random 

to the model, allowing it to predict the unseen half. This was performed using a 5-fold method, wherein 

data was re-randomised and independently tested 5-times with presented accuracy formed from an 

average across all folds. 
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3.4. Results and Interpretation 
3.4.1. Explantation, Growth and Characterisation of Explanted 

Cochlear Fibrocytes 
Following explantation of cochlear tissue from CD/1 mice to culture, adherent cells could be seen 

emerging from all edges of the tissue sections within 1-2 days of placement in culture (Fig. 20). This is 

consistent with expectations of the culture method used.   

Light microscopy images (Fig. 21), though showing a large amount of debris (typical of explanted 

tissue cultures) demonstrate living cells continuing to proliferate over time suggesting a healthy 

culture. Rate of proliferation based on general observation appeared similar to that expected for the 

culture method used (growth measurements from Gratton paper). Where cells are seen emerging 

from the explanted tissue following several days of sterile culture, it is logical to assume that they have 

origins in murine cochlear tissue, though in their early stages cultures are likely to consist of both 

spiral ligament and stria vascularis cells. This is demonstrated presently by the presence of an 
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epithelial/fibroblastic mixed culture. This, however, is refined as culture progresses through the 

conditions chosen for cells. 

Figure 20: 7-day overview of cells emerging from murine spiral 
ligament fragments. 

Stitched images from 4 adjacent photo sites. Staining conducted 
using Vybrant dye. Scale bars= 100µm. 
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Following passage, early secondary cultures consisted of adherent cells demonstrating 

typical fibrocyte morphology- that is fusiform-like cells with large nuclei and slender processes, as 

well as some multipolar and bipolar fibroblastic cells. Increase in cell number as cultures progressed 

yielded parallel-oriented cells with characteristic ‘whorls’ as seen in literature (Fig. 22). Such 

morphological characteristics suggest with confidence that cell seen are cochlear fibrocytes. 

 

Figure 21: Light microscopy images of cells emerging from tissue explants. 

A) 1 day after removal from the animal. B) 1 week after removal from the animal, 
following coverslip removal. C) 1 week after removal from the animal, following 

coverslip removal. Cells may be seen actively proliferating from the explanted tissue. 
D) 2 weeks after removal from the animal, following main ligament removal. Cells take 

on a less characteristically fibrocyte-like morphology nearer the centre of the 
confluent patch where crowding occurs. Scale bars= 250µm. 
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This does not, however, confirm these cells as cochlear fibrocytes as other cell types are 

present in the cochlea (though the use of serum containing media without the presence of growth 

factors does encourage the persistence of fibrocyte as opposed to epithelial outgrowth). In order to 

firmly identify the emerging cells as cochlear fibrocytes, immunocytochemical analysis was 

performed on secondary cultures (following one or more passages after the initial explant culture) in 

Figure 22: Light microscopy and fluorescence microscopy images of monolayer 
secondary cultures. 

A) Low confluence culture demonstrating fusiform and fibroblastic morphologies. B) 
Higher confluence culture demonstrating oriented cells and ‘whorl’ structures. C) Cells 

following immunofluorescence labelling for Na+, K+-ATPase (green), AQP-1 (red), DAPI 
(blue) and S-100β (magenta). D) Image from Furness (forgotten fibrocytes paper): cells 

following immunofluorescence labelling for caldesmon (green) and Na+, K+-ATPase 
(red). Scale bars= 100µm for fluorescence 250µm for brightfield. 
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comparison to known profiles from literature (though relatively little characterisation of in vitro 

fibrocytes is conducted as opposed to in vivo (assessed via sectioned cochleae)) (Fig. 23). 

 

Positive staining of cells for Na+, K+-ATPase and S100-β, but not Aqp-1 indicates fibrocytes of 

type II, IV or V. MG63 osteosarcoma cells showed no fluorescence for these markers and were an 

appropriate negative control (Fig. 24). Lack of staining for Aqp-1 also serves to verify that the cultured 

cells no-longer contain those from the stria vascularis which are expected to stain positively [141]. 

Considering their distribution, cells seen are likely of type II or V (likely II as these have the largest and 

innermost area from which to harvest) this but cannot be made certain without further examination 

via distinguishing antibodies. Nonetheless, for the purposes of the present investigation there is no 

requirement for further assessment. 

Figure 23: Fluorescence images of cultured cells stained for common fibrocyte 
markers. Scale bars= 100µm. 

DAPI is present in all imaged cells indicating nuclei. Na+, K+-ATPase and S100-β are present 

in only triple stained cells indicating positive staining with no general dye adhesion to cells 

or autofluorescence. Cells did not stain positively for Aqp-1. 
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3.4.2. Raman Spectroscopy of Healthy Cochlear Fibrocytes 
Raman spectroscopy of healthy cochlear fibrocytes may be used to observe the presence of key 

metabolic compounds and assess a general profile for these cells in their untreated state. The average 

Raman spectrum of healthy cochlear fibrocytes (Fig. 25) demonstrates a rich fingerprint region, 

consistent with expectations for a cellular sample. Visible are peaks in regions indicative of protein 

(~1125-1450cm-1, ~1600-1660cm-1) [142-144] and DNA/RNA (~780-790cm-1, ~897cm-1, ~1095cm-1, 

~1320-1350cm-1, ~1575cm-1) [142, 144, 145], consistent with nuclear region sampling conducted. The 

presence of DNA-associated peaks (~770-900cm-1) such as the ring stretching of cytosine, confirms 

cell viability immediately prior to fixation, and the presence of the O-P-O stretch band (~790cm-1) 

indicates intact DNA strands in samples [146].  

Additionally, peaks typically indicative of lipids are present between ~1065cm-1 and ~1125cm-

1, as well as ~1250-1300cm-1, ~1367cm-1 and ~1660cm-1 [142-144]. Peaks typically indicative of lipids at 

~1149cm-1 and ~1460cm-1 were not clearly observed, though this is assumed to be due to overlap with 

more prominent protein regions present in spectra, and the relative higher protein load associated 

Figure 24: Fluorescence microscopy images of monolayer secondary cultures- SLF vs. 
MG63. 

Murine spiral ligament fibrocytes (left) and human MG63 osteosarcoma cell line (right). 
Immunofluorescence labelling is for Na+, K+-ATPase (green), AQP-1 (red), DAPI (blue) and 
S-100β (magenta). SLFs label for Na+, K+-ATPase and S-100β but do not appear to express 
AQP-1 indicating a sub-type of II, IV or V. MG63 cells do not label for any of the selected 

markers. Scale bars= 100µm. 
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with the nuclear region. Carbohydrate-associated peaks are also visible (~1080-1095cm-1), as are a 

relatively prominent CH group rocking peak (~1160cm-1) and C-H stretching bands attributable to 

lipids and proteins in the high wavenumber region (~2900-3050cm-1) [143]. 

 

It is important to note that the spectral features highlighted in regions 800–850, 1200–1300 

and 1500–1600 cm-1 are subject to some variation from expected peak wavenumbers, due 

predominantly to variation in cell cycle phase [142, 144, 145]. This should be kept in mind when moving 

towards observation of pathological conditions. Nonetheless, Raman spectra of cochlear fibrocytes 

clearly demonstrate that cell signals are discernible by presently employed methods. 

 

Figure 25: Average Raman spectrum of healthy cochlear fibrocytes. 

Average Raman spectrum of healthy cochlear fibrocytes (~250 individual cell spectra from a 

~250k cell cytospun monolayer of PFA fixed cells on CaF2 - cells fixed at maximum P8), 

highlighting characteristic vibrational peaks corresponding to key molecular components. 

Prominent bands are associated with proteins, lipids, nucleic acids, and other cellular 

biomolecules. 
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3.4.3. ATR-FTIR Spectroscopy of Healthy Cochlear Fibrocyte 
Supernatant 

ATR-FTIR Spectroscopy of culture media and cell supernatants allow comparison of cellular and 

acellular cultures and confirm the origins of visible compounds. Analysis of supernatant, when 

considered alongside Raman findings, enriches understanding of healthy cochlear fibrocyte function 

by providing insight into the external metabolic environment of cells. 

Visually comparing the spectra of cell supernatant and control media clearly indicates 

variation between cellular (supernatant) and acellular (media only) samples, though cellular and 

acellular media spectra are similar in general due to the presence of the same base media (Fig. 26).  

Areas of note in both media and supernatant spectra include bands attributed to C-OH vibration of 

carbohydrates (~1030-1050cm-1), peptide bond changes (C=O stretching, C-N stretching, N-H 

bending) of amides (II- ~1540cm-1, III- ~1305cm-1) and C=O stretching in lipids (~1745cm-1). 

Particularly clear variation is seen in the wavenumber region 1560-1630cm-1, likely indicative of C=O 

stretching in proteins. 

Figure 26: ATR-FTIR spectra of cochlear fibrocyte supernatant and control media. 

Average ATR-FTIR spectra of healthy cochlear fibrocyte supernatant vs control media. 

Supernatant averages formed of 9 supernatant spectra (3 per slide, 3 slides) from a ~200k 

cell population of cells at maximum P8. Media averages formed of 9 control media spectra 

(3 per slide, 3 slides) from media exposed to the same conditions as cell cultures (flasks, 

incubation etc.). 
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Examining second derivative spectra of the fingerprint region allows further clarity in 

distinguishing variations (Fig. 27). Distinction between cellular and acellular conditions is noted at 

1340cm-1 (CH2 wagging of lipids) 1360cm-1 (glycine CH2 wagging [258]) 1570cm-1 (amide II), 1630cm-1 

(C=O stretching of proteins), 1650cm-1 (amide I). From this, it is concluded that thew majority of 

variation between cellular and acellular conditions arises in the form of protein changes, with some 

alterations to lipids and amino acids also noted. It should be acknowledged that, though there are 

variations in nucleic acid associated regions (e.g. 920-940cm-1) as would be expected for cellular vs 

acellular comparisons, these regions show substantial sample range overlap thus peaks cannot be 

reliably distinguished at this stage. 

 

 

Figure 27: Second derivative ATR-FTIR fingerprint region spectra of cochlear fibrocyte 
supernatant and control media. 

Second derivative average ATR-FTIR spectra of healthy cochlear fibrocyte supernatant vs 

control media. Supernatant averages formed of 9 supernatant spectra (3 per slide, 3 slides) 

from a ~200k cell population of cells at maximum P8. Media averages formed of 9 control 

media spectra (3 per slide, 3 slides) from media exposed to the same conditions as cell 

cultures (flasks, incubation etc.). 
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Interestingly, the peak noted at ~1595cm-1 demonstrates greatly increased absorbance in the 

supernatant condition, and may be indicative of histidine presence in cells. This is consistent with 

some mutations seen in cochlear fibrocytes and may be a feature of the mouse type (CD/1) used 

which, though typically of normal hearing status at birth, demonstrate ARHL like symptoms with age 

[149-152]. This may also be reflective of the possible amino acid peak noted in Raman results. 

Comparing cellular and acellular conditions using PCA further highlights variation. PCA of the 

fingerprint region shows clear distinction between cellular and acellular conditions, with over 80% of 

variance explained by 6 principal components (Fig. 28). Associated loadings plots, though showing 

substantial spectral noise, validate the sources of variation previously identified.  

PCA of the high wavenumber region, as anticipated, demonstrates fewer identified sources of 

variation than the fingerprint region, with 94% of variance explained by 6 principal components. 

Nonetheless, though variations in this region are difficult to visualise from spectra alone, PCA scatter 

plots confirm distinction between conditions (Fig. 29). Associated loadings plots demonstrate 

sources of noted variation, with the majority arising in CH2 stretching, CH3 stretching, =CH stretching, 

and amide B associated regions below 3100cm-1.  
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Figure 28: PCA of the fingerprint region of cochlear fibrocyte supernatant vs control media. 

From average ATR-FTIR spectra of healthy cochlear fibrocyte supernatant vs control media. 

Supernatant averages formed of 9 supernatant spectra (3 per slide, 3 slides) from a ~200k cell 

population of cells at maximum P8. Media averages formed of 9 control media spectra (3 per 

slide, 3 slides) from media exposed to the same conditions as cell cultures (flasks, incubation 

etc.). A) Scatter plot of PC1 (41%) vs PC2 (15.4%). B) Scatter plot of PC2 (15.4%) vs PC3 (8.6%). C) 

Loadings plot of PC1 (red) vs PC2 (green) vs PC3 (blue). 
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Based on the data presented, it is concluded that cell supernatant is distinct from control media, 

with variations detectable through ATR-FTIR. Spectra suggest that the majority of these variations 

arise in protein associated regions, with some variation in amino acid and lipid regions also noted.  

 

Figure 29: PCA of the high wavenumber region of cochlear fibrocyte supernatant vs control 
media. 

From average ATR-FTIR spectra of healthy cochlear fibrocyte supernatant vs control media. 
Supernatant averages formed of 9 supernatant spectra (3 per slide, 3 slides) from a ~200k 

cell population of cells at maximum P8. Media averages formed of 9 control media spectra (3 
per slide, 3 slides) from media exposed to the same conditions as cell cultures (flasks, 

incubation etc.). A) Scatter plot of PC1 (71%) vs PC2 (10.2%). B) Scatter plot of PC2 (10.2%) vs 
PC3 (5.8%). C) Loadings plot of PC1 (red) vs PC2 (green) vs PC3 (blue). 
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3.4.4. The Induction of Inflammation in Cochlear Fibrocyte 
Cultures by TNF-α Dosage  

Cochlear fibrocyte cultures appear, by immunocytochemistry examination, to have responded to 

the addition of TNF-α to culture media in a manner consistent with downstream inflammation 

effects.   

Observing fluorescence imaging for IL-6 (Fig. 30), it is clear that undosed control cells do not 

express the targeted marker. However, at even 1ng/mL evidence of IL-6 presence may be seen in 

images. Such presence appears to be most prominent in 5ng/mL dosed cells, though the apparent 

depletion of cell numbers in later conditions may indicate otherwise. In any case, it is clear that a 

distinct expression difference is present between dosed and undosed conditions. 
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Figure 30: Fluorescence imaging of TNF-α-dosed cochlear fibrocytes 
labelled for IL-6. Scale bars= 100µm. 



86 
 

Similarly to IL-6, IL-8 is evidenced even in the lowest TNF dosage condition while undosed 

cells remain clear of the marker (Fig. 31). This further verifies the successful onset of inflammation in 

culture. 

 

 

Figure 31: Fluorescence imaging of TNF-α-dosed cochlear fibrocytes 
labelled for IL-6. Scale bars= 100µm. 
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3.4.5. Raman Spectroscopy of TNF-α-dosed Cochlear Fibrocytes 
Prior to analysis of Raman spectroscopy results it should be noted that the 25ng/mL dosage 

sample was not generated successfully despite multiple attempts using the same methods as all 

other Raman samples. The precise reason for this is unknown, though it is likely a failing stemming 

from human error in the cytospinning, fixation and wash stages of the preparation process. Some 

issues in culture were noted at this stage of research, but other samples in this set do not appear to 

have been affected. With this in mind, to preserve time and resources, a 25ng/mL TNF-dosed sample 

was not included in Raman analyses. 

In examining the Raman spectra of TNF-dosed cochlear fibrocytes, it is clear that the general 

spectral profile of cells remains similar regardless of dose (Fig. 32). This is as expected as, despite 

potential changes in metabolic action, cells are anticipated to remain predominantly structurally 

Figure 32: Average Raman spectra of murine cochlear fibrocytes following 24hrs 
incubation with TNF-α. 

Average Raman spectra of TNF-dosed cochlear fibrocytes - ~250 individual cell spectra per 

condition from individual samples each a ~250k cell cytospun monolayer of PFA fixed cells on 

CaF2 - cells fixed at maximum P8 following cytokine incubation. 



88 
 

stable, particularly in the nuclear region where sampling was targeted. However, some variations are 

still visible in intensity of peaks. 

From figure 32 it is clear that dosed and healthy cell signals are difficult to distinguish by eye 

from full spectra. This can be attributed to the complexity of signal seen as well as the overlaying of 

several dosage conditions and necessitates the closer examination of regions and conditions.   

Examining spectral variations between dosed and undosed cells more closely, comparisons 

of each dose against undosed controls are made. In the fingerprint region of undosed and 1ng/mL 

dosed cells (Fig. 33), manual peak identification allows the distinction of visible variations across 

average spectra. It should be noted, however, that substantial variation around the average spectrum 

in dosed cells makes distinction of differences more uncertain. 

 

Working from lower to higher Raman shift, there is little visible variation between samples 

below 600cm-1. A small reduction in intensity may be seen in the 1ng/mL dosed cell condition at 

Figure 33: Average Raman spectra of healthy and 1ng/mL-dosed cochlear fibrocytes 

following 24hrs incubation with TNF-α (fingerprint region).  

Average Raman spectra (fingerprint region) of TNF-dosed vs healthy cochlear fibrocytes - 

~250 individual cell spectra per condition, each from a separate (by condition) ~250k cell 

cytospun monolayer of PFA fixed cells on CaF2 - cells fixed at maximum P8.  
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~650cm-1, likely indicating changes in polysaccharides or nucleic acids (CH2 bending, C-C-C 

deformations). Any of these causes may be possible as a result of TNF dosage. 

In the nucleic acid triple peak region (725-785cm-1) three contrasting interactions can be seen. 

In the adenine associated peak at 725cm-1, undosed and 1ng/mL dosed cells demonstrate similar 

spectral intensity, with a slight shift towards the high wavenumber region visible in the dosed 

spectrum. In the thymine associated peak, dosed cell signal is less intense than that of undosed cells. 

Contrastingly, in the cytosine peak, dosed cell signal is more intense than that of undosed cells. These 

spectral variations suggest potential changes to nucleic acids as a result of inflammation. However, 

examination of further TNF dosages is required before this can be concluded. 

Between ~870cm-1 and 1000cm-1, a region predominantly attributed to proteins, lipids and 

nucleic acids (C-O stretching, C-C-N asymmetric stretching, C-O-C ring deformation), there appears 

to be an increase in signal intensity in 1ng/mL-dosed cells. This may be indicative of protein/lipid 

structural changes resulting from TNF dosage, though no firm conclusions may be drawn from 

undosed and 1ng/mL comparisons alone.  

At 1000cm-1 both undosed and dosed cells demonstrate similar signal intensity, with the 

dosed condition demonstrating a negligible increase in intensity and shift towards the high 

wavenumber region. This band is typically associated with symmetric ring breathing of proteins, so 

alterations induced by inflammation are not unexpected. However, insufficient evidence is seen in 

undosed and 1ng/mL comparison to draw any conclusions regarding TNF effects on this band.  

In contrast, the CH3 wagging-associated peak at 1032cm-1 appears to be of greater intensity 

in the undosed condition. Though this intensity difference is opposed to the previous peak, it may still 

indicate protein structural variability between conditions. Such variability is further evidenced by the 

spectral differences seen in region 1145-1195cm-1, attributable to C-C stretching, C-H bending and 

C-N vibrations in proteins.  

At 1128cm-1 signal intensity in the undosed condition is notably higher than that of the 1ng/mL 

dosed condition. Differences in this band, typically attributed C-C stretching and CH2 vibration of 

lipids and glucose, may indicate changes in cellular processing of glucose during respiration. This is a 
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logical hypothesis given that inflammation typically results in mitochondrial dysfunction in cochlear 

fibrocytes.  

In the spectral region 1200-1400cm-1 (attributed to amide III, C-O stretching, C=C vibrations 

and CH2 wagging), the TNF dosed spectrum demonstrates a higher signal intensity than that of 

undosed cells. This is indicative of variations in lipids, proteins and polysaccharides between dosed 

and undosed cells. This relationship is of interest when examining further dosed cell conditions 

against undosed cells as it may be indicative of lipid accumulation as a result of inflammation, 

alterations to protein structure and function, and variations in cellular processing of polysaccharides. 

The CH2/CH3 deformation associated band at ~1450cm-1 does not show substantial 

difference between undosed and 1ng/mL TNF dosed cells. Nonetheless, this band is of interest when 

examining the effect of TNF at higher doses.  

In the protein region 1540-1625cm-1 (associated with C=C stretching, N-H bending, 

tryptophan ring stretching and C-C-H ring vibration) signal intensity appears generally greater in the 

undosed cell condition than in 1ng/mL dosed cells. This is further indicative of protein alterations 

arising in the inflamed condition and is a focus of further examination across dosages. 

The amide I/C=O stretching band at ~1650cm-1, similarly to the preceding protein region, 

demonstrates a higher signal intensity in the undosed cell condition than in the dosed cell condition. 

There also appears to be a slight shift towards the high wavenumber region in the dosed cell condition. 

This appears to support the previous suggested protein alterations but requires further verification 

through analysis of higher dosages.  

Second derivative spectra of 0ng/mL and 1ng/mL TNF-dosed cells further illustrate 

differences in the fingerprint region (Fig. 34). Differences are particularly visible at 1032cm-1 (CH3 

wagging of proteins), 1128cm-1 (C-C stretch/CH2 vibration of lipids/glucose) and 1450cm-1 (CH2/CH3 

deformation of lipids/proteins). This implies that the primary differences between undosed and dosed 
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spectra arise in CH2 and CH3 associated regions, though this requires verification through the 

examination of further dosages. 

 

Figure 34: Second derivative Raman fingerprint region spectra of 0ng/mL and 1ng/mL TNF-
dosed cochlear fibrocytes. 

Second derivative average Raman spectra (fingerprint region) of TNF-dosed vs healthy 

cochlear fibrocytes - ~250 individual cell spectra per condition, each from a separate (by 

condition) ~250k cell cytospun monolayer of PFA fixed cells on CaF2 - cells fixed at maximum 

P8. 
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In the high wavenumber region of 0ng/mL and 1ng/mL TNF-dosed cells, further differences are 

apparent (Fig. 35). The dosed spectrum in this region appears to demonstrate a shift towards the high 

wavenumber end of the spectrum. Additionally, intensity variations are noted throughout the dosed 

condition compared with undosed cells. In the CH2 stretching region below ~2920cm-1, dosed cells 

are of lower signal intensity than undosed cells. Contrastingly, above 2920cm-1, in the CH3 stretching 

region, dosed cells demonstrate higher signal intensity than undosed cells. Both differences illustrate 

variations in lipids and proteins arising from TNF dosage. 

 

Second derivative spectra of 0ng/mL and 1ng/mL TNF-dosed cells in the high wavenumber 

region lend further clarity to the differences seen (Fig. 36). In particular, differences between dosed 

and undosed cells can be seen at ~2850cm-1. 

Figure 35: Average Raman spectra of healthy and 1ng/mL-dosed cochlear fibrocytes 
following 24hrs incubation with TNF-α (high wavenumber region). 

Average Raman spectra (high wavenumber region) of TNF-dosed vs healthy cochlear 

fibrocytes - ~250 individual cell spectra per condition, each from a separate (by condition) 

~250k cell cytospun monolayer of PFA fixed cells on CaF2 - cells fixed at maximum P8. 
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Viewing the fingerprint region of undosed and 5ng/mL dosed cells (Fig. 37), greater variation 

between conditions than that seen between undosed and 1ng/mL dosed cells is seen. Once again, 

variation around average spectra cells makes distinction of differences difficult. 

Beginning once again in the lower end of the spectrum, variation between samples below 

600cm-1 appears to be greater than that seen in the previous comparison, with 5ng/mL dosed cell 

signal intensity generally lower than that of undosed cells. This, as before is likely indicative of changes 

in polysaccharides or nucleic acids (CH2 bending, C-C-C deformations).  

 

 

Figure 36: Second derivative Raman high wavenumber region spectra of 0ng/mL and 
1ng/mL TNF-dosed cochlear fibrocytes. 

Second derivative average Raman spectra (high wavenumber region) of TNF-dosed vs healthy 

cochlear fibrocytes - ~250 individual cell spectra per condition, each from a separate (by 

condition) ~250k cell cytospun monolayer of PFA fixed cells on CaF2 - cells fixed at maximum 

P8. 
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In the nucleic acid triple peak region (725-785cm-1) a general intensity decrease is seen in 

5ng/mL dosed cells compared to previously observed 1ng/mL dosed cells. This is coupled with a shift 

towards the high wavenumber region. In contrast to the previous comparison, the adenine associated 

peak shows a reduced signal intensity in dosed cells. Once again, the thymine peak shows a dosed 

cell signal less intense than that of undosed cells. The cytosine peak retains dosed cell signal more 

intense than that of undosed cells. Noted spectral variations, when compared with those of 1ng/mL 

dosed cells, further suggest alterations to nucleic acids as a result of inflammation.  

Between ~870cm-1 and 1000cm-1, there once again appears to be an increase in signal 

intensity in dosed cells, though this is less apparent than that seen in the 1ng/mL spectrum. 

Nonetheless, this supports the suggestion of protein/lipid changes arising from TNF application. 

At 1000cm-1 5ng/mL dosed cells demonstrate both an increased signal intensity and a peak 

shift towards the high wavenumber region. This is further suggestive of protein alterations induced by 

inflammation. Though, it should be noted that alterations in protein-related bands may not only imply 

Figure 37: Average Raman spectra of healthy and 5ng/mL-dosed cochlear fibrocytes 
following 24hrs incubation with TNF-α (fingerprint region). 

Average Raman spectra (fingerprint region) of TNF-dosed vs healthy cochlear fibrocytes - ~250 

individual cell spectra per condition, each from a separate (by condition) ~250k cell cytospun 

monolayer of PFA fixed cells on CaF2 - cells fixed at maximum P8. 
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structural and functional changes in cells, they may also indicate presence of the pro-inflammatory 

cytokine TNF. 

As seen in 1ng/mL dosed cells, the CH3 wagging-associated peak at 1032cm-1, and 1128cm-1 

C-C stretching/CH2 vibration bands are of greater intensity in the undosed condition. This further 

suggests differences in protein structures and metabolic features between dosed and undosed cells. 

Between 1200-1400cm-1 (amide III, C-O stretching, C=C vibrations and CH2 wagging), the TNF 

dosed spectrum again demonstrates a higher signal intensity than that of undosed cells. In fact, the 

5ng/mL dosage condition appears to yield a slightly greater signal intensity in this region than 1ng/mL 

dosed cells. This may indicate a correlation between dosage and signal intensity in this region, though 

further verification is needed. 

In contrast to the previous spectrum of this region, the 5ng/mL dosed condition demonstrates 

greater signal intensity at ~1450cm-1 than the undosed condition. This is accompanied by a slight shift 

towards the high wavenumber end of the spectrum. Variations in this band, attributed to CH2/CH3 

deformation, suggest inflammation induced changes in lipid and protein structures and abundance. 

Once again, the protein region 1540-1625cm-1 (associated with C=C stretching, N-H bending, 

tryptophan ring stretching and C-C-H ring vibration) demonstrates higher signal intensity in the 

undosed cell condition, with little visible difference from the previous spectrum. A slight shift towards 

the high wavenumber end of the spectrum is present in the dosed condition and, alongside difference 

in signal intensity, indicates protein variation between dosed and undosed conditions. 
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As noted previously for this spectrum, a slight shift towards the high wavenumber region may 

be seen in the amide I/C=O stretching band at ~1650cm-1. Once again this band demonstrates a higher 

signal intensity in the undosed cell condition than in the dosed cell condition, though 5ng/mL dosed 

cell signal intensity appears higher than that of 1ng/mL dosed cells. This supports the previous 

suggestion of protein variations in dosed cells. 

Second derivative spectra of 0ng/mL and 5ng/mL TNF-dosed cells further illustrate 

differences in the fingerprint region (Fig. 38), particularly the spectral shift towards the high 

wavenumber region previously noted. Unlike 1ng/mL dosed cells, differences between dosed and 

undosed spectra are not particularly visible at 1032cm-1 (CH3 wagging of proteins), though variations 

at 1128cm-1 (C-C stretch/CH2 vibration of lipids/glucose) may still be seen. A clear difference at 

Figure 38: Second derivative Raman fingerprint region spectra of 0ng/mL and 5ng/mL TNF-
dosed cochlear fibrocytes. 

Second derivative average Raman spectra (fingerprint region) of TNF-dosed vs healthy 

cochlear fibrocytes - ~250 individual cell spectra per condition, each from a separate (by 

condition) ~250k cell cytospun monolayer of PFA fixed cells on CaF2 - cells fixed at maximum 

P8. 
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1450cm-1 (CH2/CH3 deformation of lipids/proteins) is still seen. Additionally, a difference at 1000cm-1 

(symmetric ring breathing of proteins) is visible. 

The high wavenumber region of 0ng/mL and 5ng/mL TNF-dosed cells demonstrates further 

differences between dosed and undosed cell spectra (Fig. 39). As in 1ng/mL TNF-dosed cells, the 

dosed spectrum in this region appears to demonstrate a shift towards the high wavenumber end of 

the spectrum, with this shift appearing more substantial than in the lower dose seen. Once again, 

intensity variations are noted throughout the dosed condition compared with undosed cells with the 

CH2 stretching region below ~2920cm-1 showing a lower signal intensity in dosed cells and the CH3 

stretching region above ~2920cm-1 showing a higher signal intensity in dosed cells. 

Second derivative spectra of 0ng/mL and 5ng/mL TNF-dosed cells in the high wavenumber 

region lend further clarify differences between dosed and undosed conditions (Fig. 40), with spectral 

shift once again noted in the dosed condition. Additionally, signal intensity differences between dosed 

and undosed are again seen around 2850cm-1. 

Figure 39: Average Raman spectra of healthy and 5ng/mL-dosed cochlear fibrocytes 
following 24hrs incubation with TNF-α (high wavenumber region). 

Average Raman spectra (high wavenumber region) of TNF-dosed vs healthy cochlear 

fibrocytes - ~250 individual cell spectra per condition, each from a separate (by condition) 

~250k cell cytospun monolayer of PFA fixed cells on CaF2 - cells fixed at maximum P8. 

 



98 
 

In the fingerprint region of undosed and 10ng/mL dosed cells (Fig. 41), further variation 

Figure 41: Second derivative Raman high wavenumber region spectra of 0ng/mL and 
5ng/mL TNF-dosed cochlear fibrocytes. 

Second derivative average Raman spectra (high wavenumber region) of TNF-dosed vs 

healthy cochlear fibrocytes - ~250 individual cell spectra per condition, each from a 

separate (by condition) ~250k cell cytospun monolayer of PFA fixed cells on CaF2 - 

cells fixed at maximum P8. 

 

Figure 40: Average Raman spectra of healthy and 10ng/mL-dosed cochlear fibrocytes 
following 24hrs incubation with TNF-α (fingerprint region). 

Average Raman spectra (fingerprint region) of TNF-dosed vs healthy cochlear 

fibrocytes - ~250 individual cell spectra per condition, each from a separate (by 

condition) ~250k cell cytospun monolayer of PFA fixed cells on CaF2 - cells fixed at 

maximum P8. 
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between conditions can be seen, with some changes notable between 5ng/mL and 10ng/mL dosage 

conditions. Once again, variation around average spectra may indicate less variation between 

conditions than apparent. 

Variation between samples below 600cm-1 does not vary substantially from that seen in 

undosed and 5ng/mL comparisons.  Nonetheless, the presence of intensity differences in this region 

indicates polysaccharide/nucleic acid (CH2 bending, C-C-C deformations) changes arising from TNF 

dosage. 

In the nucleic acid triple peak region (725-785cm-1) signal intensity is generally similar in the 

10ng/mL spectrum to that seen in 5ng/mL dosed cells. In contrast to the previous comparison, the 

adenine associated peak shows an increased signal intensity in dosed cells.  

Between ~870cm-1 and 1000cm-1, signal intensity in 10ng/mL dosed cells is reduced 

compared with previous dosages. Nonetheless, this supports the suggestion of protein/lipid changes 

arising from TNF application as signal in the dosed condition still differs from that of the undosed 

condition. 

In contrast to previous spectra, 10ng/mL dosed cells show a decrease in signal intensity at 

1000cm-1, with dosed signal now less intense than undosed. Though this does not correlate with 

trends suggested in previous spectra, protein alterations are still suggested. 

As seen in previous spectra cells, 1032cm-1 and 1128cm-1 bands are of greater intensity in the 

undosed condition than in dosed cells. This relationship appears to suggest consistent differences in 

protein structure/abundance and metabolic features between dosed and undosed cells and may be 

indicative of TNF presence. 

As in previous spectra, between 1200-1400cm-1 (amide III, C-O stretching, C=C vibrations and 

CH2 wagging), the TNF dosed spectrum demonstrates a higher signal intensity than that of undosed 

cells. However, signal intensity in this region is not as high in 10ng/mL cells than 5ng/mL and 1ng/mL 

dosed cells. This goes against the previous suggestion of correlation between dosage and signal 

intensity in this region. 
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Similarly to 5ng/mL dosed cells, 10ng/mL dosed cells demonstrate greater signal intensity 

than undosed cells at ~1450cm-1. However, this variation is small and may be accounted for by 

variation around the dosage average. Once again, a slight shift towards the high wavenumber end of 

the spectrum is seen.  

As before, the protein region 1540-1625cm-1 demonstrates higher signal intensity in the 

undosed cell condition than in dosed cells. This region is associated with C=C stretching, N-H 

bending, tryptophan ring stretching and C-C-H ring vibration. The difference noted between dosed and 

undosed cells appears consistent across dosage conditions and suggests differences in protein 

structure/abundance between dosed and undosed cells. This may be indicative of TNF presence. 

At ~1650cm-1, a slight shift towards the high wavenumber region may be seen in 10ng/mL 

dosed cells, though this is less substantial than that noted in 5ng/mL dosed cells. Nonetheless, this 

band demonstrates a higher signal intensity in the undosed cell condition than in the dosed cell 

condition, supporting the previous suggestion of protein variations in dosed cells. 

Figure 42: Second derivative Raman fingerprint region spectra of 0ng/mL and 10ng/mL 
TNF-dosed cochlear fibrocytes. 

Second derivative average Raman spectra (fingerprint region) of TNF-dosed vs healthy 

cochlear fibrocytes - ~250 individual cell spectra per condition, each from a separate (by 

condition) ~250k cell cytospun monolayer of PFA fixed cells on CaF2 - cells fixed at 

maximum P8. 
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Second derivative spectra of 0ng/mL and 10ng/mL TNF-dosed cells further illustrate 

differences in the fingerprint region (Fig. 42), though the spectral shift previously noted is not as clear. 

Though differences between dosed and undosed spectra are not as visible as in previous dosage at 

1032cm-1 (CH3 wagging of proteins) and 1128cm-1 (C-C stretch/CH2 vibration of lipids/glucose), 

differences at 1000cm-1 (symmetric ring breathing of proteins) and 1450cm-1 (CH2/CH3 deformation of 

lipids/proteins) are still seen. 

 

Figure 43: Average Raman spectra of healthy and 10ng/mL-dosed cochlear fibrocytes 
following 24hrs incubation with TNF-α (high wavenumber region). 

Average Raman spectra (high wavenumber region) of TNF-dosed vs healthy cochlear fibrocytes 

- ~250 individual cell spectra per condition, each from a separate (by condition) ~250k cell 

cytospun monolayer of PFA fixed cells on CaF2 - cells fixed at maximum P8. 
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In contrast to 1ng/mL and 5ng/mL TNF-dosed cells, the spectrum of 10ng/mL TNF-dosed cells 

shows only a slight shift in the high wavenumber region towards the 3600cm-1 end of the spectrum (Fig 

43). Nonetheless, intensity variations are still visible, though these too are of reduced magnitude 

compared with lower dosages observed. As seen previously, the dosed condition appears of lower 

intensity than undosed in the CH2 stretching region and higher signal intensity than undosed cells in 

the CH3 stretching region, though there is considerable overlap across averages. 

Second derivative spectra of 0ng/mL and 10ng/mL TNF-dosed cells in the high wavenumber 

region again aid in clarifying differences between dosed and undosed conditions (Fig. 44). Signal 

intensity differences between dosed and undosed are again seen around 2850cm-1, though the nature 

of this difference appears to vary from lower dose spectra. 

Finally, in the fingerprint region of undosed and 50ng/mL dosed cells (Fig. 45), points of 

variation between conditions can be seen once again. At this dosage level, variation around the 

average spectrum is substantial, with true variation between conditions difficult to visualise as a 

Figure 44: Second derivative Raman high wavenumber region spectra of 0ng/mL and 
10ng/mL TNF-dosed cochlear fibrocytes. 

Second derivative average Raman spectra (high wavenumber region) of TNF-dosed vs healthy 

cochlear fibrocytes - ~250 individual cell spectra per condition, each from a separate (by 

condition) ~250k cell cytospun monolayer of PFA fixed cells on CaF2 - cells fixed at maximum 

P8. 
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result. This variation around the average likely arises because of varying cell health due to 

inflammation, with many cells having died off at this level. 

In contrast to previous dosed spectra, below 600cm-1 the 50ng/mL dosage condition 

demonstrates a higher signal intensity than undosed cells. Though this relationship differs from that 

previously seen, intensity differences in this region suggest polysaccharide/nucleic acid (CH2 

bending, C-C-C deformations) changes arising from TNF dosage.  

In the nucleic acid triple peak region (725-785cm-1) signal intensity in 50ng/mL cells is slightly 

lower than in previous dosage conditions. This is particularly apparent from the cytosine peak. This, 

alongside variations below 600cm-1, is suggestive of nucleic acid alterations as a result of TNF dosage, 

particularly at higher dosages such as 50ng/mL. 

Between ~870cm-1 and 1000cm-1, signal intensity in 50ng/mL dosed cells is increased 

compared with previous dosages, with much of this region now demonstrating greater signal intensity 

than undosed cells. Though this contrasts with previous spectra, variations in this region support the 

Figure 45: Average Raman spectra of healthy and 50ng/mL-dosed cochlear fibrocytes 
following 24hrs incubation with TNF-α (fingerprint region). 

Average Raman spectra (fingerprint region) of TNF-dosed vs healthy cochlear fibrocytes - ~250 

individual cell spectra per condition, each from a separate (by condition) ~250k cell cytospun 

monolayer of PFA fixed cells on CaF2 - cells fixed at maximum P8. 
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suggestion of protein/lipid changes arising from TNF application. Increased signal intensity in this 

region at this dosage may be associated with the lipid accumulation expected from apoptotic cells. 

Similarly to 1ng/mL and 5ng/mL spectra, 50ng/mL dosed cells show increased signal intensity 

at 1000cm-1 compared to undosed cells. This suggests that the decreased intensity seen at 10ng/mL 

is somewhat abnormal, with other dosed spectra demonstrating a trend of increasing signal intensity 

with higher dosage.  Regardless of this trend, variations from undosed cells at this band location are 

further indicative of protein variations in TNF-dosed samples. 

In contrast to previous spectra, the protein-associated CH3 wagging band at 1032cm-1 

demonstrates signal intensity similar to that of undosed cells. Though different from previous dosed 

spectra, this does not rule out protein variation from inflammation, though increase in intensity of this 

band is likely linked to the presence of TNF at high dosage (50ng/mL) rather than due to 

structural/functional changes.  

At 1128cm-1, signal remains of greater intensity in the undosed condition. However, signal 

intensity appears to be increased in 50ng/mL dosed cells compared with lower dosages. This may 

suggest inflammation associated lipid accumulation at high TNF levels. 

As in previous spectra, between 1200-1400cm-1 (amide III, C-O stretching, C=C vibrations and 

CH2 wagging), the TNF dosed spectrum demonstrates a higher signal intensity than that of undosed 

cells. This further validates noted differences between dosed and undosed cell spectra. 

Similarly to 5ng/mL and 10ng/mL dosed cells, 50ng/mL dosed cells demonstrate greater 

signal intensity than undosed cells at ~1450cm-1. This variation appears to be greater than that seen 

in previous comparisons and is indicative of greater degrees of CH2 and CH3 deformation arising at 

higher dosages. Unlike previous spectra, no shift in this band is seen in the dosed condition. 

As before, the protein region 1540-1625cm-1 demonstrates higher signal intensity in the 

undosed cell condition than in dosed cells. This validates that the difference noted between dosed 

and undosed cells is consistent across dosage conditions and suggests differences in protein 

structure/abundance between dosed and undosed cells. The consistency seen across dosages 
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additionally suggests that variation seen between dosed and undosed cells arises due to genuine 

structural and functional changes rather than from TNF presence. 

Unlike the previous dosed spectra, 50ng/mL dosed cells demonstrate slightly greater signal 

intensity at ~1650cm-1 than undosed cells. Additionally, though a slight shift towards the high 

wavenumber region is still present, this is less substantial than in other dosage conditions. With the 

previous analyses in mind, this may be indicative of either TNF dosage or protein variation arising from 

it. 

 

Figure 46: Second derivative Raman fingerprint region spectra of 0ng/mL and 50ng/mL 
TNF-dosed cochlear fibrocytes. 

Second derivative average Raman spectra (fingerprint region) of TNF-dosed vs healthy 

cochlear fibrocytes - ~250 individual cell spectra per condition, each from a separate (by 

condition) ~250k cell cytospun monolayer of PFA fixed cells on CaF2 - cells fixed at 

maximum P8. 
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Second derivative spectra of 0ng/mL and 50ng/mL TNF-dosed cells further clarify differences 

in the fingerprint region (Fig. 46). Though clear differences between dosed and undosed spectra are 

no longer visible at 1000cm-1 (symmetric ring breathing of proteins), variations can once again be seen 

at 1032cm-1 (CH3 wagging of proteins) and 1128cm-1 (C-C stretch/CH2 vibration of lipids/glucose). As 

before, differences at and 1450cm-1 (CH2/CH3 deformation of lipids/proteins) are seen. From this 

visual analysis, protein and lipid alterations (particularly in CH2/CH3 associated regions) appear to be 

the main source of variation between dosed and undosed cells. However, it should be noted that level 

of difference varies across dosage conditions. 

As seen in 10ng/mL TNF-dosed cells, the spectrum of 50ng/mL TNF-dosed cells shows only a 

slight shift in the high wavenumber region (Fig.47). Once again, intensity variations are visible between 

dosed and undosed cell spectra, with the dosed condition of lower intensity in the CH2 stretching 

region and higher signal intensity in the CH3 stretching region. 

Figure 47: Average Raman spectra of healthy and 50ng/mL-dosed cochlear fibrocytes 
following 24hrs incubation with TNF-α (high wavenumber region). 

Average Raman spectra (high wavenumber region) of TNF-dosed vs healthy cochlear 

fibrocytes - ~250 individual cell spectra per condition, each from a separate (by condition) 

~250k cell cytospun monolayer of PFA fixed cells on CaF2 - cells fixed at maximum P8. 
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Second derivative spectra once again aid in clarifying differences between dosed and 

undosed conditions (Fig. 48). Signal intensity differences between dosed and undosed can be seen 

around 2850cm-1, with additional differences arising at around 2910cm-1. 

Examining spectral changes across conditions statistically, PCA of the fingerprint (Fig. 49) and 

high wavenumber (Fig. 50) regions demonstrates clear clustering of samples based upon dosage 

condition.  Scatter plots of fingerprint region PCA reveal distinct groupings among samples, with 

smaller sub-groups visible in some dosage conditions. This sub-grouping is not present among 

undosed cells and suggests inter-condition variation among dosed samples only. In this case, such 

variation has likely arisen due to variable uptake of TNF by cells based on factors such as cell cycle 

stage, as well as variable inflammatory response. Nonetheless, condition-based clustering is clear, 

with the corresponding loadings plot indicating sources of variation at previously identified spectral 

regions. 

Figure 48: Second derivative Raman high wavenumber region spectra of 0ng/mL and 
50ng/mL TNF-dosed cochlear fibrocytes. 

Second derivative average Raman spectra (high wavenumber region) of TNF-dosed vs 

healthy cochlear fibrocytes - ~250 individual cell spectra per condition, each from a 

separate (by condition) ~250k cell cytospun monolayer of PFA fixed cells on CaF2 - cells 

fixed at maximum P8. 
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Similarly, scatter plots of high wavenumber region PCA demonstrate condition-based 

groupings, with smaller sub-groups once again visible in dosed conditions (Fig. 50). This is most 

apparent in the 1ng/mL dosage condition, with some samples appearing to sit among undosed 

samples, while others sit closer to other dosed samples. 

Figure 49: PCA of the fingerprint region of undosed vs TNF-dosed cochlear fibrocytes. 

From average Raman spectra (fingerprint region) of TNF-dosed vs healthy cochlear 

fibrocytes - ~250 individual cell spectra per condition, each from a separate (by condition) 

~250k cell cytospun monolayer of PFA fixed cells on CaF2 - cells fixed at maximum P8. A) 

Scatter plot of PC1 (23%) vs PC2 (14%). B) Scatter plot of PC2 (14%) vs PC3 (6%). C) Loadings 

plot of PC1 (red) vs PC2 (green) vs PC3 (blue). 
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The distinction between undosed cells as well as TNF dosage conditions is further validated 

through predictive modelling. A neural network model yields high prediction accuracy for both the 

fingerprint and high wavenumber regions, evidencing detectable differences between conditions, 

even where manual distinction proves troublesome. This is shown via confidence tables in figure 51 

below.  

Figure 50: PCA of the fingerprint region of undosed vs TNF-dosed cochlear fibrocytes. From 

average Raman spectra (fingerprint region) of TNF-dosed vs healthy cochlear fibrocytes - 

~250 individual cell spectra per condition, each from a separate (by condition) ~250k cell 

cytospun monolayer of PFA fixed cells on CaF2 - cells fixed at maximum P8. A) Scatter plot 

of PC1 (62%) vs PC2 (10%). B) Scatter plot of PC2 (10%) vs PC3 (8%). C) Loadings plot of PC1 

(red) vs PC2 (green) vs PC3 (blue). 
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To summarise the findings of TNF-dosed cell Raman examinations, visible differences could 

be seen between dosed and undosed spectra at all dosage levels. Manual comparison of spectra 

indicates these differences arise in multiple regions, including those attributed to nucleic acids, 

proteins, lipids, polysaccharides, and amino acids. In particular, protein and lipid alterations 

originating in CH2 and CH3 vibrational modes (e.g. 1450cm-1, high wavenumber region) are implicated 

both in fingerprint and high wavenumber region analyses. Some evidence of lipid accumulation is seen 

at high TNF dosages (870-1000cm-1, 1128cm-1)- a finding consistent with expectations for inflamed 

and apoptotic cells. Regions of varied association (1200-1400cm-1, 1540-1625cm-1) consistent 

differences in intensity are noted between dosed and undosed cell conditions, though no dosage-

Figure 51: Confidence tables for neural network modelling of Raman 
spectra of murine cochlear fibrocytes following 24hrs incubation with 

TNF-α. 

 From Raman spectra of TNF-dosed vs healthy cochlear fibrocytes each 
from a separate (by condition) ~250k cell cytospun monolayer of PFA fixed 

cells on CaF2 - cells fixed at maximum P8. A) Fingerprint region B) High 
wavenumber region. 
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based correlation is found. Distinction of dosage conditions as well as healthy cells is verified by both 

multivariate analysis (PCA) and neural network.  

 

3.4.6. ATR-FTIR of TNF-α-dosed Cochlear Fibrocyte Supernatant 
In analysing the FTIR spectra of TNF-dosed cochlear fibrocyte supernatants (Fig. 52), it must first 

be noted that the spectra show a slightly lower overall absorbance than those seen in the first set of 

undosed cells examined. This is attributed to variations in sample preparation conditions such as 

laboratory temperature and humidity, as well as general variation in individual cell populations due to 

factors including cell cycle stage. As undosed supernatant was included in this stage of research, 

comparison across dosage conditions and undosed cells is still possible. Cell supernatants were 

distinct in all cases from matched media controls. 

All supernatant spectra demonstrate bands indicating cellular presence via DNA (950-

1200cm-1), glycogen and carbohydrates (~1030-1080cm-1), amides (I- ~1650cm-1, II- ~1540cm-1, III- 

1300-1500cm-1), and lipids (~1745cm-1, 2800-3050cm-1). Comparing spectra by eye, general peaks 

appear to be similar in the majority of conditions, with the largest variations from trends appearing in 

the 1ng/mL spectra. This spectrum demonstrates increased intensity and peak variations in the 

DNA/carbohydrate associated region (950-1200cm-1) and a relatively smaller decrease in intensity in 

the high wavenumber region. 
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It should also be noted that the peak previously attributed to histidine (1590cm-1) seemingly 

demonstrates the most distinct variation across all conditions, with intensity appearing to increase as 

dosage level rises. 

 

Figure 52: ATR-FTIR spectra of TNF-dosed cochlear fibrocyte supernatant samples. 

Average ATR-FTIR spectra of supernatant from healthy vs TNF-dosed cochlear fibrocyte 

cultures. Supernatant averages formed of 9 spectra (3 per slide, 3 slides) from a ~200k cell 

population of cells at maximum P8.  
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Second derivative spectra demonstrate variations further, with particular clarity arising in the 

distinction of the 1ng/mL dosage condition from others trialled (Fig. 53). As noted above, variations 

between conditions are seen in regions denoting glycogen and carbohydrates (~1030-1080cm-1) and 

amide 1 (1650cm-1). Once again, the peak previously attributed to histidine demonstrates clear 

variation, with the undosed and lowest dosage conditions appearing distinct from others trialled. 

Principal component analysis of spectra indicate differences between spectra, though 

visualisation of other conditions is limited by the more substantially different 1ng/mL dosage sample. 

PCA of all dosage samples in the fingerprint region revealed 97% of variance accounted for by 6 

principal components. The corresponding scatter plot (Fig. 54) shows some evidence of clustering in 

conditions, with 1ng/mL forming a distinct group. Clustering of 0ng/mL samples can also be seen. The 

loadings plot for this analysis indicates variation arising from amide and other protein vibrations 

(1450cm-1, 1550cm-1, 1650cm-1). This supports the findings of other experiments, with protein 

variation noted to arise from inflammation. 

 

Figure 53: Second derivative ATR-FTIR fingerprint region spectra of TNF-dosed cochlear 
fibrocyte supernatants. 

Second derivative average ATR-FTIR spectra of supernatant from healthy vs TNF-dosed 

cochlear fibrocyte cultures. Supernatant averages formed of 9 spectra (3 per slide, 3 slides) 

from a ~200k cell population of cells at maximum P8.  
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Figure 54: PCA of the fingerprint region of TNF-dosed cochlear fibrocyte supernatant. 

Average ATR-FTIR spectra of supernatant from healthy vs TNF-dosed cochlear fibrocyte 

cultures. Supernatant averages formed of 9 spectra (3 per slide, 3 slides) from a ~200k cell 

population of cells at maximum P8. A) Scatter plot of PC1 (76%) vs PC2 (10%). B) Scatter plot of 

PC2 (10%) vs PC3 (7.1%). C) Loadings plot of PC1 (red) vs PC2 (green) vs PC3 (blue). 

 

 

 

 

 

PCA of the high wavenumber region supports this hypothesis, with further protein-related 

variation identified. Scatter plots of samples once again show grouping in the 1ng/mL dosage, as well 

as in 0ng/mL, 50ng/mL and 25ng/mL conditions (Fig. 55). The 5ng/mL and 10ng/mL conditions do not 

demonstrate distinct sample clusters. Corresponding loadings plots suggest, once again, that the 

majority of variation across conditions arises in protein-related regions. 

Based upon ATR-FTIR analysis, the 1ng/mL dosage condition appears to be distinct from both 

other dosage and undosed control conditions. Whether this arises as a result of dosage-induced cell 
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changes or as a variation arising during sampling through human error or lack of sample homogeneity 

is unknown. The latter is assumed presently due to the increased baseline intensity seen.  

In general, this data serves to demonstrate detectable differences between dosage 

conditions from TNF-dosed cochlear fibrocyte supernatant. Protein-related variations are believed to 

be the source of these differences, consistent with presence of pro-inflammatory cytokines as well as 

structural/functional changes to proteins that may indicate inflammation. Of particular interest is the 

Figure 55: PCA of the high wavenumber region of TNF-dosed cochlear fibrocyte 
supernatant. 

From average ATR-FTIR spectra of supernatant from healthy vs TNF-dosed cochlear fibrocyte 

cultures. Supernatant averages formed of 9 spectra (3 per slide, 3 slides) from a ~200k cell 

population of cells at maximum P8. A) Scatter plot of PC1 (65%)  vs PC2 (7.1%). B) Scatter plot 

of PC2 (7.1%) vs PC3 (4.2%). C) Loadings plot of PC1 (red) vs PC2 (green) vs PC3 (blue). 
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variation seen at 1590cm-1 which is presently attributed to histidine. This appears to be a source of 

great variation across PC2 and PC3 particularly. 

 

3.4.7. The Induction of Inflammation in Cochlear Fibrocyte 
Cultures by IL-1β Dosage 

Immunocytochemistry demonstrates that, even at the lowest administered dose (1ng/mL), 

the beginnings of IL-6 accumulation in cells may be seen (Fig. 56). Results seem to become more 

inconsistent above 10ng/mL dosage, implying a variable cellular response to cytokine administration 

above this level. This may be due to reduced culture viability and downstream effects of inflammation 

such as shifts in cytokine expression. 

In IL-8 immunocytochemistry, similar fluorescence may be seen in dosed conditions with 

none in undosed (Fig. 57). Though intensity does not seem as great as in IL-6 examination, both 

downstream markers evidence inflammation in cultures as a result of IL-1 dosage. 

 

 

 

 

 

 

 

 



117 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 56: Fluorescence imaging of IL-1β-dosed cochlear fibrocytes labelled 
for IL-6. Scale bars= 100µm 
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Figure 57: Fluorescence imaging of IL-1β-dosed cochlear fibrocytes 
labelled for IL-8. Scale bars= 100µm. 
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3.4.8. Raman Spectroscopy of IL-1β-dosed Cochlear Fibrocytes 
In examining the Raman spectra of IL-dosed cochlear fibrocytes, similarly to TNF-dosed cells, 

general spectral profile of cells remains similar regardless of dose (Fig. 58). At face value, it would 

appear that spectral changes (including differences in intensity) across conditions are larger between 

IL-dosed cell conditions than those of TNF, though this requires more detailed examination. 

 

Interestingly, it is of note that where signal intensity appears stronger in the fingerprint region, a 

lower signal intensity is seen in the high wavenumber region. This is presumably down to topographic 

variations in samples. There is also a clear difference in the overall signal intensity of these regions, 

Figure 58: Average Raman spectra of murine cochlear fibrocytes following 24hrs 
incubation with IL-1β. 

Average Raman spectra of IL-dosed vs healthy cochlear fibrocytes - ~250 individual cell 

spectra per condition, each from a separate (by condition) ~250k cell cytospun monolayer of 

PFA fixed cells on CaF2 - cells fixed at maximum P8. 
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with fingerprint region intensity appearing lower than that of the high wavenumber region. Such 

alteration suggests variation in relative lipid levels, potentially indicative of lipid accumulation as a 

result of inflammation similar to that hypothesised in TNF investigations. 

Similarly to TNF-dosed cells, dosed and healthy cell signals are difficult to distinguish by eye 

from full spectra, with condition samples appearing to show a large variation around averages. This is 

consistent with the expectations due to the large number of cells sampled and the individual 

variations arising between them including cell cycle stage etc. Variations in cell cycle stage across 

populations are anticipated to yield differences in uptake of cytokine and thus differing responses.  

To examine spectral variations between IL-dosed and undosed cells in further detail, pairwise 

comparisons of each dosage against undosed cells is made. Beginning with undosed cells and 

1ng/mL IL-dosed cells (Fig. 59), manual peak identification allows the distinction of variations in 

spectra. 

 

Figure 59: Average Raman spectra of healthy and 1ng/mL-dosed cochlear fibrocytes following 
24hrs incubation with IL-1β (fingerprint region). 

Average Raman spectra (fingerprint region) of IL-dosed vs healthy cochlear fibrocytes - ~250 

individual cell spectra per condition, each from a separate (by condition) ~250k cell cytospun 

monolayer of PFA fixed cells on CaF2 - cells fixed at maximum P8. 
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Working from lower to higher Raman shift as with TNF analyses, there is little visible variation 

between samples below 600cm-1. Dosed cells in particular show substantial variation around their 

average spectrum in this region making any true differences difficult to isolate. This variation is 

believed to arise due to differences in cytokine response across cells at this dosage as such variation 

is not seen to the same extent in other dosages. That is, at 1ng/mL some cells behave as if they are 

inflamed where others remain relatively healthy.   

In the nucleic acid triple peak region (725-785cm-1), 1ng/mL IL-dosed cells show contrasting 

spectral features to TNF dosed cells of the same dosage. In 1ng/mL IL-dosed cells similar signal 

intensity to undosed cells is seen for adenine and cytosine bands, while a far greater signal intensity 

is noted at the central thymine band. While such spectral features still suggest differences in nucleic 

acid structure between dosed and undosed cells, these differences appear to vary from those seen in 

TNF-dosed cells. This implies that these cytokines, if to blame for the changes seen, yield differing 

alterations to nucleic acids.  

Between ~870cm-1 and 1000cm-1 (C-O stretching, C-C-N asymmetric stretching, C-O-C ring 

deformation), dosed cells demonstrate increased signal intensity compared with undosed cells. This 

was also seen in TNF-dosed cells at the same dosage and is likely indicative of protein/lipid structural 

changes resulting from inflammation.  

As seen in TNF-dosed cells at the same dosage, at 1000cm-1 both undosed and dosed cells 

demonstrate similar signal intensity. This band is typically associated with symmetric ring breathing 

of proteins, so alterations induced by inflammation are not unexpected. However, it does not appear 

that any arise at this dosage based upon manual analysis.  

The CH3 wagging protein-associated peak at 1032cm-1 appears to be of slightly reduced 

intensity in the IL-dosed condition, again similar to TNF-dosed cells at this dosage. This intensity 

difference may indicate some protein structural variability between conditions.  

At 1128cm-1, in contrast to TNF-dosed cells at this dosage, signal intensity in the IL-dosed 

condition is notably higher than that of undosed cells. Differences in this band, attributed C-C 
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stretching and CH2 vibration of lipids and glucose, may indicate changes in cellular processing of 

glucose during respiration. An increase in intensity at this band for dosed cells may suggest 

accumulation of glucose in cells, potentially due to inability to correctly process it. Further analysis of 

other dosages is required to confirm this.  

In the spectral region 1200-1400cm-1 (attributed to amide III, C-O stretching, C=C vibrations 

and CH2 wagging), the IL dosed spectrum demonstrates a lower signal intensity than that of undosed 

cells. This contrasts with TNF-dosed cells at the same dosage. Though spectral features vary across 

cytokines, differences between dosed and undosed cells in both cases indicate variations in lipids, 

proteins, and polysaccharides between dosed and undosed cells.  

Similarly to TNF-dosed cells at this dosage, the CH2/CH3 deformation associated band at 

~1450cm-1 does not show substantial difference between undosed and 1ng/mL IL-dosed cells. This 

may be due to the relatively low dosage employed; thus this band remains of interest when examining 

differences at higher dosages.  

In the protein region 1540-1625cm-1 (associated with C=C stretching, N-H bending, 

tryptophan ring stretching and C-C-H ring vibration) signal intensity appears generally greater in the 

undosed cell condition than in 1ng/mL dosed cells. This relationship is also seen in TNF-dosed cells 

of the same dosage. Differences between dosed and undosed cells in this further suggest protein 

alterations arising in the inflamed condition. 

The amide I/C=O stretching band at ~1650cm-1, similarly to TNF-dosed cells of the same 

dosage, demonstrates a lower signal intensity in the 1ng/mL IL-dosed cell condition than in the 

undosed cell condition. Unlike TNF-dosed cells, no shift is seen. Nonetheless, this supports the 

previous suggestion of protein alterations between dosed and undosed cells. Whether this is a 

product of inflammatory changes, or merely a sign of cytokine presence in cells is unclear.  

Second derivative spectra enable further analysis of the fingerprint region for undosed and 

1n/mL IL-dosed cells (Fig. 60). From this comparison, differences between dosed and undosed 
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spectra are particularly visible at 700-800cm-1, 950-1000cm-1, 1032cm-1, and 1600-1650cm-1. These 

regions may be associated with bond vibrations in nucleic acids, proteins, and lipids.  

In the high wavenumber region, 0ng/mL and 1ng/mL IL-dosed cells differ slightly (Fig. 61), 

though this difference is not as substantial as that noted for TNF-dosed cells of the same level. In 

contrast to TNF-dosed cells, dosed signal intensity below ~2910cm-1 is greater than undosed and 

above 2910cm-1 is lower than undosed. This further evidences differing modes of action across 

cytokines. In particular, difference is noted between undosed and 1ng/mL IL-dosed cells at ~2850cm-

1, in the region typically associated with CH2 stretching. 

 

Figure 60: Second derivative Raman spectra of healthy and 1ng/mL-dosed cochlear 
fibrocytes following 24hrs incubation with IL-1β (fingerprint region). 

Second derivative average Raman spectra (fingerprint region) of IL-dosed vs healthy cochlear 

fibrocytes - ~250 individual cell spectra per condition, each from a separate (by condition) 

~250k cell cytospun monolayer of PFA fixed cells on CaF2 - cells fixed at maximum P8. 
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Second derivative spectra of the high wavenumber region further clarify differences, though 

overlap of spectra is still substantial (Fig. 62). Signal intensity variations are most clear in the region 

surrounding 2850cm-1 as previously noted. This is kept in mind when moving to higher IL doses. 

Viewing the fingerprint region of undosed and 5ng/mL IL-dosed cells (Fig. 63), greater variation 

between conditions is still apparent, though arguably less so than in the previous dosage condition. 

However, variation around the average spectrum is reduced at this dosage level, suggesting a more 

consistent cellular response to cytokine application.  

Beginning once again in the lower end of the spectrum, variation between samples below 

600cm-1 is once again negligible based on manual analysis. This is due to both noise in the region and 

variation around sample averages. As such, no differences in polysaccharides or nucleic acids can be 

firmly identified from this spectral region.  

Figure 61: Average Raman spectra of healthy and 1ng/mL-dosed cochlear fibrocytes 
following 24hrs incubation with IL-1β (high wavenumber region). 

Average Raman spectra (high wavenumber region) of IL-dosed vs healthy cochlear fibrocytes - 

~250 individual cell spectra per condition, each from a separate (by condition) ~250k cell 

cytospun monolayer of PFA fixed cells on CaF2 - cells fixed at maximum P8. 
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In the nucleic acid triple peak region (725-785cm-1), similarly to the previous dosage, 5ng/mL 

IL-dosed cells show contrasting spectral features to TNF dosed cells. Once again, IL-dosed cells show 

similar (slightly lower) signal intensity to undosed cells for adenine and cytosine bands, with greater 

signal intensity in the thymine band. This is consistent with 1ng/mL IL-dosed cells and further implies 

that the administered cytokines yield different alterations to nucleic acids.  

Between ~870cm-1 and 1000cm-1, as in TNF-dosed cells, appears to be an increase in signal 

intensity in dosed cells compared with undosed. Though, this is less substantial than that seen in the 

1ng/mL spectrum. Nonetheless, variations in this region support the suggestion of protein/lipid 

changes arising IL application, with a potential inverse correlation between dosage and effect 

suggested. 

Once again, at 1000cm-1 5ng/mL IL-dosed cells demonstrate similar signal intensity to 

undosed cells. Additionally, a slight shift towards the high wavenumber end of the spectrum is seen 

in the dosed condition. This contrasts with TNF-dosed cells at 5ng/mL where both an increased signal 

Figure 62: Second derivative Raman spectra of healthy and 1ng/mL-dosed cochlear 
fibrocytes following 24hrs incubation with IL-1β (high wavenumber region). 

Second derivative average Raman spectra (high wavenumber region) of IL-dosed vs healthy 

cochlear fibrocytes - ~250 individual cell spectra per condition, each from a separate (by 

condition) ~250k cell cytospun monolayer of PFA fixed cells on CaF2 – fixed at maximum P8. 
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intensity and a peak shift are seen. This further suggests variations in protein alterations depending 

on the cytokine responsible.  

 In contrast to the previous IL dosage as well as to TNF-dosed cells at the same level, the CH3 

wagging-associated band at 1032cm-1 and the C-C stretching/CH2 vibration bands at 1128cm-1 are 

both of greater intensity in the IL-dosed condition. This further suggests differences in protein 

structures and metabolic features between dosed and undosed cells. Though not as clear as in 

1ng/mL dosed cells, increased signal intensity at 1128cm-1 may suggest accumulation of glucose in 

cells [216].  

Between 1200-1400cm-1, the undosed cell spectrum is once again generally of greater 

intensity than that of dosed cells. Similarly to TNF-dosed cells, the 5ng/mL IL dosage condition 

appears to yield a slightly greater signal intensity in this region than 1ng/mL dosed cells. This may 

indicate a correlation between dosage and signal intensity in this region. As this region may be 

associated with lipids, proteins, polysaccharides and amino acids, variations may arise from a range 

of sources.  

Figure 63: Average Raman spectra of healthy and 5ng/mL-dosed cochlear fibrocytes 
following 24hrs incubation with IL-1β (fingerprint region). 

Average Raman spectra (fingerprint region) of IL-dosed vs healthy cochlear fibrocytes - ~250 

individual cell spectra per condition, each from a separate (by condition) ~250k cell cytospun 

monolayer of PFA fixed cells on CaF2 - cells fixed at maximum P8. 
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At ~1450cm-1, in contrast to 1ng/mL IL-dosed cells, 5ng/mL dosed cells demonstrate slightly 

greater signal intensity than undosed cells. This trend is also seen in TNF-dosed cells of the same 

dosage, though no accompanying peak shift is noted. Variations in this band, attributed to CH2/CH3 

deformation, suggest differences in lipid and protein structure/abundance between dosed and 

undosed cells.  

Unlike 1ng/mL IL-dosed cells, the protein region 1540-1625cm-1 demonstrates similar signal 

intensity in both dosed and undosed conditions. This is due to a substantial increase in signal intensity 

of 5ng/mL dosed cells compared with 1ng/mL dosed cells.  This increase may be indicative of 

inflammation induced variations or the presence of IL-1 in cells.  

Further contrasting from 1ng/mL IL-dosed cells, the band at ~1650cm-1 demonstrates greater 

signal intensity in 5ng/mL dosed cells than undosed cells. This additionally contrast with TNF-dosed 

cells at the same level. Once again, this is suggestive of protein variations between dosed and 

undosed cells, with the nature of variation differing depending on the cytokine responsible.  

Figure 64: Second derivative Raman spectra of healthy and 5ng/mL-dosed cochlear 
fibrocytes following 24hrs incubation with IL-1β (fingerprint region). 

Second derivative average Raman spectra (fingerprint region) of IL-dosed vs healthy cochlear 

fibrocytes - ~250 individual cell spectra per condition, each from a separate (by condition) 

~250k cell cytospun monolayer of PFA fixed cells on CaF2 - cells fixed at maximum P8. 
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Second derivative spectra demonstrate subtler differences between spectra (Fig. 64), with 

variation below 600cm-1 now visible. This, however, does not appear to be substantial outside of 

deviation around spectral averages. Potentially significant differences are noted at 700-800cm-1 and 

1600-1650cm-1, with evidence of difference around 1032cm-1 and 1200cm-1. These regions are 

associated with bond vibrations in nucleic acids, proteins, lipids, and polysaccharides. 

In the high wavenumber region, 5ng/mL dosed spectra demonstrate substantial variability 

around the spectral average (Fig. 65). Nonetheless, similar spectral features to those seen in 1ng/mL 

dosed cells are present. Below 2900cm-1, dosed cell signal intensity is not consistently above that of 

undosed cells as seen in 1ng/mL, instead fluctuating. Above 2900cm-1, dosed cell signal intensity is 

still lower than that of undosed cells, to a greater degree than that seen in 1ng/mL analysis. The nature 

of differences between dosed and undosed cells once again directly contrasts with TNF-dosed cells 

at the same level.  

Figure 65: Average Raman spectra of healthy and 5ng/mL-dosed cochlear fibrocytes 
following 24hrs incubation with IL-1β (high wavenumber region). 

Average Raman spectra (high wavenumber region) of IL-dosed vs healthy cochlear fibrocytes - 

~250 individual cell spectra per condition, each from a separate (by condition) ~250k cell 

cytospun monolayer of PFA fixed cells on CaF2 - cells fixed at maximum P8. 
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Second derivative spectral comparison of 0ng/mL and 5ng/mL high wavenumber regions 

lends clarity to spectra (Fig. 66). Though variation around the average spectrum is still clear, 

differences between dosed and undosed cells are distinguishable in regions identified in 1ng/mL 

dosed spectra such as 2850-2870cm-1 and 2900-2920cm-1. Though there is overlap between 

conditions, intensity variation is visible in the region surrounding 2850cm-1 as previously noted. 

In the fingerprint region of undosed and 10ng/mL IL-dosed cells (Fig. 67), visible variation 

between conditions is once again demonstrated. As before, variation around average spectra makes 

differences more uncertain, though variation around the dosed average spectrum is again reduced 

compared with the previous dosage. 

Below 600cm-1, variation between dosed and undosed conditions arises at 10ng/mL. At this 

dosage, signal intensity is reduced compared with undosed cells with presence of intensity 

differences in this region indicative of polysaccharide/nucleic acid (CH2 bending, C-C-C 

Figure 66: Second derivative Raman spectra of healthy and 5ng/mL-dosed cochlear 
fibrocytes following 24hrs incubation with IL-1β (high wavenumber region). 

Second derivative average Raman spectra (high wavenumber region) of IL-dosed vs healthy 

cochlear fibrocytes - ~250 individual cell spectra per condition, each from a separate (by 

condition) ~250k cell cytospun monolayer of PFA fixed cells on CaF2 - cells fixed at 

maximum P8. 
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deformations) changes arising from inflammation. Similar variations were not observed in TNF-dosed 

cells of the same level, further illustrating differences in cytokine modes of action. 

In the nucleic acid region (725-785cm-1), the trend noted in 1ng/mL and 5ng/mL dosed cells 

persists, with dosed cells showing slightly lower signal intensity than undosed cells for adenine and 

cytosine bands, and greater signal intensity in the thymine band. This once again varies from the 

spectra of TNF-dosed cells at the same level. This is not only consistent with varying responses across 

cytokines but also indicates potential correlations between signal intensity and IL dosage at each 

nucleic acid band.  

Between ~870cm-1 and 1000cm-1, as previously, there is a slight increase in signal intensity in 

dosed cells compared with undosed. Though, again, this is less substantial than that seen in lower 

dosages and further implies an inverse correlation between dosage and effect. This region contains 

C-O stretching, C-C-N asymmetric stretching and C-O-C ring deformation attributable to lipids, 

proteins, and nucleic acids. As such, dosage-based variation across all of these parameters to some 

extent is suggested, 

Figure 67: Average Raman spectra of healthy and 10ng/mL-dosed cochlear fibrocytes 
following 24hrs incubation with IL-1β (fingerprint region). 

Average Raman spectra (fingerprint region) of IL-dosed vs healthy cochlear fibrocytes - ~250 

individual cell spectra per condition, each from a separate (by condition) ~250k cell cytospun 

monolayer of PFA fixed cells on CaF2 - cells fixed at maximum P8. 
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Again, at 1000cm-1 10ng/mL IL-dosed cells demonstrate similar signal intensity to undosed 

cells, with a slightly lower intensity and slight shift towards the high wavenumber end of the spectrum 

seen in the dosed condition. This further suggests variations in protein structure and abundance 

resulting from cytokine administration. 

Similarly to 1ng/mL IL-dosed cells, the 10ng/mL IL-dosed cell condition demonstrates 

reduced signal intensity at 1032cm-1 compared with undosed cells. This reduction is far clearer than 

that seen at lower dosages and strongly implies alterations to structure/function of proteins at CH3 

sites arising at 10ng/mL IL dosage.  

In contrast, similarly to previous dosages, the C-C stretching/CH2 vibration band at 1128cm-1 

demonstrates greater signal intensity in the IL-dosed condition. This is further suggestive of 

lipid/glucose accumulation in IL-inflamed cells and contrasts with the findings from TNF-dosed cells 

at this level.  

Between 1200-1400cm-1, the undosed cell spectrum is again generally of greater intensity 

than that of dosed cells, with little apparent change between 5ng/mL and 10ng/mL dosed cell spectra 

in this region besides a slight reduction in dosed cell signal intensity. This further indicates variations 

to lipids, proteins, polysaccharides, and amino acids in response to inflammation, though a clear 

dose-response correlation cannot be seen.  

At ~1450cm-1, the trend of increased signal intensity in IL dosed cells continues. This trend is 

also seen in TNF-dosed cells of the same dosage. It is hence suggested at this stage that signal 

intensity in this band may correlate with dosage level and indicate differences in lipid and protein 

structure/abundance between dosed and undosed cells. Increased signal intensity in dosed 

conditions at this band may be demonstrative of cytokine presence in cells. 

Once again, the protein region 1540-1625cm-1 demonstrates similar signal intensity in both 

dosed and undosed conditions. Though, it should be noted that there are some sites of substantial 

variation around the average dosed spectrum in this region. This increase, similar to that seen in 
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5ng/mL dosed cells, may be indicative of inflammation induced variations or the presence of IL-1 in 

cells.  

Further similarities to 5ng/mL dosed cells arise at ~1650cm-1, with greater signal intensity 

noted in dosed cells than undosed cells. This contrasts with TNF-dosed cells at the same level as well 

as with 1ng/mL IL-dosed cells. Once again, this is suggestive of protein variations between dosed and 

undosed cells, with the nature of variation differing depending on the cytokine responsible.  

Second derivative spectra lend further clarity in the distinction of differences between spectra 

(Fig. 68). Potentially significant differences are once again noted at 700-800cm-1, 950-1000cm-1, 

1032cm-1, 1400-1500cm-1 and 1600-1650cm-1. These regions are predominantly associated with bond 

vibrations in nucleic acids, proteins and lipids. 

Figure 68: Second derivative Raman spectra of healthy and 10ng/mL-dosed cochlear 
fibrocytes following 24hrs incubation with IL-1β (fingerprint region). 

Second derivative average Raman spectra (fingerprint region) of IL-dosed vs healthy 

cochlear fibrocytes - ~250 individual cell spectra per condition, each from a separate (by 

condition) ~250k cell cytospun monolayer of PFA fixed cells on CaF2 - cells fixed at 

maximum P8. 
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In the high wavenumber region, the 10ng/mL IL-dosed cell spectrum resembles that of 1ng/mL 

dosed cells (Fig. 69). This, along with the variation around average spectrum noted implies that 

5ng/mL results do not follow the trend in dose-response seen. As in 1ng/mL IL-dosed cells, 10ng/mL 

dosed cells demonstrate greater signal intensity than undosed cells below ~2900cm-1 and lower 

signal intensity than undosed cells above 2900cm-1, with differences between dosed and undosed 

spectra made clearer by increased magnitude of difference and reduction in variation around the 

spectral average. Once again, an interesting site of intensity variation is visible around 2850cm-1. The 

demonstrated differences are evidence of dosage induced changes in CH2 and CH3 stretching of 

proteins and lipids and are potentially indicative of dose-response correlative effects. 

Second derivative high wavenumber region spectra further demonstrate the noted differences 

(Fig. 70). Clear differences in signal intensity and band location are notable at 2830-2850cm-, 2850-

2880cm-1, 2900-2920cm-1 and 2940cm-1. 

Figure 69: Average Raman spectra of healthy and 10ng/mL-dosed cochlear fibrocytes 
following 24hrs incubation with IL-1β (high wavenumber region). 

Average Raman spectra (high wavenumber region) of IL-dosed vs healthy cochlear fibrocytes - 

~250 individual cell spectra per condition, each from a separate (by condition) ~250k cell 

cytospun monolayer of PFA fixed cells on CaF2 - cells fixed at maximum P8. 
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The fingerprint region of undosed and 25ng/mL IL-dosed cells (Fig. 71), once again 

demonstrates variation between conditions, with dosed and undosed spectra generally 

demonstrating a similar relationship to that seen in 10ng/mL comparisons. As before, variation around 

the dosed average spectrum is reduced compared with previous dosages. No comparisons with TNF 

dosed cells are made at this level as a comparable TNF spectrum is not available. 

In the spectral region indicative of polysaccharide/nucleic acids (below 600cm-1), variation 

between dosed and undosed cells similar to that of 10ng/mL dosed cells is seen. Once again, 

differences between dosed and undosed cells in this region imply variations in nucleic acid structure 

and cell metabolism arising from inflammation.  

Figure 70: Second derivative Raman spectra of healthy and 1ng/mL-dosed cochlear 
fibrocytes following 24hrs incubation with IL-1β (high wavenumber region). 

Second derivative average Raman spectra (high wavenumber region) of IL-dosed vs healthy 

cochlear fibrocytes - ~250 individual cell spectra per condition, each from a separate (by 

condition) ~250k cell cytospun monolayer of PFA fixed cells on CaF2 - cells fixed at 

maximum P8. 
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As in previous dosages, nucleic acid region (725-785cm-1) signal intensity is further reduced 

in 25ng/mL dosed cells, with dosed cells now showing similar or lower signal intensity than undosed 

cells for all bands. This further validates the potential inverse correlation between signal intensity and 

IL dosage in this spectral region. 

Between ~870cm-1 and 1000cm-1, signal intensity in 25ng/mL dosed cells is marginally 

reduced compared to 10ng/mL dosed cells.  Signal intensity in this region is similar in both undosed 

and dosed cell conditions, further implying an inverse correlation between dosage and signal intensity 

similar to that hypothesised for 725-785cm-1. Based upon this, it is hypothesised that variations 

across dosages in this spectral region are predominantly attributable to nucleic acid changes.  

In contrast to lower dosages, at 1000cm-1, 25ng/mL IL-dosed cells demonstrate a clear lower 

signal intensity than undosed cells.  Building on the findings of previous dosages, an inverse 

correlation between dosage and signal intensity is implied at this band. This is suggestive of variations 

in protein structure and abundance resulting from cytokine administration. 

Figure 71: Average Raman spectra of healthy and 25ng/mL-dosed cochlear fibrocytes 
following 24hrs incubation with IL-1β (fingerprint region). 

Average Raman spectra (fingerprint region) of IL-dosed vs healthy cochlear fibrocytes - ~250 

individual cell spectra per condition, each from a separate (by condition) ~250k cell cytospun 

monolayer of PFA fixed cells on CaF2 - cells fixed at maximum P8. 
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As seen in 1ng/mL and 10ng/mL IL-dosed cells, 25ng/mL dosed cells demonstrate a reduced 

signal intensity compared to undosed cells at 1032cm-1. Though this reduction is clear, there does not 

appear to be a particular change in intensity between 10ng/mL and 25ng/mL dosages, thus no distinct 

correlation is implied.  Nonetheless, intensity variation in this band strongly implies alterations to 

structure/function of proteins consistent with inflammation. 

Contrary to previous dosages, the C-C stretching/CH2 vibration band at 1128cm-1 

demonstrates similar signal intensity both dosed and undosed conditions. This goes against the 

suggestion of lipid/glucose accumulation in IL-inflamed cells, instead implying a reduction in 

abundance at higher dosages. 

Between 1200-1400cm-1, the undosed cell spectrum remains of greater intensity generally 

than that of dosed cells. This further indicates consistent differences in lipids, proteins, 

polysaccharides, and amino acids between dosed and undosed cells. 

At ~1450cm-1, increased signal intensity in IL dosed cells is once again visible, though there is 

little change in intensity between 10ng/mL and 25ng/mL dosed cells. This goes against the previous 

suggestion of correlation. Nonetheless, visible differences in this band imply changes to lipid and 

protein structure/abundance as a result of cytokine administration.  

As before, the protein region 1540-1625cm-1 demonstrates similar signal intensity in both 

dosed and undosed conditions, with the dosed spectrum now appearing to be somewhat reduced in 

intensity compared with previous dosages. This implies that variations in this region are not merely 

indicative of IL presence. Instead, the return to a lower dose-like spectral profile implies a change, 

plateau, or resolution to inflammation effects. 
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As in the protein region 1540-1625cm-1, 25ng/mL dosed cells demonstrate reduced signal 

intensity at ~1650cm-1. This contrasts with 5ng/mL and 10ng/mL findings and is suggestive of a 

change, plateau, or resolution to protein variations at this dosage. 

Second derivative spectra at this dosage further demonstrate differences between dosed and 

undosed conditions (Fig. 72). As in lower dose analyses, potential significant differences are noted at 

700-800cm-1, 950-1000cm-1, 1032cm-1, 1400-1500cm-1 and 1600-1650cm-1. 

 

Figure 72: Second derivative Raman spectra of healthy and 25ng/mL-dosed cochlear 
fibrocytes following 24hrs incubation with IL-1β (fingerprint region). 

Second derivative average Raman spectra (fingerprint region) of IL-dosed vs healthy cochlear 

fibrocytes - ~250 individual cell spectra per condition, each from a separate (by condition) 

~250k cell cytospun monolayer of PFA fixed cells on CaF2 - cells fixed at maximum P8. 
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In the high wavenumber region, the 25ng/mL dosed spectrum resembles that seen in 1ng/mL 

and 10ng/mL analyses (Fig. 73). As before, dosed cells demonstrate greater signal intensity than 

undosed cells below ~2900cm-1 and lower signal intensity than undosed cells above 2900cm-1. Again, 

intensity variation is seen around 2850cm-1. These differences imply dosage induced changes in 

proteins and lipids, though no correlation is implied as previously suggested. 

Figure 73: Average Raman spectra of healthy and 25ng/mL-dosed cochlear fibrocytes 
following 24hrs incubation with IL-1β (high wavenumber region). 

Average Raman spectra (high wavenumber region) of IL-dosed vs healthy cochlear fibrocytes - 

~250 individual cell spectra per condition, each from a separate (by condition) ~250k cell 

cytospun monolayer of PFA fixed cells on CaF2 - cells fixed at maximum P8. 
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Second derivative spectra once again demonstrate noted differences (Fig. 74). As in 10ng/mL 

IL-dosed cells, differences in signal intensity and band location are notable at 2830-2850cm-1, 2850-

2880cm-1, and 2900-2920cm-1. This is suggestive of dosage-induced changes to both CH2 and CH3 

stretching vibrational modes. 

Finally, in the fingerprint region of undosed and 50ng/mL dosed cells (Fig. 75), dosed cell 

signal intensity appears overall lower than that of undosed cells. This strongly implies detectable 

effects of inflammation at this dosage level. Once again, compared with lower dosages, variation 

around the dosed average spectrum is reduced. This implies more consistency in cell response to IL 

at this dosage level, likely due to cell population being reduced. That is, with many poorly responding 

cells having already died at lower dosage levels, only those that consistently respond better to such 

high IL doses remain. This contrasts with TNF results, implying that TNF-α may be better tolerated by 

cells than IL-1β. 

 

Figure 74: Second derivative Raman spectra of healthy and 25ng/mL-dosed cochlear 
fibrocytes following 24hrs incubation with IL-1β (high wavenumber region). 

Second derivative average Raman spectra (high wavenumber region) of IL-dosed vs healthy 

cochlear fibrocytes - ~250 individual cell spectra per condition, each from a separate (by 

condition) ~250k cell cytospun monolayer of PFA fixed cells on CaF2 - cells fixed at 

maximum P8. 
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In contrast to previous dosed spectra, signal intensity below 600cm-1 is drastically reduced in 

the 50ng/mL dosage condition. This opposes TNF-dosed cells at the same level which demonstrate 

higher signal intensity than undosed cells. Though at lower dosages dosed cell spectra appeared 

similar to undosed cells, a gradual reduction in signal intensity is implied in this region with dosage 

increase. Though a definite correlation is not observed, this difference further suggests 

polysaccharide/nucleic acid (CH2 bending, C-C-C deformations) changes arising from IL dosage. This 

may indicate variations in metabolic properties of cells at this dosage level.  

As in lower dosages, signal intensity in the nucleic acid triple peak region (725-785cm-1) is 

further reduced in 50ng/mL dosed cells, with the thymine band now demonstrating lower signal 

intensity in dosed cells compared with undosed. This further validates the proposed inverse 

correlation between signal intensity and IL dosage in this spectral region. Similar reduced intensity is 

seen at this dosage of TNF, though spectra for each cytokine are still distinct in this region. 

Between ~870cm-1 and 1000cm-1, signal intensity in 50ng/mL dosed cells is once again 

reduced compared to previous dosages, now appearing similar to that of undosed cells.  This validates 

Figure 75: Average Raman spectra of healthy and 50ng/mL-dosed cochlear fibrocytes 
following 24hrs incubation with IL-1β (fingerprint region). 

Average Raman spectra (fingerprint region) of IL-dosed vs healthy cochlear fibrocytes - ~250 

individual cell spectra per condition, each from a separate (by condition) ~250k cell cytospun 

monolayer of PFA fixed cells on CaF2 - cells fixed at maximum P8. 
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the proposed inverse correlation between dosage and signal intensity in this spectral region, likely 

arising because of nucleic acid changes. This correlation contrasts with the results of TNF analysis, 

wherein much of this region demonstrated greater signal intensity than undosed cells at this dosage. 

Increased signal intensity in this case was associated lipid accumulation, further demonstrating the 

different actions of administered cytokines. 

Though not as reduced as in 25ng/mL dosed cells, signal intensity of 50ng/mL IL-dosed cells 

is lower than that of undosed cells at 1000cm-1.  This goes against the previous suggestion of an 

inverse correlation between dosage and signal intensity, though this may imply that 25ng/mL dosed 

cells are the outlier. Nonetheless, differences in signal intensity at this band are suggestive of 

variations in protein structure and abundance between dosed and undosed cells. Reduced signal 

intensity in this region directly contrasts with TNF-dosed cells at this dosage and further demonstrates 

differences between the two cytokines trialled. 

Once again, as seen in all but 5ng/mL IL-dosed cells, a reduced signal intensity is seen in 

dosed cells compared to undosed cells at 1032cm-1. Again, there does not appear to be a particular 

change in intensity between 10ng/mL, 25ng/mL and 50ng/mL dosages.  As before, intensity variation 

in this band implies alterations to structure/function of proteins consistent with expectations of 

inflammation. Such variation is not seen in TNF-dosed cells at the same level. 

As noted in 25ng/mL dosed cells, the C-C stretching/CH2 vibration band at 1128cm-1 

demonstrates similar signal intensity both dosed and undosed conditions. This once again opposes 

the suggestion of lipid/glucose accumulation in IL-inflamed cells, instead indicating limited 

differences above a certain dosage level. This contrasts with the findings of TNF-dosed cells at the 

same level, wherein a clear increase in signal intensity was observed in the dosed cell condition. 

As for lower dosages, in the 1200-1400cm-1 spectral region, the undosed cell spectrum 

remains of greater intensity generally than that of dosed cells. This signal intensity difference is more 

apparent than at lower dosages, with the 50ng/mL dosed cell spectrum demonstrating the lowest 

signal intensity seen across dosed cells. This further indicates consistent differences in lipids, 

proteins, polysaccharides, and amino acids between dosed and undosed cells, and implies a level of 
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inverse correlation between signal intensity and IL dosage in this region. This, again, contrasts with 

the findings of TNF investigations.  

At ~1450cm-1, in contrast to lower dosages, a reduced signal intensity in IL dosed cells is seen 

compared with undosed cells. This contradicts the previous suggestion of correlation, with reduction 

in signal intensity at this dosage further implying an alteration in lipid effects at high dosages.  This, 

once again, contrasts with the findings of TNF investigations. 

As seen in 25ng/mL dosed cells, the protein region 1540-1625cm-1 demonstrates a lower 

signal intensity in the dosed condition than undosed. This return to a lower dose-like spectral profile 

further implies a change, plateau, or resolution to inflammation effects occurring at higher dosages. 

Differences seen at this dosage level are similar to those noted for TNF-dosed cells.  

Once again, 50ng/mL dosed cells demonstrate reduced signal intensity at ~1650cm-1 

compared to undosed cells. This is similar to 25ng/mL dosage results and again contrasts with 5ng/mL 

and 10ng/mL spectra, again implying a change, plateau, or resolution to protein/lipid variations of this 

type (Amide I, C=O stretching) at higher dosages. Reduced signal intensity in dosed cells for this band 

contrasts with the findings of TNF-dosed cells at this dosage and is further demonstrative of differing 

modes of action across the administered cytokines. 

Second derivative spectra of undosed and 50ng/ml IL-dosed cells further demonstrate 

differences between spectra (Fig. 76), with numerous points of variation visible throughout. 

Potentially significant differences are again noted at 700-800cm-1, 950-1000cm-1, 1032cm-1, 1400-

1500cm-1 and 1600-1650cm-1. These regions are predominantly associated with bond vibrations in 

nucleic acids, proteins and lipids. Additional variations of interest are noted below 600cm-1 and in the 

region 1550-1600cm-1, and are attributed to bond vibrations in nucleic acids, polysaccharides and 

proteins. 
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In the high wavenumber region, the 50ng/mL dosed spectrum resembles those seen at lower 

doses, though changes in signal intensity are visible (Fig. 77). As in previous doses, dosed cells 

demonstrate greater signal intensity than undosed cells below ~2900cm-1 and lower signal intensity 

than undosed cells above 2900cm-1. However, it should be noted that there is little difference between 

dosed and undosed spectra above 2920cm-1 at this dosage level. In contrast, the difference noted 

around 2850cm-1 seems of greater magnitude than in previous dosages. 

Second derivative spectra once again demonstrate noted differences between dosed and 

undosed spectra (Fig. 78). Differences in signal intensity and band location are clearly visible at 2830-

2850cm-1, 2850-2880cm-1, and 2900-2920cm-1. This verified the suggestion of dosage-induced 

changes to both CH2 and CH3 stretching vibrational modes. Whether these changes are a result of IL-

1 presence in cells or inflammatory effects are unclear. 

 

 

Figure 76: Second derivative Raman spectra of healthy and 50ng/mL-dosed cochlear 
fibrocytes following 24hrs incubation with IL-1β (fingerprint region). 

Second derivative average Raman spectra (fingerprint region) of IL-dosed vs healthy cochlear 

fibrocytes - ~250 individual cell spectra per condition, each from a separate (by condition) 

~250k cell cytospun monolayer of PFA fixed cells on CaF2 - cells fixed at maximum P8. 
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Figure 78: Average Raman spectra of healthy and 50ng/mL-dosed cochlear fibrocytes following 
24hrs incubation with IL-1β (high wavenumber region). 

Average Raman spectra (high wavenumber region) of IL-dosed vs healthy cochlear fibrocytes - 

~250 individual cell spectra per condition, each from a separate (by condition) ~250k cell 

cytospun monolayer of PFA fixed cells on CaF2 - cells fixed at maximum P8. 

 

Figure 77: Second derivative Raman spectra of healthy and 50ng/mL-dosed cochlear fibrocytes 
following 24hrs incubation with IL-1β (high wavenumber region). 

Second derivative average Raman spectra (high wavenumber region) of IL-dosed vs healthy 

cochlear fibrocytes - ~250 individual cell spectra per condition, each from a separate (by 

condition) ~250k cell cytospun monolayer of PFA fixed cells on CaF2 - fixed at maximum P8. 
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Examining spectral changes across conditions statistically, PCA demonstrates clustering of 

sample conditions, though this is far more difficult to visualise in scatter plots (Fig. 79) than those of 

TNF-dosed cells. Nonetheless, grouping of samples by dosage condition can be seen. This appears to 

be clearer in high wavenumber region analysis (Fig. 80) than in fingerprint region analysis. 

 

Figure 79: PCA of the fingerprint region of undosed vs IL-dosed cochlear fibrocytes. 

From average Raman spectra (fingerprint region) of IL-dosed vs healthy cochlear fibrocytes 

- ~250 individual cell spectra per condition, each from a separate (by condition) ~250k cell 

cytospun monolayer of PFA fixed cells on CaF2 - cells fixed at maximum P8. A) Scatter plot 

of PC1 (45.5%) vs PC2 (11%). B) Scatter plot of PC2 (11%) vs PC3 (5.1%). C) Loadings plot of 

PC1 (red) vs PC2 (green) vs PC3 (blue). 
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Accompanying loadings plots validate sources of variation at sites identified in manual 

analysis. In the fingerprint region (Fig. 79) these include below 600cm-1, 1000cm-1, 1032cm-1 and 1600-

1650cm-1. Associated bond vibrations in these regions are CH2 bending/C-C-C deformations of 

polysaccharides and nucleic acids, symmetric ring breathing of proteins, CH3 wagging of proteins, and 

amide I/C=O stretching of lipids and proteins respectively. In the high wavenumber region (Fig. 80), 

these 2830-2850cm-1, 2850-2880cm-1, and 2900-2940cm-1. Associated bond vibrations are CH2 and 

CH3 stretching of proteins and lipids. 

Figure 80: PCA of the high-wavenumber region of undosed vs IL-dosed cells. 

From average Raman spectra (high wavenumber region) of IL-dosed vs healthy cochlear 

fibrocytes - ~250 individual cell spectra per condition, each from a separate (by condition) 

~250k cell cytospun monolayer of PFA fixed cells on CaF2 - cells fixed at maximum P8. A) 

Scatter plot of PC1 (47%) vs PC2 (30%). B) Scatter plot of PC2 (30%) vs PC3 (7.3). C) Loadings 

plot of PC1 (red) vs PC2 (green) vs PC3 (blue). 
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Once again, the large number of samples employed in Raman spectroscopy investigation 

facilitated the application of predictive modelling using a neural network. As evidenced by the 

confidence tables in figure 81, though this model had slightly less accuracy than of TNF-dosed cells 

(likely due to the additional variable incorporated), it is clear that detectable differences between 

undosed cells and dosage conditions are present. This is particularly evident in the fingerprint region. 

 

Figure 81: Confidence tables for neural network modelling of Raman spectra of murine 
cochlear fibrocytes following 24hrs incubation with IL-1β. 

From Raman spectra of IL-dosed vs healthy cochlear fibrocytes each from a separate (by 

condition) ~250k cell cytospun monolayer of PFA fixed cells on CaF2 - cells fixed at 

maximum P8. A) Fingerprint region B) High wavenumber region. 
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To summarise the findings of IL-dosed cell Raman examinations, visible differences could be 

seen between dosed and undosed spectra at all dosage levels. These differences directly contrasted 

with observed TNF-based variations, strongly implying different modes of action in each cytokine’s 

interaction with cochlear fibrocytes. This contrast is particularly notable at CH2 and CH3 bond 

vibration-associated sites.  

Manual comparison of IL-dosed and undosed spectra indicates differences arising in multiple 

regions, including those attributed to nucleic acids, proteins, lipids, polysaccharides. Below 600cm-

1, alterations to polysaccharide/nucleic acid signal intensity are seen at higher dosage levels. 

Likewise, nucleic acid variations in the region 700-1000cm-1 demonstrate signal intensity variations 

between dosed and undosed conditions. In this region, signal intensity reductions correlate with 

dosage increase across all dose parameters. An inverse correlation between dosage and signal 

intensity is also noted in the symmetric ring breathing protein band at 1000cm-1. Such intensity 

decrease with dosage increase is unlikely to arise from IL presence in cells alone and indicated 

structural and functional changes to proteins in response to IL dosage. Differences noted at 1128cm-

1, similar to those below 600cm-1 arising at higher dosages, imply changes to glucose processing in 

cells in response to IL dosage. At higher dosages (25ng/mL, 50ng/mL) variations in lipid signal intensity 

may also be seen, with a reduction in signal intensity at these doses compared to the lower doses 

explored. As in TNF results, consistent differences in signal intensity are noted between dosed and 

undosed cell conditions in the region1200-1400cm-1. In the high wavenumber region, signal intensity 

variations between dosed and undosed conditions contrast with those seen in TNF analyses, with 

variation at 2850cm-1 seemingly unique to IL-dosed cells. Once again, successful distinction of 

dosage conditions and healthy cells is verified by both multivariate analysis (PCA) and neural network 

model.  

 

3.4.9. ATR-FTIR of IL-1β-dosed Cochlear Fibrocyte Supernatant 
As seen with TNF-dosed samples, spectra of IL-dosed cochlear fibrocyte supernatants (Fig. 

82) spectra show a lower overall absorbance than those seen in the first set of undosed cells 

examined. This is once again attributed to variations in sample preparation conditions and variation 
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in individual cell populations, though data appear to be of far greater consistency than those of TNF-

dosed cells, likely due to the culture issues mentioned. As before, undosed supernatant was included 

in this stage of research enabling comparison across dosage conditions and undosed cells. Cell 

supernatants were distinct in all cases from matched media controls. 

As anticipated based on previous supernatant analyses, all supernatant spectra, both 

undosed and dosed appear to demonstrate bands indicating DNA (950-1200cm-1), glycogen and 

carbohydrates (~1030-1080cm-1), amides (I- ~1650cm-1, II- ~1540cm-1, III- 1300-1500cm-1), and lipids 

(~1745cm-1, 2800-3050cm-1). Visually comparing spectra, there do not appear to be any large 

differences in absorbance or peak shifts across dosage conditions, with intra-condition sample 

variations around means making differences between conditions challenging to identify by eye. 
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Nonetheless, some variations across conditions can be noted in the fingerprint region. Similar 

to TNF data, variation appears between conditions at ~1590cm-1, previously attributed to histidine. As 

before, this is believed to indicate potential changes cell respiration, though VOC data must be 

examined to verify this. The greatest source of variation noted by eye arises in the region 1095-1140cm-

Figure 82: ATR-FTIR spectra of IL-dosed cochlear fibrocyte supernatant samples. 

Average ATR-FTIR spectra of supernatant from healthy vs IL-dosed cochlear fibrocyte cultures. 

Supernatant averages formed of 9 spectra (3 per slide, 3 slides) from a ~200k cell population of 

cells at maximum P8.  
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1, and is linked to phosphate group deformations, C-O stretching and C-OH antisymmetric stretching 

of nucleic acids. 

Second derivative spectra further demonstrate the noted variations, though intra-condition 

sample variation once again present a challenge to distinction (Fig. 83). As noted previously, the region 

1095-1140cm-1 appears to represent the greatest variation between conditions. 

Examining fingerprint region PCA of IL-dosed cell FTIR, more sources of variation between 

conditions are noted than in TNF-dosed investigations, with only 76% of variation accounted for by 6 

principal components. Scatter plots (Fig. 84) show some clustering of data points based upon dosage, 

though samples appear to cluster into several smaller groups within conditions in some areas. This is 

likely due to variations arising from sample prep and is considered human error. Nonetheless, 

variation between conditions is clear, with the corresponding loadings plot highlighting sources in 

regions below 800cm-1, 1030cm-1 (C-O stretching and bending), 1095-1140cm-1 (phosphate group 

deformations, C-O stretching and C-OH antisymmetric stretching) and 1500-1700cm-1 (N-H bending, 

amide II, C=O stretching and amide I). 

Figure 83: Second derivative ATR-FTIR fingerprint region spectra of IL-dosed cochlear 
fibrocyte supernatants. 

Second derivative average ATR-FTIR spectra of supernatant from healthy vs IL-dosed cochlear 

fibrocyte cultures. Supernatant averages formed of 9 spectra (3 per slide, 3 slides) from a ~200k 

cell population of cells at maximum P8.  
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Turning to the high wavenumber region, as anticipated from spectra, fewer sources of 

variation are noted, with 80% of variance accounted for in 6 principal components. Scatter plots (Fig. 

85) once again demonstrate clustering of samples, though small groupings within conditions are 

noted similarly to the fingerprint region. The corresponding loadings plot highlights sources of noted 

variations, with the majority appearing to arise below 3000cm-1, consistent with CH2 stretching, CH3 

stretching, =CH stretching and amide B bond vibrations in proteins and lipids. 

Figure 84: PCA of the fingerprint region of IL-dosed cochlear fibrocyte supernatant. 

From average ATR-FTIR spectra of supernatant from healthy vs IL-dosed cochlear 

fibrocyte cultures. Supernatant averages formed of 9 spectra (3 per slide, 3 slides) from 

a ~200k cell population of cells at maximum P8. A) Scatter plot of PC1 (40%) vs PC2 

(24%). B) Scatter plot of PC2 (24%) vs PC3 (6%). C) Loadings plot of PC1 (red) vs PC2 

(green) vs PC3 (blue). 
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Overall, ATR-FTIR analysis of IL-1-dosed cochlear fibrocyte supernatant samples reveals 

distinguishable differences between dosage conditions. These differences arise predominantly in 

regions associated with nucleic acids, amino acids and proteins, similar to outcomes of TNF-dosed 

cell examinations. Once again, variation is noted at 1590cm-1, likely indicative of bond vibrations in 

amino acids – potentially histidine as previously discussed.  

 

Figure 85: PCA of the high wavenumber region of TNF-dosed cochlear fibrocyte supernatant. 

From average ATR-FTIR spectra of supernatant from healthy vs IL-dosed cochlear fibrocyte 

cultures. Supernatant averages formed of 9 spectra (3 per slide, 3 slides) from a ~200k cell 

population of cells at maximum P8. A) Scatter plot of PC1 (45%) vs PC2 (15%). B) Scatter plot 

of PC2 (15%) vs PC3 (8.5%). C) Loadings plot of PC1 (red) vs PC2 (green) vs PC3 (blue). 
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3.5. Discussion  
In general, this section of research was successful, with spectral profiles of healthy and inflamed 

cochlear fibrocytes successfully established using the experimental methods. Findings of this 

chapter further elucidate the pathology of inflammation in cochlear fibrocytes and form the first step 

in development of a pre-symptom detection method for cochlear fibrocyte damage. Both Raman 

spectroscopy data and ATR-FTIR spectroscopy data provide insight into the process of cochlear 

fibrocyte inflammation in vitro via cytokine administration and thus add value to the field. 

Cochlear fibrocytes were successfully cultured from explanted spiral ligaments, with verification 

of sub-type by immunocytochemistry. Cells were confidently identified as cochlear fibrocytes, likely 

of sub-type II, IV or V. 

Raman spectroscopy analysis of healthy cochlear fibrocytes demonstrated signals consistent 

with those expected of fixed cells, with peaks indicative of typical cellular constituents such as 

proteins, lipids, amino acids and DNA components. It should be noted, however, that some spectral 

noise and variation around sample averages is seen likely due to factors including lack of sensitivity in 

the optical platform employed and differences in cell cycle stage. 

ATR-FTIR analysis, similarly to Raman spectroscopy, demonstrated signals consistent with 

expectations and confirmed the ability to distinguish cell supernatant from control media. Of 

particular interest in inflammation analysis was the peak attributed to histidine as this appeared to 

only be present in the cellular condition. The fingerprint region of both cochlear fibrocyte supernatant 

and control media showed clear peaks of amide I at ~1645 cm−1 and amide II at ~1550 cm−1, though 

absorbance was shown to be stronger in cell supernatant samples - indicative of a higher protein 

content in media which has contained cells.  

Induction of inflammation in cochlear fibrocytes via TNF-α administration was confirmed via the 

downstream expression of IL-6 and IL-8. Both of these inflammatory markers are associated with 

inflammaging and ARHL [154] and appropriately confirm the desired effect of TNF application to 

cultures.  
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Raman spectroscopy analysis of TNF-dosed cochlear fibrocytes demonstrated detectable 

differences between dosed and undosed cells at all dosage levels. In contrast to sensory cells, which 

do not experience damage from TNF-α unless present in extremely high concentrations [157-159], 

cochlear fibrocytes appear to show TNF-induced alterations at even 1ng/mL. This supports the 

hypothesis that damage to sensory cells in the presence of TNF arises in part from changes to cochlear 

homeostasis due to support cell damage. 

The nature of this damage in cochlear fibrocytes is implied to arise due to multiple factors, with 

spectral differences between healthy and inflamed cells noted in regions associated with nucleic 

acids, proteins, lipids, polysaccharides, and amino acids. In particular, protein and lipid alterations 

originating in CH2 and CH3 vibrational modes are implicated. Such variations are believed to indicate 

inflammation-consistent factors such as changes to mitochondrial protein and lipid ratios as well as 

apoptosis-associated lipid accumulation [257,125].   

Distinction of dosage conditions as well as healthy cells in TNF-dosed cochlear fibrocytes was 

verified by both multivariate analysis (PCA) and neural network model. Both analyses demonstrated 

capacity for the distinction of healthy and inflamed cells, even at low cytokine dosage.  

ATR-FTIR analysis of TNF-dosed cochlear fibrocyte supernatant further demonstrated detectable 

differences between dosage conditions. This is particularly encouraging when considering potential 

clinical translation and the use of cochlear fluid sampling [110,111]. The most notable variations seen in 

ATR-FTIR analyses were protein related and appeared consistent with the presence of pro-

inflammatory cytokines in supernatant. This likely indicates TNF, IL-6 and IL-8 presence and supports 

evidence from literature of spiral ligament fibrocytes upregulating TNF-α in response to the 

inflammatory state [159]. A distinct variation was seen between samples at 1590cm-1 which is presently 

attributed to histidine. This appears to be a source of great variation across PC2 and PC3 particularly. 

Variation in this band indirectly implies mitochondrial changes arising from TNF dosage, as histidine 

present in the mitochondria of all mammals [153]. In other cell types such as endothelial cells histidine 

is shown to demonstrate anti-inflammatory effects [124], so its presence may alternatively indicate an 

anti-inflammatory effect in cochlear fibrocytes. Should this band represent another amino acid 
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susceptible to similar bond deformation to histidine such as tryptophan data are still of value, with 

such amino acids highly implicated in inflammation research [160, 161]. 

In the context of ARHL, Johnson et al. [153] elucidated genetic mechanisms behind ARHL 

development in A/J mice, a popular mouse model of ARHL by mitochondrial dysfunction and rapid hair 

cell loss. This study highlighted an amino acid change in the citrate synthase protein of such mice, 

from histidine to asparagine, contributing to a mutation in said gene and subsequent mitochondrial 

dysfunction. It is, thus, not unsupported to suggest that variation in histidine level with inflammation 

may indicate alterations to citrate synthase action and mitochondria in general. However, given the 

presence of this signal in supernatant samples, it is more likely that mitochondrial degradation is to 

blame or that cochlear fibrocytes produce histidine in response to inflammation similarly to 

endothelial cells. 

As in TNF-α-dosed cells, induction of inflammation in cochlear fibrocytes via IL-1β administration 

was confirmed via the downstream expression of IL-6 and IL-8. Such markers appropriately confirm 

the desired effect of IL-1 application to cultures. 

Raman spectroscopy analysis of IL-dosed cochlear fibrocytes, as in TNF-dosed cells, 

demonstrated detectable differences between dosed and undosed cells at all dosage levels. Once 

again, successful distinction of dosage conditions and healthy cells was verified by both multivariate 

analysis (PCA) and neural network model. However, it is notable that effects of inflammation appear 

varied, with cells at higher dosages (25ng/mL, 50ng/mL) responding differently in some spectral 

regions than lower dosed cells.  

Comparison of IL-dosed and undosed spectra indicated notable differences arising in regions 

attributed to nucleic acids and polysaccharides. In the characteristic triple peak region, nucleic acid 

signal intensity reductions were shown to correlate with dosage increase across all dose parameters, 

strongly implying alterations to DNA arising from inflammation. Differences noted at 1128cm-1 imply 

changes to glucose processing (and consequently mitochondrial function) in response to IL dosage. 

These findings are consistent with expectations of damage to cells undergoing inflammation [215]. 
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Differences seen between IL-dosed and healthy cells often directly contrasted with observed 

differences in TNF-dosed and undosed cells, illustrating the different signalling pathways of 

inflammatory action in the two cytokines examined. Such contrasting observations include an inverse 

correlation between dosage and signal intensity in the symmetric ring breathing protein band at 

1000cm-1, suggestive of structural and functional changes to proteins in response to IL dosage. This 

may include the maturation of maturation of pro-inflammatory cytokines IL-1β and IL-18 from their 

precursors [164, 165].  

Though no firm conclusion may be made at present, capacity to distinguish the nature of 

inflammatory action may enable differentiation between apoptosis and the inflammasome-

associated form of cell death pyroptosis [166]. In seeking to verify the induction of potential pyroptosis-

like responses in vitro, hyperspectral Raman analysis is recommended in order to assess plasma 

membrane integrity. 

Further distinctions from TNF-dosed cells is particularly notable at CH2 and CH3 bond vibration-

associated sites attributed to both lipids and proteins. This is noted both in the fingerprint and high 

wavenumber regions of IL-dosed cell spectra. At higher IL dosages (25ng/mL, 50ng/mL) a reduction in 

lipid associated CH2/CH3 signal intensity was noted compared to the lower doses explored. This both 

contrasts with findings from TNF-dosed cells at the same level, and suggests accumulation of lipids 

consistent with apoptosis progression at lower doses followed by cell degradation above 25ng/mL. 

With these findings in mind, where time and resources were limited, it was decided that further 

investigation of IL-1β inflammatory responses would be conducted in preference to TNF-α analyses at 

the Diamond Light Source (Oxford, UK), with only 1ng/mL, 5ng/mL and 10ng/mL conditions carried 

forward in investigations.  

ATR-FTIR analysis of IL-1-dosed cochlear fibrocyte supernatant samples, similarly to TNF 

analysis, revealed distinguishable differences between dosage conditions. This, again, is good news 

when seeking to translate the trialled techniques to cochlear fluid sampling [110,111]. Differences 

between dosed and undosed supernatant conditions were shown to arise predominantly in regions 

associated with nucleic acids, amino acids and proteins, similar to outcomes of TNF-dosed cell 

examinations. Once again, variation was noted at 1590cm-1, likely indicative of bond vibrations in 
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amino acids – potentially indicative of histidine alterations as previously discussed [153]. Though not 

previously studied in the present context, variations in proteins detectable through cochlear fluids are 

of interest in future investigations when considering the work of Höhl et al. (2019) and the potential 

effects of the inner ear stress proteome discussed in section 1.7.4.  

The noted distinct differences in response to TNF-α and IL-1β dosage are not unexpected and may 

arise through several routes. One causative factor may be variation in receptor expression. Though 

cultured spiral ligament fibrocytes have been shown to secrete chemokines and other mediators after 

stimulation of proinflammatory cytokine TNF-α or IL-1β, indicating appropriate receptor presence, 

quantification has not been performed and their relative abundance on the varied sub-types of 

cochlear fibrocytes is yet unconfirmed. Thus, it is plausible that some of the response variation seen 

is a result of this. 

 It is also notable that, while both IL-1β and TNF-α are pro-inflammatory cytokines, they have 

distinct mechanisms of action, signalling pathways, and physiological effects as alluded to in Table 7. 

For example, while both pro-inflammatory cytokines studied yield an increase in IL-6 and IL-8 

secretion[273], TNF-α may cause a more prolonged inflammatory state due to its role in chronic 

inflammation – a factor which may not be fully represented in this study due to the 24 hour dosage 

period. IL-1β, however, being more focused on acute inflammation and initiation of inflammatory 

pathways, may induce a quicker but more transient response. For greater representation of cytokine 

effects, future experiments may consider incorporating time-course analyses to capture early and late 

phase effects, measurement of fibrosis markers to assess prolonged inflammation and similarity of 

cochlear fibrocytes to circulating fibrocytes [274] and the addition of other cytokines or cell types to the 

model. 

While reviewing future study improvements, it is of value, in examining the data presented within 

this chapter, to note that the noise seen in ATR-FTIR loadings plots is likely due to the small number of 

samples compared to the number of features analysed. That is, for each dosage condition, 9 sample 

points are considered, while the PCA notes 1868 features. This is supported by the lack of noise in S-

FTIR data (chapter 4), wherein sample number is far greater. Similar may be said for benchtop Raman 

analyses, wherein number of features greatly outnumber sample size, yielding noise in loadings plots. 
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Where benchtop Raman data is concerned, the previously noted factors such as laser age and lack of 

vibrational dampening must also be considered as these may yield noise that, while not immediately 

apparent in raw data, may become visible in PCA loadings. 

In cases such as this, trialling alternate clustering methods is of value in ensuring that data are 

represented appropriately. Such steps were taken in the present research, though methods are not 

explored in this report as they were not utilised for all data, rather to verify existing PCAs. Trialling t-

SNE (which deals better with nonlinear data than traditional PCA), yields visible clustering across 

samples lending confidence to the PCA results presented. However, no loadings plots are generated 

from this method, meaning that variation sources still require additional data processing to be 

identified and making tSNE an inadequate alternative to PCA in the present case. Sparse PCA (which 

deals better with small sample numbers), yields clustering near-identical to that of the presented 

data, again lending confidence to results presented. Using this method, noise in loadings plots is 

reduced for data where features outweigh sample number but lend no additional insight to standard 

PCA in terms of variation origins etc. As sparse PCA is not ideal for other data in this manuscript such 

as HW region plots and synchrotron data, analysis was conducted with standard PCA only to ensure 

consistency across experiments of varying scale. However, though noise is seen, it can be 

comfortably stated that PCA results shown are verified. 

In the presented Raman data, where PCA did not produce overly strong group separation, it is 

important to note both the limitations of PCA use and the value that the technique still holds in 

dimensionality reduction for neural network modelling. For Raman data, factors such as laser aging 

may introduce noise that PCA amplifies during decomposition, even if imperceptible in raw spectra. 

This is consistent with PCA's tendency to magnify subtle artifacts in high-dimensional data. Even 

under ideal experimental conditions, PCA’s reliance on linear variance maximisation inherently limits 

its ability to capture complex, nonlinear relationships such as those seen in Raman data [276]. In 

contrast, neural networks can model such nonlinearities, allowing them to distinguish patterns that 

may not be immediately visible in a PCA scatter plot. Thus, the differing outcomes of PCA analysis and 

neural network modelling of Raman spectra in this chapter can be attributed to the distinct ways in 

which these methods process and interpret data. 
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Considering this, it should be noted that lack of group separation in PCA scores plots does not 

preclude its use in downstream classification. As a preprocessing step, PCA reduces data 

dimensionality while retaining critical spectral variance, enabling neural network models to extract 

previously unseen trends. As such, PCA is often accompanied by downstream modelling in spectral 

data processing [276]. By compressing Raman spectra into a lower-dimensional space while preserving 

maximal variance, PCA likely mitigated some high-frequency noise and redundant features, improving 

neural network training efficiency. As such, even if PCA did not visibly separate groups, it likely 

retained spectral features that were relevant for classification when processed through the neural 

network’s weighted layers and activation functions. This highlights the advantage of combining PCA 

with machine learning approaches in a setup where PCA organises data into a lower-dimensional 

space, and the neural network builds upon this foundation to identify meaningful nonlinear patterns 

that PCA alone cannot resolve. 

Overall, the findings of chapter 3 illustrate great progress in furthering the understanding of 

cochlear fibrocyte inflammation. The chapter also illustrates further the potential for application of 

vibrational spectroscopy techniques in the in vitro examination of cochlear fibrocyte health and the 

acquisition of inner ear health information from fluids surrounding cells. From the differences 

detected through the techniques applied, it is clear that with a sufficient sample size, similar 

predictive modelling methods to those employed in Raman analysis may be viable in ATR-FTIR liquid 

investigations.  Where potential clinical translation is concerned this is highly desirable when seeking 

to undertake analysis of patient perilymph samples. 

 

3.6. Conclusions 
To conclude, this section of research meets the aims outlined within section 3.2. 

Aim 1 was met through the successful explantation, culture and immunocytochemical 

characterisation of murine cochlear fibrocytes. Fibrocytes were noted as of sub-type II, IV or V. 
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Aim 2 was met through the successful establishment of a healthy murine cochlear fibrocyte 

spectral profile using Raman spectroscopy. Cell spectra were as expected for mammalian cells in 

culture. 

Aim 3 was met through the successful establishment of a healthy murine cochlear fibrocyte 

supernatant spectral profile using ATR-FTIR spectroscopy. Cell supernatant spectra were distinct 

from culture media alone, demonstrating bands unique to cells. 

Aim 4 was met through the successful induction of inflammation-like responses in cochlear 

fibrocyte cultures using TNF-α and IL-1β administration via culture media. Downstream inflammatory 

effects were confirmed by positive staining for IL-6 and IL-8 in dosed conditions. 

Aim 5 was met through the successful establishment of differing spectral profiles for TNF-α 

and IL-1β-dosed cochlear fibrocytes and the distinction between healthy and inflamed cells via 

Raman spectroscopy. In both TNF-α and IL-1β-dosed investigations, detectable differences between 

healthy and inflamed cells were verified using multivariate analysis and neural network modelling. 

Finally, aim 6 was met through the successful establishment of differing spectral profiles for 

TNF-α and IL-1β-dosed cochlear fibrocyte supernatant samples, and the distinction between healthy 

and inflamed cell supernatants via ATR-FTIR spectroscopy. In both TNF-α and IL-1β-dosed 

investigations, detectable differences between healthy and inflamed cell supernatants were verified 

using multivariate analysis. 

With these findings in mind, it is clear that the techniques demonstrated show great promise in 

the advancement of ARHL understanding and treatment. To further improve understanding of the 

inflammatory states observed, further study is recommended ion order to build a sample database 

from which further modelling and analysis may be conducted. Should such modelling prove 

successful and accurate in ATR-FTIR based liquid analysis, opportunities to employ patient perilymph 

sampling in inner ear health examination may be improved. 
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4. Hyperspectral Raman Spectroscopy and 
Synchrotron micro-FTIR of Interleukin-1β Induced 
Inflammatory Changes in Cochlear Fibrocyte 
Cultures 

4.1. Introduction 
Building on the findings of previous chapters, it is of undeniable value to explore higher 

spectral and spatial resolution data, to gain greater insight into inter- and intra-cellular changes 

induced by inflammation in cochlear fibrocytes. In pursuit of such high-resolution investigations, 

the research group employed time at the Diamond Light Source synchrotron facility at the Harwell 

Campus, Oxford, UK. Experimental time at the facility was granted to conduct measurements of 

healthy and IL-1β-inflamed cochlear fibrocytes using synchrotron micro-FTIR and hyperspectral 

Raman spectroscopy. These techniques are ideal for investigations of this nature as, unlike other 

techniques that may be employed, they can be kept relatively non-destructive to samples and 

allow the definitive description of cell phenotype in the form of a cell ‘fingerprint’. In addition to 

this, these techniques feasibly allow the detection of previously unseen biochemical variations 

between inflamed and control cells due to their high-resolution capacity. This is of great value in 

building the knowledge base surrounding cochlear fibrocytes and their related pathologies which, 

as mentioned previously, are considerably under-researched compared to other cell types of the 

inner ear. 

As previous chapters have discussed the lack of cochlear fibrocyte analysis using 

benchtop FTIR and Raman, it comes as little surprise that such cells have not been subject to 

observation at synchrotron level. Arguably, the nearest these cells have come to vibrational 

spectroscopic analysis is in the form of bone-marrow derived fibrocytes associated with wound 

healing and inflammation [209, 210]. That is, in the study by Becker et al. (2023) [211], fibrotic tissue was 

examined via Raman microspectroscopy. Though successful in the discrimination of fibrotic and 

non-fibrotic tissue, this study is of limited relevance to the cellular analysis focus of the present 

research as it instead centres on extracellular matrix structure in sample tissues. Instead, where 
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seeking to apply literature findings to the present context, it is prudent to explore a wider field of 

reference material. That is, though not employed to date in the present context, S-FTIR 

hyperspectral Raman spectroscopy have a considerable history of successful employment in 

biological investigations. Examples include the use of S-FTIR in tracking anticancer drugs [212], 

assessing biochemical variations across the cell cycle [213] and studying the effect of ionising 

radiation on cells [214]. 

Of particular interest to the present context is the study by Dunkhunthod et al. (2020) [215], 

who demonstrated use of S-FTIR in the examination of anti-inflammatory activity in murine 

macrophages. Though not directly relatable to the present research, the group’s findings 

surrounding protein and lipid alterations are of great relevance when considering previous chapter 

findings (see chapter 5) as they imply that cochlear fibrocytes do not undergo activation in 

response to inflammatory signals in the manner that macrophages do. This is suggested by 

Dunkhunthod et al.’s finding that healthy (unactivated) macrophages demonstrate greater protein 

abundance than those that are activated, in contrast to the findings in chapter 5 which 

demonstrate an increase in protein peak intensity for higher inflammation dosages. This certainly 

warrants further investigation using S-FTIR to elucidate the biochemical mechanisms behind this 

response, with accompanying Raman spectroscopic analysis enabling observations of molecular 

localisation within cells. 

 

4.1.1. Infrared Spectroscopy- Synchrotron vs. Benchtop 
As opposed to benchtop FTIR which uses IR (infrared) radiation produced via Globar 

source, synchrotron based FTIR employs radiation produced by the rapid circular orbit of electrons 

around a synchrotron ring. Magnetic fields around the ring enable the paths of electrons to be bent, 

maintaining their circular movement in a controlled path at relativistic velocity. This source 

produces IR light with extremely high brightness, far greater than that possible with Globar light 

sources [178, 179]. Specifically, the IR radiation produced at the Diamond Light Source available to the 

MIRIAM (B22) beamline spans the largest possible infrared spectral range (from near-IR to far-IR) 

and is capable of up to 1000 times the brightness of conventional IR sources. As a result of this 
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increased capacity for brightness, synchrotron-based sampling yields a far greater spatial 

resolution than benchtop sampling, with a signal to noise ratio unachievable by conventional FTIR 

methods. It is thus ideal for the examination of cellular samples and can facilitate the examination 

of molecular components at subcellular level in larger cells such as cochlear fibrocytes (typically 

~50µm diameter). Such subcellular components may include mitochondria which, though they 

cannot be analysed in detail due to their extremely small size (mitochondria are typically <3µm 

while the MIRIAM FTIR instrument offers a spot size of approximately 15µm) may still be influential 

in cell spectra (for dedicated investigation of subcellular structures, employment of B22’s 

scattering SNOM or photothermal contact resonance modes are recommended). This is of 

particular interest in the context of the present research, wherein interactions in both inter and 

intra-cellular contexts are of great value in interpreting the metabolic behaviour of cell populations 

under inflammatory stress.  

With this in mind, IL-1β dosed cellular samples were subjected to analysis at the Diamond 

Light Source synchrotron facility (Oxford, UK). Analysis was conducted both via hyperspectral 

Raman spectroscopy and infrared micro-spectroscopy using synchrotron-produced radiation. 

 

4.1.2. The Present Investigation – The Study of Biochemical 
Changes in Murine Cochlear Fibrocytes due to Inflammation 
using Synchrotron-based MicroFTIR (S-FTIR)  

 

Research time was granted on B22 (MIRIAM) of the Diamond Light Source synchrotron 

facility (Oxford, UK) for late 2022 (experiment number: SM-32158). The approved research proposal 

outlined plans to obtain S-FTIR spectra murine cochlea fibrocytes fixed on CaF2 slides, and to 

conduct complementary measurements on the same samples using the confocal Raman 

microscope also located at B22. B22 facilities provided the high spectral and spatial resolution 

required to observe the inter- and intra-cellular changes induced in cochlear fibrocytes by cytokine 

administration.  
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In contrast to previous chapters, cellular samples examined in this section of research 

were not cytospun but grown directly onto substrates and fixed in situ. This is arguably of greater 

physiological relevance than cytospun cells when considering the general culture environment and 

the replication of in vivo conditions. This is particularly relevant where examining cell interactions 

via hyperspectral Raman spectroscopy. It is, however, important to note that the use of grown cells 

rather than cytospun cells increases the risk of uneven cell topography and may impact 

reproducibility of results. That is, surface irregularities in samples may alter the way in which 

incident light interacts with the sample affecting Raman laser focus, scattering and signal 

intensity, and yielding potentially inconsistent results.  

 

4.2. Chapter Aims 
The aims of this section of research are as follows: 

1. Examine, by hyperspectral Raman spectroscopy, the effect of IL-1β dosage on murine 

cochlear fibrocytes, examining cell nuclei, cytoplasm, membranes and intersections 

with neighbouring cells. 

2. Explore, by S-FTIR, the effect of the effect of IL-1β dosage on murine cochlear 

fibrocytes. 

3. Accurately distinguish, through the use of a non-linear predictive model, the cytokine 

dosage applied to cultured cells.  

 

4.3. Materials and Methods 
4.3.1. Sample Preparation 

In preparation for measurement, cells were seeded onto 0.5mm thick IR/Raman grade CaF2 

slides and topped with a ~1mL droplet of cochlear fibrocyte culture media. Slides were placed in 

individual petri dishes and supported with a plastic ring above a reservoir of dH2O in order to 

maintain humidity. Samples were incubated (37°C, 5% CO2) to allow for cell adherence. Once cells 

were adhered, the media droplet was aspirated and appropriate control or IL-1β dose media added 
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(1ng/mL, 5ng/mL, 10ng/mL). Only conditions IL-1β-dosed 0ng/mL, 1ng/mL, 5ng/mL and 10ng/mL 

were established for synchrotron analysis in order to efficiently use the time available at the facility 

(see Fig. 42, chapter 5). Samples were incubated (37°C, 5% CO2) for 24 hours to allow cytokine 

effect.  After 24 hours [247], dose media was aspirated and cells fixed for 10-15 minutes at room 

temperature using 4% PFA in 0.9% NaCl, followed by 3 washes with 0.9% NaCl solution and 1 wash 

with dH2O. Fixed samples were left to air dry in ambient conditions before storage.  

 

4.3.2. Synchrotron Facility at Diamond Light Source, UK 
Synchrotron-source infrared micro-spectroscopy data were gathered at the Diamond Light 

Source, Oxford, UK using beamline station B22 (MIRIAM). This station is equipped with a Bruker 

Vertex 80 V Fourier Transform IR Interferometer with a Hyperion 3000 microscope (Fig. 86). Raman 

data were gathered in the B22 sample preparation area laboratory, using a Raman 

microspectrometer. We thank Diamond Light Source for access to the MIRIAM beamline, B22, 

(experiment number: SM-32158) that contributed to the results presented here. 

 

Figure 86: The end station of B22 (MIRIAM), Diamond Light Source, Oxford, UK. 
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4.3.3. S-FTIR Sampling 
Samples, prepared as detailed above, were subjected to single cell measurements using 

standard user mode of the B22 IR microscope. An MCT broadband detector was employed. As 

standard, cell measurements were taken at 36x magnification, with the beam approximately 

focused on the centre of each cell in efforts to sample the nuclear region or adjacent cytoplasm. 

Spectral parameters were ascertained following initial test measurements. Following these, 128 

scans per sample were taken with a 20x20µm aperture. Background measurements were taken 

from clear substrate regions with no cells or debris using the same general parameters as sample 

measurements and acquiring 256 scans/background. A new background was acquired for each 

sample analysed, with background collected after approximately every 100 cell measurements 

acquired to ensure stability. 

 

4.3.4. Raman Sampling 
In addition to S-FTIR, hyperspectral Raman microspectroscopy was conducted on the 

prepared samples. Raman sampling was conducted using the SENTERRA confocal system at B22 

using a 532nm laser operating at 50mW power with grating 400lines/mm. A 50x objective over a 

spectral range of 400cm-1 – 3500cm-1 was employed. A 50µm aperture was employed. Resolution 

was determined to be ~9cm-1 on average. No automatic background correction was conducted, 

scattering correction was applied during acquisition. Comparison was made between undosed 

cells and cells dosed with 10ng/mL IL-1β, with limited sampling conducted due to time constraints.  

 

4.3.5. Data Processing 
All data processing and analysis was conducted in Orange (Quasar) software as detailed in 

chapter 2.4.2. That is, spectra were cut for noise, baseline corrected (rubber band), smoothed 

(Savitsky-Golay), normalised (vector normalisation) and cut to areas of interest. As synchrotron 

data typically requires less smoothing than benchtop data, Savitsky-Golay filter was applied at 

window 5 to avoid over-processing. Second derivative spectra, similarly to benchtop data, received 
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greater smoothing to account for noise, with window of Savitsky-Golay set to 11 for second 

derivative spectra. 

Similarly to Raman data presented in chapter 3, results of synchrotron FTIR analysis were 

utilised to produce a machine learning algorithm with the aim of reliably distinguishing dosage 

classes of examined samples. A neural network model was applied to the data. Data was split 

randomly into training and testing groups (50:50 train to test and 70:30 train to test), enabling 

separate data to be used to train and evaluate the accuracy of the model. This is discussed further 

in section 4.4.3. 

Hyperspectral Raman data were presented both as spectra and accompanying images, as well 

as through k-means clustering. K-means cluster analysis is a popular clustering method found in 

Raman spectroscopy [263], This unsupervised machine learning algorithm is used to group data into 

clusters based on similarity. The algorithm begins by randomly choosing a defined number (k) of 

cluster centres. Each pixel in the analysed image is then assigned to its nearest cluster centre. 

Cluster centres (centroids) are then iteratively adjusted to minimise the sum of distances. Spectra 

that no longer match their assigned cluster are reassigned to the nearest cluster. This process 

repeats until no further reassignment of spectra can occur or until a desired stopping point is 

reached (e.g. max iterations). Once this process is completed, clusters are colour coded yielding 

both a cluster group on the image and an associated spectrum. In summary, K-means clustering 

groups pixels with similar spectral characteristics into clusters. In the present data, 3 clusters were 

shown to be optimum for the data presented, with a maximum of 300 iterations specified for 

analysis. 

 

4.4. Results and Interpretation 
4.4.1. Raman Spectroscopy 

In examination of cochlear fibrocytes by hyperspectral Raman spectroscopy, it is first 

important to note that, due to experimental time constraints and the acquisition time for each area 

map (up to 10 hours in some cases), few samples were collected. With this in mind, comparison of 
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undosed cells against 10ng/mL dosed cells (the highest dosage class taken to the facility) was 

prioritised to facilitate observation of the maximum possible sample variation within the granted 

time at the synchrotron facility. Further to this, where possible the group aimed to compare single 

cells and cells with neighbours, though such examples were not always available. As such, four 

samples are presented in depth below- an undosed single cell, two undosed cells in contact, two 

10ng/mL dosed cells in contact, and a 10ng/mL in contact with other cells showing unusual 

granulations.  

Beginning with examination of undosed cells alone vs in contact, it is clear that there are 

variations in overall spectra, with general signal intensity in the fingerprint region higher in 

interacting cells than a cell alone (Fig. 87). This contrasts with the high wavenumber region which 

demonstrates the opposite result, albeit more subtle. Of particular interest are the intensity 

increases demonstrated in the intersecting cells at wavenumbers <600cm-1. However, this 

variation may be due to diffraction variations in samples. 

 

Figure 87: Comparison of undosed cell spectra- a single undosed cell vs neighbouring 
undosed cells in contact. 

Average spectra from hyperspectral Raman area maps of cochlear fibrocytes grown on CaF2.  

Approx. 250k cell seeding density. Spectra collected at Diamond Light Source, Oxford, UK. 
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To examine these findings more thoroughly, hyperspectral data is of great value in 

assigning location to molecular features. Such capacity for localisation, even if spectral intensity 

appears similar at some wavenumbers, may indicate alterations in cells that have not been visible 

in previous chapters. 

Beginning this analysis, the undosed single cell spectrum is presented in tables 7 and 8 

below. Bands of interest are manually identified with accompanying chemical maps indicating 

molecular localisation. In addition, wavenumber and relevant bond vibrations are noted. The 

fingerprint region and high wavenumber region are presented separately, with the silent region 

disregarded.
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Table 8: Chemical maps, wavenumbers and localisations of molecules in the fingerprint region of a single undosed cochlear fibrocyte spectrum 
analysed by hyperspectral Raman spectroscopy. 

Image Spectrum Wavenumbe
r  

Relevant Bond 
Vibrations 

 
 

400-597cm-1 CH2 bending, C-C-C 
deformations 

 
 

598-699cm-1 

CH2 bending, amide IV, 
C-S stretching, 
nucleotide ring 

breathing 

 
 

699-738cm-1 

Peak: 723cm-

1 

Bond vibrations in 
adenine 
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738-770cm-1 

Peak: 750cm-

1 

Bond vibrations in 
thymine 

 
 

770-840cm-1 
Bond vibrations in 

cytosine, O-P-O 
stretching 

 
 

840-871cm-1 
Peak: 858cm-

1 
C-H ring breathing 
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871-983cm-1 
C-O stretching, guanine 
ring deformation, C-C-N 
asymmetric stretching 

 
 

983-1020cm-1
 

Peak:1005cm
-1 

Phenyl ring breathing 

 
 

1020-
1048cm-1 

Peak: 
1036cm-1 

CH3 wagging 
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1048-
1116cm-1 

Peak: 
1067cm-1 

NH2 twisting, C-O 
stretching, C-C 
stretching, C=O 

vibration 

 
 

1116-
1145cm-1 

Peak: 
1127cm-1 

C-C stretching, CH2 

vibration 

 
 

1145-
1193cm-1 

C-C stretching, C-H 
bending, C-N vibrations  
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1193-1405-
cm-1 

C-O stretching, C=C 
vibrations, amide III, 

CH2 wagging 

 
 

1405-
1514cm-1 

Peak: 
1449cm-1 

CH2/CH3 deformation 

 
 

1540-
1623cm-1 

C=C stretching, N-H 
bending, tryptophan ring 

stretching, C-C-H ring 
vibration 
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1623-
1721cm-1 

Peak: 
1659cm-1 

Amide I, C=O stretching 

 
 

1721-
1900cm-1 C=O stretching 
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Table 9: Chemical maps, wavenumbers and localisations of molecules in the high wavenumber region of a single undosed cochlear fibrocyte 
spectrum analysed by hyperspectral Raman spectroscopy. 

Image Spectrum Wavenumber  Strongest 
localisation 

 
 

2829-2900cm-1 CH2 stretching 

 
 

2900-3100cm-1 CH3 stretching 
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It is clear from the presented spectrum alone that the undosed single cell examined above 

demonstrates a profile comparable to that seen in benchtop Raman spectroscopy experiments. 

Though, is worthy of note that signal intensity for both the fingerprint and high wavenumber region is 

greater in the Raman spectrum obtained at Diamond Light Source than in spectra obtained on the 

benchtop instrument at Keele University. This is assumed to be due to the performance variability 

across instruments (with different optics and detectors) and the sample preparation methods 

employed presently (i.e. cell growth on slides). Consequently, due to the application of varied 

methods and instrumentation, comparison of Raman spectral data across chapters is considered 

only superficially. 

Focusing on the spectral features of the examined undosed cell, localisation clearly varies 

substantially across the presented spectrum, even within the small cellular area examined. Beginning 

analysis in the lower end of the fingerprint region, it seems that below 600cm-1 localisation is primarily 

in the region surrounding the nucleus. This is supported by the k-means analysis shown in Figure 89.  

Peaks noted in this region arise at 412cm-1, 498cm-1, 524cm-1, 550cm-1, 565cm-1 and 578cm-1. Though 

peaks in this region are difficult to attribute with great confidence due to relative lack of reference 

material compared with other regions, literature suggests that this area in biological samples 

predominantly reflects peaks arising from phospholipids and DNA components [216]. This, in the 

present context, leads to the suggestion that peaks at 498cm-1, 550cm-1 represent ring CH2 bending of 

cholesterol, with the latter potentially indicating C-C-C deformations of glycerol. Similarly, the peak 

noted at 524cm-1 is likely attributable to bond vibrations in saccharides [217]. Vibrational modes 

corresponding to the other peaks identified within this region cannot be identified confidently at this 

stage.    

Moving to the area 598-699cm-1, several more peaks demonstrating nuclear localisation are 

seen. These peaks appear to arise at 607cm-1, 625cm-1, 648cm-1, 660cm-1, 675cm-1 and 689cm-1. 

Based upon the observation of peaks at 498cm-1 and 550cm-1, it is assumed that the peak at 607cm-1 

may likewise be attributed to cholesterol presence in the region of localisation [216]. Cholesterol in the 

nuclear region is consistent with evidence of cholesterol presence in the nuclear envelope [218, 219]. The 

peak seen at 625cm-1
 demonstrates the greatest signal intensity and strongest localisation to its 
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observed region, and likely corresponds to vibrations in amide IV – a common protein/DNA 

component. This is consistent with expectations of the nucleus though, it is notable that this band 

along with others in the surrounding spectral region may additionally be attributed to C-S stretching 

of methionine – an essential component in the synthesis of DNA, RNA, proteins and phospholipids [220, 

221]. The band of similar intensity seen at 648cm-1 may similarly be attributed to amide bond vibration 

and, in addition to general protein expression, may indicate nuclear presence of ATP [216]. In seeking to 

assign origins for the other noted peaks in this area, it is known the interval between 600cm-1 and 

800cm-1 contains signals attributable to nucleotide ring breathing vibrations [222, 223]. Thus, bands at 

660cm-1, 675cm-1 and 689cm-1 are taken to indicate nucleotide presence, C-S stretching and amide 

bond vibrations indicative of the healthy nuclear environment. 

Continuing to the spectral region 699-801cm-1 the expected nucleotide bands corresponding 

to ring vibrations in adenine, thymine and cytosine are present at 723cm-1, 750cm-1 and 787cm-1 

respectively [224-227]. Though, it is interesting to note that spectral signal does not appear to be as 

strongly localised in/around the cell nucleus as expected for bands 723cm-1 and 750cm-1, instead 

appearing most intense in a small section to the left of the sampled area (Fig 88). This may indicate 

alternate vibrational origins for this band or signify mitochondrial presence. This is further supported 

by the k-means analysis shown in Figure 88. 

Figure 88: Raman hyperspectral heat map of 0ng/mL dosed cell at 
750cm-1. 

Red arrow indicates region of intense signal believed to arise from 
mitochondrial presence. 
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Examining the region 801-983cm-1 noted in previous chapters to predominantly contain bands 

indicative of amide and lipid bond vibrations, peaks at 830cm-1, 858cm-1, 938cm-1, 957cm-1 and 

971cm-1 are seen. The band noted at 830cm-1 is consistent with ring breathing of cytosine and is a 

logical assignation based upon the strong nuclear localisation noted [216]. In contrast, the band at 

858cm-1 which demonstrates similar presence throughout the examined cell area likely arises as a 

product of out-of-plane C-H ring bending, feasibly from phenylalanine [228]. The peak at 938cm-1 

attributable to C-O stretching of glycosidic bonds, in contrast, appears localised primarily in the 

region surrounding the nucleus though some cytoplasmic distribution is noted [224-227]. This peak also 

demonstrates a weak shoulder at ~911cm-1, likely arising from trace amounts of glucose from cell 

culture media [216]. The small peak at 957cm-1, though relatively tricky to identify with confidence due 

to overlap with its neighbour at 971cm-1, is deduced in the present context to correspond to ring 

deformation within guanine and is consistent with the nuclear localisation seen [216]. The overlapping 

band at 971cm-1 is understood to arise from bending and rocking of hydrogen-containing structures, 

but a confident assignment is not made presently. 

 Examining the intense, narrow peak at 1005cm-1 individually, a confident origin of phenyl ring 

breathing, likely from tyrosine and phenylalanine, is assigned [230, 231]. Such amino acids are vital 

components of cells and contribute to the formation of fundamental proteins throughout tissue 

structures. The localisation seen – predominantly nuclear with extension into the cytoplasm – is 

consistent with well-established cell biology knowledge regarding these molecules’ presence in the 

nuclear envelope and nuclear pore complexes [232]. 

 Continuing to the spectral region 1020-1145cm-1 molecular localisation shifts from primarily 

nuclear as seen in lower wavenumbers, to a more cytoplasmic distribution. Spectral peaks in this 

region arise at 1036cm-1, 1067cm-1, 1085cm-1, 1098cm-1 and 1127cm-1, though whether the peaks at 

1067cm-1 and 1085cm-1 are true peaks or shoulders of that at 1098cm-1 is uncertain due to evident 

overlap. The first band in this section, at 1036cm-1, demonstrates a similar intensity across the cellular 

area sampled and is assigned to CH3 wagging within cytosine based upon literature [216]. However, this 

is not as consistent with expectations of molecular localisation as hoped and leaves the origins of this 

band open to debate. Similarly, the band at 1067cm-1 is assigned to twisting of the NH2
 amino group 
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present in phenylalanine [233]. A logical origin for the band at 1085cm-1 could not be deduced based 

upon the data available. Once again, though the band at 1098cm-1 is of relatively high signal intensity 

and demonstrates clear cytoplasmic localisation, a confident vibrational mode assignment cannot be 

made due to strong signal overlap in this spectral region. Nonetheless, provisional suggestions of lipid 

or amino acid-based bond vibrations are suggested based on literature wherein researchers 

experienced similar issues with peak overlap [216]. Fortunately, the band at 1127cm-1 is not subject to 

such overlap and is assigned based on the cytoplasmic localisation seen to various bond vibrations 

in lipids and glucose (e.g. C-C stretching) [216]. 

Focusing next on the small spectral region 1145-1193cm-1, a dominant peak at 1176cm-1 is 

clearly visible with a weak shoulder at 1185cm-1, and an overlapping peak at 1159cm-1. It is unclear 

based on the data available whether the peak at 1159cm-1 is an overlapping band or a stronger 

shoulder of the peak at 1176cm-1. This peak is assigned to C-C stretching activity in the present 

research and may indicate the presence of taurine in cochlear fibrocytes – a conceivable 

interpretation given the endogenous presence of taurine in numerous mammalian tissues [216, 234]. The 

identity of the band at 1176cm-1 is suggested with equal uncertainty due to the overlap seen, with 

origin assumed to be C-H bending [216]. 

Looking to the larger spectral region 1193-1405cm-1 localisation of most signals once again 

returns to the nuclear region and its surroundings. The peak at 1211cm-1, though overlap with the 

neighbouring band is seen, is assigned presently to C-O stretching likely of tyrosine or phenylalanine 

origin [216]. Though a peak location is provisionally noted at 1263cm-1, the area 1212-1280cm-1 appears 

to in fact contain three considerably overlapped peaks of similar intensity. These peaks, localised 

primarily in the nuclear region, may originate from C-O stretching, C=C vibrations or amide III 

alterations, with precise assignation unfeasible from the data available [235, 236]. The broad band at 

1312cm-1, like its neighbours, is believed to originate from C-O stretching and is overlapped by a band 

at 1339cm-1 similarly characteristic of C-O stretching potentially indicative of glutathione [216]. The 

remaining bands in this spectral region, identified at 1362cm-1 and 1387cm-1 are not confidently 

identified in the present research.  
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The high-intensity band at 1449cm-1 is common to cellular samples and is confidently 

attributed to CH2 bending of lipids. Interestingly, examining the associated heat map it appears that 

there are small regions of high intensity signal distributed throughout the cytoplasm. These regions 

likely correspond to cell organelles, the lipid compositions of which reflect their distinct functions [237].   

Following this band, in the region 1514-1623cm-1 signals are of substantially weaker intensity 

and a large amount of overlap between peaks is noted. The two low intensity, overlapping peaks 

between 1514cm-1 and 1540cm-1 are considered to fall in the ‘amide II zone’ and are believed to mainly 

be contributed by N-H bending [216]. Likewise, assignment of ring stretching in tryptophan is given to 

the band seen at 1558cm-1 [216]. The peak at 1585cm-1 demonstrates a weak shoulder and primarily 

cytoplasmic localisation consistent with its suggested origin of aromatic ring C-C-H vibration [238]. The 

precise aromatic ring in question is unknown based on the present data. Finally, the small overlapping 

peaks noted in the region 1593-1623cm-1 are attributed to tyrosine and phenylalanine-related 

vibrational modes [216, 238]. Similarly to the nucleic acid bands identified previously, intense signal can 

be seen in this region on the left of the presented heat map, possibly indicating mitochondrial (or other 

organelle) presence. 

Observing alone the clear high intensity band at 1659cm-1 localisation is seen throughout the 

cell area samples, with small regions of high intensity similar to those seen for the lipid bending band 

at 1149cm-1. Though sources suggest contribution from lipids in this region, this band is largely 

attributable to the amide I mode of C=O stretching presently [216], with both of these origins logically 

yielding the cellular distribution seen in chemical maps.  

 Finally, in examining the undosed cell fingerprint region bands are identified in the area 1721-

1900cm-1 demonstrating localisation throughout the cell region samples, albeit of relatively low 

intensity. Though little band distinction can be made in the spectral region 1721-1757cm-1, there 

appear to be two overlapping peaks within this area. These are believed to originate from C=O bond 

stretching in the phospholipids phosphatidylserine and phosphatidylinositol respectively, both of 

which are contributors to the regulation of subcellular processes in eukaryotes [216, 239, 240].  Likewise, 

the clearer band at 1763cm-1 likely originates from similar C=O stretching in 

phosphatidylethanolamine, understood as the second most abundant phospholipid in eukaryotic 



183 
 

cells [216, 241].  Once again, the small overlapping peaks in the region 1770-1801cm-1, though origins 

cannot be stated confidently from data available, likely originate from phospholipids [216]. Further 

peaks in this region (i.e. 1800-1900cm-1) are not identified presently due relative lack of literature 

regarding these wavenumbers. Nonetheless, above ~1720cm-1 bands in the fingerprint region of 

samples are presumed to correspond to lipids and their derivatives. 

 K-means analysis (Fig. 89), as noted above, demonstrates distinction between nucleic, 

cytoplasmic and potential mitochondrial cellular regions. The region associated with the nucleus 

demonstrates peaks in signal intensity at wavenumbers indicating nucleic acids and polysaccharides. 

The cytoplasmic region, meanwhile, demonstrates predominantly lipid and protein signal, Finally, the 

region believed to be mitochondrial shows signal intensity for lipids, amino acids, and nucleic acids.  
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 Figure 89: K-means clustering of hyperspectral Raman data – 0ng/mL dosed 
single cell. 

A) Chemical map. B) Spectra. 
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Briefly reviewing the high wavenumber region of the cell sampled, it is clear that the fingerprint 

region is far more data rich in comparison. This is as expected for biological samples. Nonetheless, 

bands may still be identified in this region, though several appear to overlap with the larger peak at 

2933cm-1. Generally, the shoulder-like bands overlapping with the larger peak in the region 2829-

2900cm-1 are attributed to CH2 stretching in fatty acids, lipids or proteins, with the former arguably 

most likely based on the cytoplasmic distribution seen [242].  In contrast, the high intensity band 

peaking at 2933cm-1 is assigned to CH3 stretching of proteins and is reflected in the nuclear 

localisation shown in the accompanying heat map [242].  The lower intensity band at 3061cm-1 is not 

identified presently but shows similar nuclear localisation to the previous band identified. No K-

means analysis was conducted on high wavenumber region data due to relative lack of localisation in 

this spectral region. 

In general, Raman spectral results for the undosed cell presented are as expected. The overall 

spectrum resembles that of healthy cells in previous chapters, with variations attributable to the 

performance variation across each instrument employed in this stage of research. Molecular 

localisation visualised using chemical maps appears consistent with identified peak origins and lends 

insight into the subcellular environment of a ‘normal’ cochlear fibrocyte in vitro. 

Moving to the analysis of intersecting undosed cells, tables 10 and 11 below display the 

spectrum and associated chemical maps for a pair of undosed cells in contact. Though, as mentioned 

previously, it is clear from spectral comparison alone that single cells and cells in contact with 

neighbours show variation, exploring feature localisation within these neighbouring cells in more 

depth is essential to understanding.
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Table 10: Chemical maps, wavenumbers and localisations of molecules in the fingerprint region of a pair of undosed cochlear fibrocytes’ spectrum 
analysed by hyperspectral Raman spectroscopy. 

Image Spectrum Wavenumber Strongest 
localisation 

  

400-594cm-1 

CH2 
bending, C-

C-C 
deformation

s 

 
 

594-705cm-1
 

 

CH2 
bending, 

amide IV, C-
S stretching, 
nucleotide 

ring 
breathing 

 
 

706-733cm-1 

Peak: 723cm-1 

Bond 
vibrations in 

adenine 
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733-770cm-1 

Peak: 752cm-1 

Bond 
vibrations in 

thymine 

 
 

770-842cm-1 

 

Bond 
vibrations in 

cytosine 

 
 

842-876cm-1 
Peak: 852cm-1 

C-H ring 
bending 

 
 

876-991cm-1 

C-O 
stretching, 

guanine ring 
deformation

, C-C 
stretching, 

CH bending 
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991-1022cm-1
 

Peak:1005cm-1 
Phenyl ring 
breathing 

 
 

1022-1054cm-1 
Peak: 1034cm-1 CH3 wagging 

 
 

1054-1117cm-1 

Peak: 1095cm-1 

NH2 
twisting, 

lipid bond 
vibrations, 

CH3 wagging 

 
 

1117-1145cm-1 

Peak: 1126cm-1 
C-C 

stretching 
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1145-1188cm-1 
 

C-C 
stretching, 

C-H bending 

 
 

1188-1402cm-1 
 

C-O 
stretching, 

C=C 
vibrations, 

amide III 

 
 

1402-1517cm-1 
Peak: 1450cm-1 CH2 bending 

 
 

1517-1623cm-1 
 

C-C-H ring 
vibration, 

C=O 
stretching, 

benzene 
ring 

deformation 
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1623-1712cm-1 
Peak: 1658cm-1 

C=O 
stretching 

 
 

1712-1900cm-1 
C=O 

stretching  
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Table 11: Chemical maps, wavenumbers and localisations of molecules in the high wavenumber region of a pair of undosed cochlear fibrocytes’ 
spectrum analysed by hyperspectral Raman spectroscopy. 

 

 

 

 

 

 

 

 

Image Spectrum Wavenumber  Strongest 
localisation 

 
 

2829-
2900cm-1 

CH2 
stretching 

 
 

2900-
3100cm-1 

CH3 
stretching 
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Beginning in the lower end of the fingerprint region, it is evident from the chemical maps 

presented in table 10 that below ~700cm-1 localisation is primarily focused in the cell membrane 

region where the neighbouring cells intersect. This contrasts with the single undosed cell 

observed, where localisation appears focused in the area surrounding the nucleus, albeit at a 

lower intensity. Whether this feature is present in the membrane of single cells and throughout the 

membranes of the neighbouring cells is unclear from the data available. Nonetheless, variations 

are seen in this region in peak intensity, band location, and molecular localisation. This is 

supported by the k-means analysis shown in Figure 90. 

Below 600cm-1, where the single control cell showed a broad, singular peak in the region 

440-444cm-1, cells in contact demonstrate a sloping shoulder-like signal below 435cm-1 and a 

small peak at 440cm-1, both of greater signal intensity than noted in this region for the single cell. 

The origins of these bands are unknown. Further variation is seen in the 444-480cm-1 region, where 

the single control cell showed evidence of two overlapping low intensity peaks. Intersecting cells, 

in contrast, appear to demonstrate a single, higher intensity peak at 469cm-1 in this spectral region. 

Again, the origins of this band cannot be confidently suggested from the data. Where more 

identifiable peaks arise in the single cell spectrum (at 498cm-1, 524cm-1, 550cm-1) variations are 

further seen in intersecting cells, with peaks arising at 485cm-1 and 504cm-1 rather than 498cm-1, a 

shift of ~1cm-1 in the peak noted previously at 524cm-1, and indication of a shift of 10cm-1
 in the 

peak previously identified at 550cm-1. The newly noted peaks appearing at 485cm-1 and glycerol 

and glycine respectively [217]. The unique appearance of these bands in intersecting cells, along with 

the membrane/intersection localisation seen, suggests involvement of these molecules in 

intercellular transport in vitro. As in the single cell, peaks noted at 523cm-1 and 540cm-1 are 

attributed to bond vibrations in saccharides and cholesterol respectively. Though this region varies 

substantially from that seen in the single cell sample, consideration should be given to the level of 

variation around the average spectrum in intersecting cells for this region. With this in mind, 

conclusions regarding differences between cells alone and cells in contact for this spectral region 

cannot be made presently.  
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Moving to spectral region 595-690cm-1
, localisation is once again focused in the cell 

membrane/intersection region in neighbouring cells, in contrast to the single cell which 

demonstrated a nuclear focus. Unlike the previous region identified, bands in this spectral region 

show similar signal intensity in both samples suggesting distribution of identified molecules in both 

the nuclear and membrane regions. Generally, bands in this region resemble those seen in the 

single cell, with peaks identified at 604cm-1, 625cm-1, 644cm-1, 665cm-1 and 690cm-1. The band at 

604cm-1 is taken to represent a shift of ~3cm-1 in the band previously noted at 607cm-1 and is 

assumed to be attributable to bond vibrations in cholesterol, commonly noted in cell membranes 

as well as the nucleus [216]. The band at 625cm-1 appears as in the single cell and is once again 

attributed to amide IV bond vibrations, though methionine contribution should once again be 

considered due to its contribution to phospholipid formation. Similarly, the band seen at 644cm-1 

is taken to represent a ~4cm-1 shift in the amide band noted in the single cell at 648cm-1. Arguably 

the greatest variation in this region is seen in that peaks previously noted at 660cm-1 and 675cm-1 

are not present in neighbouring cells, with the spectrum shown instead demonstrating a band 

peaking at 665cm-1 across these wavenumbers. This alteration is likely a result of cell membranes 

lacking strong nucleotide expression, with signal attributable to amino acids dominating the 

spectrum in this cellular area [217]. Similarly, the band at 690cm-1 is taken to indicate a shift in the 

band previously noted at 689cm-1, likely indicative of protein presence consistent with cell 

membranes. Again, this is supported by the k-means analysis shown in Figure 90 wherein many 

bands below 1000cm-1 are prominent in the membrane/intersection region. 

Continuing to the spectral region 706-800cm-1, the nucleotide bands identified in the single 

cell occur to a similar signal intensity, with the 725cm-1 band appearing the same, and a shift of 

2cm-1 and 3cm-1 in the thymine and cytosine bands respectively. The primary variation in this 

spectral region comes from the localisation seen within cells where, in contrast to the single cell, 

identified molecules appear to show their strongest localisation in the cell membrane and at points 

throughout the cytoplasm, likely indicative of small organelles.  

Examining next the region 800-991cm-1, bands appear at similar wavenumbers and 

intensities as in the single cell, but once again localisation is varied. Based upon its shape and 
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intensity, the band at 824cm-1 appears to represent a ~6cm-1 shift in the cytosine ring breathing 

band previously identified at 830cm-1. However, this is not consistent with the nuclear localisation 

expected for this molecule, suggesting that an alternate origin such as the essential amino acid 

histidine may be responsible [217]. In contrast, the band noted at 852cm-1 is more confidently 

accepted as a ~6cm-1 shift of the C-H ring bending signal previously noted at 858cm-1. This 

confidence is a result of the similar cytoplasmic distribution of signal, with the addition of presence 

in cell membranes consistent with phenylalanine. Notably, in the spectral region 871-905cm-1 two 

signal peaks can now be resolved where not previously feasible. These peaks are noted at 883cm-

1 and 898cm-1 and are believed to arise from C-C stretching and CH bending respectively [216]. 

In what, at first glance, appears to be the most substantial peak shift noted thus far, the 

band seen at 938cm-1 in the observed single cell seems to shift by ~11cm-1 to 927cm-1. Viewing the 

intensity and overlap of neighbouring bands, it is arguably just as likely that the 938cm-1 band is 

absent entirely, with the adjoining peaks seen at 927cm-1 and 950cm-1 representing an even more 

substantial shift of 20-30cm-1 in those of similar formation seen previously at 957cm1 and 971cm-

1. However, considering the similar peak intensities and contrasting localisations seen across 

these samples, neither of these options seems probable. Instead, alternate origins for the noted 

peaks are presented. Peaks are identified in the neighbouring cells at 927cm-1, 950cm-1 and 984cm-

1 and are taken to indicate moderate cytosolic presence of coenzyme A (927cm-1 and 950cm-1) and 

taurine precursor hypotaurine (984cm-1) respectively [216, 217]. The former is consistent with 

expectations for eukaryotic cells conducting successful biosynthesis of essential molecules, while 

the latter supports the evidence of taurine presence noted in the single cell. Why such a substantial 

variation is possible between single and neighbouring cells is at present unclear. 

 As in the single cell, the band at 1005cm-1 is confidently identified to arise due to phenyl 

ring breathing, likely from tyrosine and phenylalanine. Strong nuclear localisation with additional 

presence in cytoplasm is consistent with established knowledge of these molecules and their 

biological roles. This is further evidenced by k-means analysis shown in Figure 90. 
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Continuing to the spectral region 1022-1145cm-1, as in the single cell, molecular 

localisation appears predominantly cytoplasmic. Spectral peaks previously identified at 1036cm-

1, 1067cm-1, 1085cm-1, 1098cm-1 and 1127cm-1, appear present but shifted, with the peaks at 

1067cm-1 and 1085cm-1 noted as possible shoulders of 1098cm-1 appearing even less distinct. As 

such, the identified peaks at 1034cm-1, 1095cm-1 and 1126cm-1 are taken as shifts of ~2cm-1, ~3cm-

1 and 1cm-1 of CH3 wagging, bond vibrations in phenylalanine and lipid bond vibrations (e.g. C-C 

stretching) respectively.  

Similarly, the small spectral region 1145-1188cm-1 demonstrates a similar overlapping 

peak pair to that seen in the single cell spectrum, though at a marginally lower signal intensity. 

Peaks noted at 1158cm-1 and 1174cm-1 are taken to represent shifts of 1cm-1 and 2cm-1 in bands 

associated with C-C stretching and C-H bending.  

Looking to the larger spectral region 1188-1402cm-1, localisation of most signals 

demonstrates strength in the nuclear regions of cells and their surroundings, similarly to the single 

cell observed. The C-O stretch band demonstrates a ~1cm-1 shift to 1210cm-1 with nuclear 

localisation noted once again. The region previously believed to contain three peaks (1212-

1280cm-1) instead appears to contain two distinct peaks and a shoulder for this sample. These 

peaks are identified at 1250cm-1 and 1276cm-1 and, though firm assignment cannot be made, likely 

correspond to bond vibrations in lipids and proteins. As in the single cell, the band at 1313cm-1 and 

its overlapping neighbour at 1338cm-1 (a ~1cm-1 shift from the single cell band in both cases) show 

strong distribution throughout the cell areas sampled and are believed to correspond to C-O 

stretching. In contrast to the single cell, of the peaks previously noted at 1362cm-1 and 1387cm-1 

only one is present – a ~2cm-1 shift of the latter seen at 1389cm-1 likely originating from bond 

vibrations in an amino acid (e.g. proline) [217].  

As noted in the single cell, the high-intensity band at 1450cm-1 is common to cellular 

samples and is confidently attributed to CH2 bending of lipids. In the neighbouring cells observed, 

small shoulders are also noted at 1412cm-1 and 1507cm-1 and are attributed to bond vibrations in 

dATP [216].  
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Following this band, in the region 1517-1623cm-1 signals are of weaker intensity and a large 

amount of overlap between peaks is noted. The two low intensity, overlapping peaks identified in 

the region 1514-1540cm-1 in the single cell spectrum are identified at 1524cm-1 and 1537cm-1 and 

are once again assigned to amide bond vibrations. The peak at 1553cm-1 is assumed to be a ~5cm-

1 shift of the tryptophan stretching band noted in the single cell. Similarly, the band at 1582cm-1 is 

assumed to be a ~3cm-1 shift of the aromatic ring vibration band noted. Finally, the small 

overlapping peaks noted in the region 1593-1623cm-1 in the single cell are resolved at 1606cm-1 

and 1618cm-1 in the cell neighbours and support the assertion that this region represents tyrosine 

and phenylalanine-related vibrational modes (C=O stretching and benzene ring deformation 

respectively) [216].  

The clear, high intensity band attributed previously to C=O stretching occurs at similar 

intensity in both the single cell and neighbouring cells observed. A slight shift of ~1cm-1 is noted 

between the two spectra. Localisation of this molecule is also similar, though a slight increase in 

nuclear localisation is seen in the neighbouring cells compared with the single cell.  

Finally, in the region 1712-1900cm-1, in contrast to the single cell observed, molecular 

localisation appears strongly focused on the intersection between the neighbouring cells. Thus, 

changes seen in this region are deduced to arise as a result of intercellular communication 

mechanisms. Though little band distinction was made in the spectral region 1721-1757cm-1 in the 

single cell spectrum, the overlapping peaks are resolved in the present spectrum as 1719cm-1 and 

1735cm-1 (some shift in this region is inferred). These bands are once again attributed to C=O) bond 

stretching of phospholipids and are consistent with membrane localisation. In contrast, the band 

previously identified at 1763cm-1 is not resolved in cell neighbours, with the surrounding region 

demonstrating evidence of two low intensity overlapping peaks here instead. These are likely still 

attributable to lipid bond vibrations, nevertheless. The small overlapping peaks previously noted in 

the region 1770-1801cm-1, are resolved presently to a single peak at 1772cm-1, still likely indicative 

of phospholipids and potentially showing greater clarity in the cell neighbours’ spectrum due to the 

presence of cell membrane in the sampled area. As before, further peaks in this region (i.e. 1800-
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1900cm-1) are not identified due relative lack of literature regarding these wavenumbers but are 

presumed to correspond to lipids in cell membranes.  

K-means analysis (Fig. 90) demonstrates distinction between nucleic, cytoplasmic and 

membrane/intersection regions. The region associated with the nucleus predominantly 

demonstrates bands associated with protein presence, as well as key molecules such as 

tyrosine/phenylalanine (1005cm-1). This is consistent with expectations, though nucleic acid 

signals do not appear to be strongly associated with this region. The membrane/intersection region 

strongly demonstrates bands associated with polysaccharides, as well as lipids and proteins. 

Such signals may evidence the lipid cell membrane, transport proteins and transported molecules.  
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Figure 90: K-means clustering of hyperspectral Raman data – 0ng/mL dosed cell 
pair. 

A) Chemical map. B) Spectra. 
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As observed in the single cell spectrum, the high wavenumber region of cell neighbours 

demonstrates a large central peak at 2931cm-1 (shift of ~2cm-1 from the single cell), with 

overlapping shoulder like peaks in the region 2819-2891cm-1 and a smaller neighbouring band at 

3063cm-1 (shift of ~2cm-1 from the single cell). These bands demonstrate similar signal intensity 

and molecular localisation and are once again assumed to arise due to bond vibrations in proteins. 

No K-means analysis was conducted on high wavenumber region data due to relative lack of 

localisation in this spectral region. 

In general, spectral results for the undosed neighbouring cells observed are similar to the 

single cell, with the majority of variations occurring as small shifts in bands. Such small shifts 

(<9cm-1) are considered negligible in the present context due to the resolution of the instrument 

employed.  Nonetheless, changes between single and neighbouring cells are still noted, with the 

regions <700cm-1 and >1712cm-1 believed to be of value in the distinction of cells alone from cells 

in contact due to evidence of strong membrane/intersection localisation of molecules. However, 

at this stage of research, where only a single sample is presented, firm conclusions cannot be 

drawn as to the significance of the variations seen.  

Though it would undoubtedly be useful to compare dosed single and neighbouring cells 

with undosed controls of the same configuration, the present research is limited to comparison of 

cells with neighbours only, as a suitable single dosed cell could not be found in the examined 

sample within the allocated research time. However, though only dosed cells with neighbours are 

analysed presently, valuable insight may still be gleaned from comparison. In lieu of a dosed single 

cell, a pair of dosed cells showing unusual granulations (seen only in a small number of other cells 

within the 10ng/mL dosed sample) is presented. Whether these granulations are a product of 

interleukin dosage is unclear from the samples obtained- however, it should be noted that such 

features are not present in undosed control cells. 

Beginning with the non-granulated dosed cell neighbours, it is clear from spectral 

comparison alone that there are differences to be found between dosed and undosed cells in 

contact with neighbours (Fig. 91). It is particularly interesting to note that, in the regions previously 
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identified as relevant to the distinction of cells with neighbours (<700cm-1, >1712cm-1), the 

neighbouring 10ng/mL dosed cells examined show an average spectral profile and peak intensities 

more resemblant of a cell alone than in contact with others when compared to controls. 

Analysing the spectrum of these cells peak-by-peak, and correlating this with 

accompanying chemical maps enables further insight into the observed variation and its potential 

source.  To this end, the spectrum and associated chemical maps of 10ng/mL dosed neighbouring 

cells are presented in tables 12 and 13 below.

Figure 91: Comparison of dosed and undosed cell spectra- a single undosed cell 
vs neighbouring undosed cells in contact vs 10ng/mL interleukin-1-dosed cells 

in contact. 

Average spectra from hyperspectral Raman area maps of cochlear fibrocytes grown 

on CaF2.  Approx. 250k cell seeding density. Spectra collected at Diamond Light 

Source, Oxford, UK. 
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Table 12: Chemical maps, wavenumbers and localisations of molecules in the fingerprint region of a pair of 10ng/mL dosed cochlear fibrocytes’ 
spectrum analysed by hyperspectral Raman spectroscopy. 

Image Spectrum Wavenumber  Strongest 
localisation 

 
 

400-593cm-1 CH2 bending, C-C-C 
deformations 

 
 

593-693cm-1 

CH2 bending, amide 
IV, C-S stretching, 

nucleotide ring 
breathing 

 
 

693-734cm-1 

Peak: 725cm-1 
Bond vibrations in 

adenine 
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734-772cm-1 

Peak: 756cm-1 
Bond vibrations in 

thymine 

 
 

772-802cm-1 

Peak: 787cm-1 
Bond vibrations in 

cytosine 

 
 

844-872cm-1 
Peak: 857cm-1 C-H ring bending 
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872-980cm-1 

C-O stretching, 
guanine ring 

deformation, C-C 
stretching, CH 

bending  

 
 

980-1024cm-1
 

Peak: 1008cm-1 
Phenyl ring 
breathing 

 
 

1024-1046cm-1
 

Peak:1037cm-1 CH3 wagging 
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1046-1120cm-1 
NH2 twisting, lipid 

bond vibrations, 
CH3 wagging 

 
 

1120-1147cm-1 
Peak: 1131cm-1 

NH2 twisting, lipid 
bond vibrations, 

CH3 wagging 

 
 

1147-1190cm-1 C-C stretching 
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1190-1408cm-1 
C-O stretching, 
C=C vibrations, 

amide III 

 
 

1408-1526cm-1 
Peak: 1447cm-1 CH2 bending 

 
 

1526-1629cm-1 

N-H bending, 
tryptophan ring 

stretching, C-C-H 
ring vibration 
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1629-1715cm-1 
Peak: 1658cm-1 

Lipids, C=O 
stretching 

 
 

1715-1900cm-1 C=O stretching 
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Table 13: Chemical maps, wavenumbers and localisations of molecules in the high wavenumber region of a pair of 10ng/mL dosed cochlear 
fibrocytes’ spectrum analysed by hyperspectral Raman spectroscopy. 

Image Spectrum Wavenumber  Strongest 
localisation 

 
 

2824-2900cm-1 CH2 stretching 

 
 

2891-3100cm-1 
Peak: 2934cm-1 CH2 stretching 
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Beginning in the lower end of the fingerprint region (<600cm-1), as stated above the 

spectrum of dosed cells demonstrates greatly reduced signal intensity. This is accompanied by a 

reduction in the clarity of peaks in this region, with fewer identifiable bands arising in this region for 

dosed cells. As seen in undosed neighbouring cells, the above spectrum shows a sloping shoulder-

like signal below 438cm-1 and a small peak at 440cm-1. This suggests that this feature is consistent 

across neighbouring cells and may distinguish them from isolated cells.  Further bands identified 

in this region are difficult to resolve from their neighbours due to overlap and lack of signal intensity. 

This includes the absence of bands previously noted at 485cm-1, 504cm-1, 523cm-1 and 540cm-1. 

Nonetheless, this region is considered of value and the alterations seen between undosed and 

dosed cells, given the localisation shown in associated chemical maps (Fig. 92), are taken to 

indicate reductions in intercellular transport of molecules such as saccharides. This is consistent 

with expectations of dosed cells from previous chapters. 

Moving to spectral region 592-693cm-1
, localisation is once again primarily focused in the 

cell membrane/intersection region in neighbouring cells, with signals of a similar intensity in both 

undosed and dosed cell pairs suggesting minimal alterations to structure and function represented 

by bands in this spectral region. Clear peaks at 604cm-1 (no shift from undosed), 625cm-1 (no shift 

from undosed) and 644cm-1 (~3cm-1 shift from undosed) are once again visible, with localisation to 

the cell intersection in both conditions. These peaks are attributed to bond vibrations of 

Figure 92: Raman hyperspectral chemical maps of 0ng/mL dosed vs 10ng/mL dosed cell 
pairs below 600cm-1.   

A) 0ng/mL cells. B) 10ng/mL cells. Note the heat map keys which indicate reduced signal 
intensity in dosed cells. 
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cholesterol, amide IV/methionine and amide respectively. Though the bands noted in neighbouring 

control cells at 665cm-1 and 690cm-1 are noted in dosed cells at 667cm-1 (~2cm-1 shift) and 682cm-

1 (~8cm-1 shift), localisation varies across conditions. This is assumed to be due to reduced amino 

acid content in dosed cell membranes, potentially indicative of alterations to transport proteins. 

Alternatively, these bands may represent nucleotide presence rather than a shift in amino acid 

peaks, based upon the nuclear localisation seen [216].  

Bands in the region 693-802cm-1, occur at similar intensities with similar distribution in 

cells in both dosed and undosed cell neighbours. Bands arise at 725cm-1 (~2cm-1 shift), 756cm-1 

(~4cm-1 shift), 787cm-1 (~3cm-1 shift) and are attributed to nucleotides. No experimentally 

significant variation is noted in this spectral region. 

At first glance, the spectral region 802-980cm-1 demonstrates little variation in bands, peak 

intensity and molecular localisation across undosed and dosed cell samples. However, upon 

closer inspection it is evident that the spectrum of dosed cell neighbours in this region more closely 

resembles that of an isolated undosed cell than that of undosed cell neighbours, both in intensity 

and in bands. This is supported by bands arising at 833cm-1 (~3cm-1 shift from undosed single cell), 

857cm-1 (~1cm-1 shift from undosed single cell) and 938cm-1, as well as by the lack of the coenzyme 

A-associated bands identified in undosed cell neighbours. Though uncertain, this may imply a 

reduction in cell production of coenzyme A and could indicate reduced capacity for biosynthesis 

of essential molecules in dosed cells. Further evidence of alterations in dosed cells is seen in the 

band at 962cm-1, noted as a fingerprint of peroxytaurine – a product of taurine/hypotaurine 

reactions with reactive oxygen species [216, 243, 244]. 

 As in the previous spectra, the band at 1008cm-1 is identified as arising due to phenyl ring 

breathing, likely from tyrosine and phenylalanine. The localisation seen within the cells observed 

is consistent with established knowledge of these molecules and their biological roles. 

Interestingly, there appears to be a slight increase in signal intensity of this band in the dosed 

condition. This is likely indicative of an anti-inflammatory response in dosed cells [245]. 
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Continuing to the spectral region 1024-1147cm-1, bands, intensity and molecular 

localisation appear generally similar to the undosed cell pair. The band seen at 1034cm-1 

demonstrates a ~3cm-1 shift to 1037cm-1 and is attributed to CH3
 wagging. The triple peak region 

noted previously at 1054-1117cm-1 is resolved to three clear bands at 1070cm-1, 1085cm-1, 

1103cm-1, attributed to bond vibrations in lipids. The band previously seen at 1126cm-1 

demonstrates a ~5cm-1 shift to 1131cm-1 and is attributed to CH3
 wagging. No experimentally 

significant variation is noted in this spectral region. 

Similarly, the spectral region 1147-1190cm-1 demonstrates bands, intensity and molecular 

localisation generally similar to the undosed cell pair. The pair of bands in this region are attributed 

to C-C stretching and C-H bending. No experimentally significant variation is noted in this spectral 

region. 

For the most part, the spectral region 1190-1408cm-1 demonstrates bands, intensity and 

molecular localisation similar to that seen in the undosed cell pair. Similar bands arise at 1210cm-

1, 1254cm-1 (~4cm-1 shift), 1269cm-1 (~7cm-1 shift), and 1337cm-1 (~1cm-1 shift) and are attributed 

to C-O stretching and lipid/protein bond vibrations. Interestingly, the band at 1318cm-1 (~5cm-1 

shift) shows stronger nuclear localisation than that seen in the undosed cell pair, as well as a 

slightly increased signal intensity. This band is attributed to C-O stretching. Additionally, a unique 

band demonstrating strong nuclear localisation seen in neither undosed sample is identified at 

1395cm-1. The origins of this band are unknown.  

Of further interest, the high-intensity band previously noted at 1450cm-1, though showing 

similar molecular localisation, demonstrates a ~3cm-1 shift to 1447cm-1 in the dosed condition. 

Additionally, increased signal intensity is seen in this condition, implying lipid accumulation within 

cells similar to that hypothesised previously. 

The spectral region 1526-1629cm-1 demonstrates bands, intensity and molecular 

localisation generally similar to the undosed cell pair, though clarity of overlapping bands is 

reduced in the dosed condition. Bands are attributed as before to amide bond vibrations, 
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tryptophan stretching, aromatic ring vibrations, C=O stretching and benzene ring deformations. No 

experimentally significant variation is noted in this spectral region. 

The high-intensity band at 1658cm-1 demonstrates differing molecular localisation to that 

seen in undosed neighbouring cells (Fig. 90), in that distribution of signal is seen throughout 

cytoplasm and the membrane region. It is notable that there are areas of strong localisation within 

the cell membrane region of dosed cells. Such regions may be indicative of protein/lipid 

accumulation and further suggest changes in cell membrane integrity. In this wavenumber region, 

an increase in signal intensity in the dosed condition is noted, further indicating protein 

accumulation and/or alterations in protein secondary structures as noted in chapters 4 and 5. It is, 

however, unclear from the data available whether this evidences changes induced by dosage (e.g. 

proinflammatory cytokine accumulation [57]) or merely the presence of up-taken IL-1β in the 

cytoplasm of dosed cells. 

Finally, in the region 1715-1900cm-1 noticeable variation is observed between undosed 

and dosed cell pairs. This variation occurs in band location, band clarity, signal intensity and 

localisation. Where some bands noted in the undosed cell neighbours are seen shifted in the dosed 

condition (e.g. 1813cm-1 band at 1816cm-1, 1839cm-1 band at 1833cm-1, 1894cm-1 band at 1890cm-

1), these occur at a reduced intensity and broader distribution throughout the sampled cell area 

rather than in the intersection/membrane region. Other previously noted bands are 

indistinguishable all together. As previously stated, this spectral region is typically associated with 

Figure 93: Raman hyperspectral chemical maps of 0ng/mL dosed vs 10ng/mL dosed cell 
pairs at ~1650cm-1. 

A) 0ng/mL cells. B) 10ng/mL cells. Arrows indicate small areas of high intensity 
signal in the membrane region. 
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lipid bond vibrations, particularly where phospholipids are concerned. Thus, the variation seen 

between undosed and dosed cell pairs is taken to indicate potential cell membrane degradation 

[223] and altered capacity for/mechanisms of intercellular communication [246]. 

K-means analysis (Fig. 94) once again demonstrates distinction between nucleic, 

cytoplasmic and membrane/intersection regions, though the membrane-associated region is far 

less distinct than in undosed cells. Examining this region, it is notable that the strong 

polysaccharide-assigned signals noted in the undosed cell pair are not clearly localised in dosed 

cells in contact. This, as discussed above, is believed to indicate alterations to intercellular 

transport arising from inflammatory changes. The strong presence of thymine in this region is 

unexpected, though may be indicative of damage to mitochondria or nuclei. The nuclear region, 

though not demonstrating strong thymine signal, demonstrates bands for cytosine, proteins and 

amino acids, suggesting that the thymine presence in the membrane/cytoplasm is of 

mitochondrial origin.  
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Figure 94: K-means clustering of hyperspectral Raman data – 10ng/mL dosed cell 

pair. 

A) Chemical map. B) Spectra. 
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As observed previously, the high wavenumber region of dosed cell neighbours 

demonstrates a large central peak at 2934cm-1 (shift of ~3cm-1 from the undosed cell pair), with 

overlapping shoulder like peaks in the region 2824-2891cm-1 and a smaller neighbouring band at 

3062cm-1 (shift of ~1cm-1 from the undosed cell pair). These bands demonstrate similar signal 

intensity and molecular localisation and are once again assumed to arise due to bond vibrations in 

proteins. As such, no experimentally significant variation is noted in this spectral region based on 

Raman results. No K-means analysis was conducted on high wavenumber region data due to 

relative lack of localisation in this spectral region. 

Overall, spectral results for the dosed neighbouring cells demonstrate several sites of 

clear variation from their undosed counterparts, whether this be in the form of band presence, 

signal intensity, or molecular localisation. In particular, alterations are suggested in intercellular 

transport, membrane integrity/content, biosynthesis in cytoplasm, and molecular accumulation 

within cells. Such changes are consistent with previous chapter findings and with literature 

surrounding cellular inflammation.  

Figure 95: Comparison of dosed and undosed cell spectra via hyperspectral Raman 
spectroscopy. 

Average spectra from hyperspectral Raman area maps of cochlear fibrocytes grown on 

CaF2.  Approx. 250k cell seeding density. Spectra collected at Diamond Light Source, 

Oxford, UK. 
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For further comparison, a second pair of neighbouring 10ng/mL dosed cells are presented. 

These cells, unlike those above, show unusual granulations in their cytoplasm and near their 

membranes. Such granulations were seen in several cells in this dosage sample but were not 

present in the undosed cells observed. 

Comparing the spectrum of these cells with those previously observed, there are clear 

differences, with signals demonstrating variable intensity, poor peak resolution and wide margins 

of error (Fig. 95). Whether these variations arise as a result of molecular characteristics, or changes 

to scattering due to structural differences in the granular cells, they are valuable to note in seeking 

to observe the dosed cell condition in its entirety. This is particularly relevant where considering 

variation of cells within the 10ng/mL condition and other cytokine dosages that may yield error in 

differentiation of conditions.  

To examine the spectral changes noted, the spectrum and associated chemical maps of 

the granular 10ng/mL dosed cells are presented in tables 14 and 15 below.
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Table 14: Chemical maps, wavenumbers and localisations of molecules in the fingerprint region of granulated 10ng/mL dosed cochlear fibrocytes’ 
spectrum analysed by hyperspectral Raman spectroscopy. 

Image Spectrum Wavenumber  Strongest 
localisation 

 
 

400-589cm-1 CH2 bending, C-C-C 
deformations 

 
 

589-693cm-1 

CH2 bending, amide 
IV, C-S stretching, 

nucleotide ring 
breathing 

 
 

693-738cm-1 

Peak: 725cm-1 
Bond vibrations in 

adenine 



217 
 

 
 

738-771cm-1 

Peak: 756cm-1 
Bond vibrations in 

thymine 

 
 

771-842cm-1 Bond vibrations in 
cytosine 

 
 

844-871cm-1 
Peak: 855cm-1 

CH2 bending, C-C-C 
deformations 
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871-982cm-1 

CH2 bending, amide 
IV, C-S stretching, 

nucleotide ring 
breathing 

 
 

982-1019cm-1
 

Peak: 1005cm-1 
Bond vibrations in 

cytosine 

 
 

1019-1049cm-1
 

Peak:1035cm-1 C-H ring bending 
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1049-1115cm-1 
Peak: 1063cm-1 

C-O stretching, 
guanine ring 

deformation, C-C 
stretching, CH 

bending  

 
 

1115-1145cm-1 

Peak: 1127cm-1 CH3 wagging 

 
 

1145-1187cm-1 
NH2 twisting, lipid 

bond vibrations, 
CH3 wagging 
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1187-1400cm-1 C-C stretching 

 
 

1400-1505cm-1 
Peak: 1449cm-1 

CH2 bending, C-C-C 
deformations 

 
 

1505-1632cm-1 Bond vibrations in 
adenine 
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1632-1717cm-1 
Peak: 1659cm-1 

Phenyl ring 
breathing 

 
 

1717-1900cm-1 

Peak: 1726cm-1 CH3 wagging 
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Table 15: Chemical maps, wavenumbers and localisations of molecules in the high wavenumber region of granulated 10ng/mL dosed cochlear 
fibrocytes’ spectrum analysed by hyperspectral Raman spectroscopy. 

Image Spectrum Wavenumber  Strongest 
localisation 

 
 

2824-2896cm-1 Nucleus and 
surroundings 

 
 

2896-3100cm-1 Cytoplasm 

 

 



223 
 

Beginning, as before in the lower end of the fingerprint region (<600cm-1), visible differences 

may be identified in bands, signal intensity, and localisation. Though some bands are identified, true 

peaks in this region are scarce and of greatly reduced intensity in comparison to both the undosed pair 

and non-granulated pair of cells observed. This reduced intensity is accompanied by ambiguous 

chemical maps, with minimal evidence of membrane localisation seen. Considering the intensity 

reduction noted in non-granulated dosed cells, it may be speculated that the spectral results seen for 

granulated cells reflect a more severe form of the intercellular transport decline hypothesised. 

Moving to spectral region 589-692cm-1
, localisation is once again ambiguous. Nonetheless, 

bands identified in the previously observed dosed cells are noted in the granular cells at 600cm-1 

(~4cm-1 shift from non-granular cells), 626cm-1 (~1cm-1 shift from non-granular cells), 645cm-1 (~2cm-

1 shift from non-granular cells), 670cm-1 (~3cm-1 shift from non-granular cells) and 686cm-1 (~4cm-1 

shift from non-granular cells). Interestingly, the bands seen at 600cm-1, 670cm-1 and 686cm-1 

demonstrate slightly increased signal intensity compared to non-granular cells. This is potentially 

indicative of further alterations to amino acids and similar molecules in dosed cells and may again 

evidence a more severely inflamed cell. 

Nucleotide bands in the region 692-795cm-1, occur in granulated cells with minimal shift from 

non-granulated counterparts at 725cm-1, 756cm-1 and 785cm-1 (~2cm-1 shift). These bands, however, 

demonstrate reduced signal intensity and ambiguous localisation in the granulated cell sample. Such 

reduced signal intensity in DNA/RNA associated bands is consistent with apoptotic cells [223] and 

supports the hypothesis that the granular cells seen are, for some reason, more severely inflamed.  

In the 795-982cm-1 region, reduced signal intensity, ambiguous localisation and difficulty in 

resolving peaks is seen in the granular cell sample, though the spectrum seen clearly resembles the 

non-granulated dosed cell in peak locations. This is deduced as band shifts, where seen, are of <9cm-

1 and are considered negligible. As such, the reduction in signal intensity across all noted peaks in this 

region implies a further worsened capacity for biosynthesis of coenzyme A in the observed granulated 

cells. This further supports the severe inflammation hypothesis for these cells. 

Similarly, though the band previously identified at 1008cm-1 is present in the granulated cell 

spectrum at 1005cm-1 (shift of ~3cm-1), a drastically reduced signal intensity is seen compared to non-
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granulated dosed cells and undosed neighbouring cells observed. This not only implies the 

termination of anti-inflammatory responses hypothesized in the previous dosed sample, it further 

suggests that granulated dosed cells such as those observed are subject to reduced capacity for 

biosynthesis. 

Again, in the region 1019-1145cm-1, though peak resolution is tricky, bands resemble those 

seen in non-granulated dosed cells with signal intensity in most cases reduced. However, despite this 

reduced signal intensity, lipid-associated areas seem to arise more widely in granulated cells than 

their non-granulated counterparts. Whether this occurs as a result of lipid accumulation/depletion in 

certain cell areas, or as a by-product of reduced organelle membrane integrity within cells is unclear.  

In contrast, the bands noted at 1160cm-1 and 1179cm-1 demonstrate a greater signal intensity 

in granulated dosed cells as well as a more widespread molecular distribution in the sampled area. 

Though precise origins of these bands are unknown in terms of molecule, such increases in signal 

intensity may imply fatty acid accumulation in the granulated cells observed.  

Unlike previous spectral regions noted, where variation appears to arise predominantly from 

signal intensity changes across samples, the region 1187-1423cm-1 demonstrates differences in both 

signal intensity and molecular localisation. The band at 1208cm-1 (~2cm-1 shift from non-granular 

cells) demonstrates a reduced peak clarity and strong molecular localisation at a point in the 

cytoplasm potentially indicative of a large organelle. The band at 1257cm-1 (~3cm-1 shift from non-

granular cells) demonstrates reduced signal intensity and a lack of presence in the nucleus. The band 

at 1277cm-1 (~8cm-1 shift from non-granular cells) demonstrates a similar intensity reduction. The 

band at 1313cm-1 (~5cm-1 shift from non-granular cells), like that at 1257cm-1, demonstrates reduced 

signal intensity and a lack of presence in the nucleus. The band at 1340cm-1 (~3cm-1 shift from non-

granular cells) demonstrates a similar intensity reduction. In contrast, the band at 1393cm-1 (~2cm-1 

shift from non-granular cells) demonstrates a slight increase in signal intensity. Based upon these 

observations, and the prior identification of bands in this region as attributable to C-O stretching, this 

spectral region is assumed to predominantly correspond to proteins. This being assumed, the 

reductions in signal intensity, where seen, are consistent expectations of apoptotic cells [223]. This 

further implies that, where increased intensity is seen, lipid bond vibrations may be implicated.  
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This, however, is contrasted by the band at 1449cm-1 (~1cm-1 shift from non-granular cells), 

which demonstrates a substantially reduced signal intensity in comparison with non-granular dosed 

cells. This contrasts with the findings of previous chapters and lends uncertainty as to the reliability 

of the spectral variations seen across the granulated cell sample. Nonetheless, considering the wide 

error margin noted for this sample, the hypothesis outlined is still feasible within the bounds of 

observed error.  

In contrast to non-granular dosed cells, the granular cells samples demonstrate peaks at 

1512cm-1 and 1525cm-1 similar to those seen in the undosed cell pair. These peaks arise in both 

nuclear and cytoplasmic regions at greater signal intensity than in other spectra and are attributed to 

amide bond vibrations. This contrasts with the findings of previous chapters and suggests potential 

structural changes in proteins in the granulated cells observed, particularly in the nuclear region 

where molecular distribution was previously not noted.  

Similarly, in the region 1531-1632cm-1, the bands seen resemble those noted in the non-

granulated dosed cell, though they demonstrate increased signal intensity and presence in the 

nucleus of cells as well as the cytoplasm. These bands are attributed to tryptophan stretching, 

aromatic ring vibrations, C=O stretching and benzene ring deformations, with their increased intensity 

in granulated cell nuclei further suggesting protein alterations and changes to essential molecules 

such as phenylalanine.  

The clear band at 1659cm-1 (~1cm-1 shift from non-granular cells) demonstrates similar 

localisation to that seen in non-granular dosed cells, though signal intensity is substantially reduced 

compared to both dosed and undosed cell pairs previously examined. This contrasts with other 

protein-associated spectral regions identified in granular cells as well as with expectations of further 

signal intensity increase based on non-granular dosed cells and previous chapter results. However, 

intensity reduction in this band is consistent with literature surrounding apoptosis and further 

emphasises likely changes to protein structure and abundance in inflamed cells. 
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 Figure 96: K-means clustering of hyperspectral Raman data – 10ng/mL dosed 
granular cell. 

A) Chemical map. B) Spectra. 
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Finally, in the region 1717-1900cm-1 clear peaks cannot be resolved with confidence. 

Nonetheless, this region appears to demonstrate increased signal intensity compared to other 

samples examined as well as molecular distribution throughout cytoplasmic and nuclear regions. This 

observation may indicate alterations to lipid abundance in cells, but firm conclusions cannot be made 

based on the data shown. Arguably, it is equally feasible that the variation seen in this spectral region 

is a result of spectral baseline deformation due to abnormal cell topography/density.  

K-means analysis (Fig. 96) once again demonstrates distinction between nucleic, cytoplasmic 

and membrane/intersection regions, though distinction across these regions is less clear than in other 

samples. In particular, the nuclear and surrounding region demonstrates an unusual spectrum which, 

though dominated by protein-attributable signal, indicates poor localisation, limited nucleic acid 

signal and potential changes to nuclear envelope integrity. Contrary to expectations, membrane 

related signal in this cell pair appears to demonstrate polysaccharide and protein signal indicative of 

intercellular transport. However, localisation is indistinct and variation around the spectral average 

suggests large variability. As such, transport is believed to still be impaired in comparison to undosed 

cells in contact.  

In the high wavenumber region, a substantial reduction in signal intensity is seen in the 

granulated cell pair compared with other samples. The large central peak at 2934cm-1 is still present 

though, unlike other samples, does not show nuclear presence in cell chemical maps. In contrast, the 

smaller neighbouring band at 3062cm-1 demonstrates nuclear presence where previously unseen. 

These results further imply protein alterations in the granulated cell observed. No K-means analysis 

was conducted on high wavenumber region data due to relative lack of localisation in this spectral 

region. 

Overall, spectral results for the granulated cell demonstrate various alterations consistent 

with increased cell inflammation and potential apoptosis, as well as some alterations that challenge 

this suggestion. Due to the large error margin noted for this sample as well as potential baseline 

changes, the non-granular dosed cell is considered a more reliable example of inflammatory response 

in cochlear fibrocytes, with an overview of spectral changes between non-granular dosed and 

undosed cell pairs presented in Table 16 below. Nonetheless, the presence of such granular cells with 
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unusual spectral profiles should not be ignored, as such cells may represent a portion of the intra-

condition variation seen in other results. Such factors are considered when examining FTIR data. 

Table 16: Summary of Raman Spectral Changes in Cochlear Fibrocytes in Response to IL-1β 
Stimulation 

Wavenumber 
Region (cm⁻¹) 

Peak Assignment Change in Response to Cytokine Stimulation (10 
ng/mL IL-1β) 

400–593 CH₂ bending, C-C-C 
deformations 

Reduced signal intensity and clarity of bands 
observed in undosed cells, indicating altered 
intercellular transport. 

593-693 CH2 bending, amide IV, C-
S stretching, nucleotide 
ring breathing 

Peak shift (~3cm-1) noted in 644cm-1 band (amide). 
Peak shift (~2cm-1) in 667cm-1 and (~8cm-1) in 
682cm-1 band, potentially indicative of alterations 
to amino acid or nucleotide presence. Localisation 
variation.  

693-734 Adenine bond vibrations Peak shift (~2 cm⁻¹) in 725cm-1 band, potentially 
indicative of nucleotide modifications. 

734-772 Thymine bond vibrations Peak shift (~3 cm⁻¹) in 725cm-1 band, potentially 
indicative of nucleotide modifications. 

772-802 Cytosine bond vibrations Peak shift (~4 cm⁻¹) in 725cm-1 band, potentially 
indicative of nucleotide modifications. 

802-890 C-H ring bending, C-O 
stretching, guanine ring 
deformation, C-C 
stretching, CH bending  

Peak shift (~3cm-1) in 833cm-1 band, (~1cm-1) in 
857cm-1 band. Lack of coenzyme A-associated 
bands identified in undosed cells may imply a 
reduction in coenzyme A production – potential 
reduced capacity for biosynthesis of essential 
molecules. 

980-1024 Phenyl ring breathing 
(Tyrosine, Phenylalanine) 

Increased intensity, potential evidence of anti-
inflammatory response. 

1024–1046 CH₃ wagging Slight peak shift (~3 cm⁻¹), similar intensity. 

1046-1147 NH2 twisting, lipid bond 
vibrations, CH3 wagging 

Triple peak region is resolved to three clear bands at 
1070cm-1, 1085cm-1, 1103cm-1. Peak shift (~5cm-1) 
in 1131cm-1 band suggesting potential lipid 
alterations. 

1147-1190 C-C stretching, lipid bond 
vibrations 

No notable variations seen. 

1190-1408 C-O stretching, C=C 
vibrations, amide III 

Peak shift (~4cm-1) in 1254cm-1 band, (~7cm-1 shift) 
in 1269cm-1 band and (~1cm-1 shift) in 1337cm-1 
band, suggestive of potential lipid/protein 
variations. Peak shift (~5cm-1) and increased signal 
intensity in 1318cm-1 suggestive of C-O stretching 
alterations. Some localisation variation.  

1408–1526 CH₂/CH₃ bending (Lipids) Peak shift (~3cm-1) and increased intensity, 
suggesting lipid accumulation. 
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1526-1629 Amide bond vibrations, 
tryptophan stretching, 
aromatic ring vibrations, 
C=O stretching, benzene 
ring deformations. 

Clarity of bands reduced. 

1629-1715 C=O stretching  Increased signal intensity and altered localisation - 
distribution of signal throughout cytoplasm and 
membrane. Potentially indicative of protein/lipid 
accumulation, alterations in protein secondary 
structures and changes in membrane integrity. 

1715–1900 C=O stretching  Changes in band location, band clarity, signal 
intensity and localisation. Peak shifts (~3 cm⁻¹) in 
1816cm-1 band, (~6cm⁻¹) in 1833cm-1 band, 
(~4cm⁻¹) in 1890cm-1 band. Reduced band intensity 
and broader localisation throughout sampled cell 
area. Some bands noted in undosed cells not 
distinguished. Potentially indicative of membrane 
degradation and transport alterations. 

2824–3100 CH₂/CH₃ stretching 
(Proteins) 

Peak shift (~3 cm⁻¹), similar localisation and 
intensity.  

 

Focusing in particular on variations between undosed and dosed (non-granular) cell pairs, findings 

from Raman spectral analysis of cochlear fibrocytes stimulated with IL-1β reveal distinct molecular 

changes when compared to undosed controls. Though it should be noted that many peak shifts observed 

fall below the spectral resolution of the instrument (maximum 5cm-1) and cannot be taken as reliable alone, 

overall spectral variations reflect alterations in protein, lipid, and nucleotide-associated regions, 

suggesting cellular responses to cytokine exposure. 

Notable variations are summarised as follows (around Table 16)- peaks associated with nucleotide 

vibrations indicate potential modifications in DNA/RNA structures or interactions. The absence of 

coenzyme A-associated peaks in dosed cells may suggest a reduced biosynthetic capacity in stimulated 

fibrocytes. Increased intensity in the phenyl ring breathing region implies upregulated protein synthesis, 

possibly as part of an anti-inflammatory or stress response. Shifts, localisation and intensity changes in 

lipid-associated regions suggest alterations in membrane composition[223] and potential lipid accumulation 

(commonly associated with inflammation and inherently linked to cytokine secretion [275]). Increased 

intensity in protein-related bands suggests protein accumulation, potentially reflecting inflammation-

associated structural changes or downstream cytokine production. 
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While such downstream cytokine production such as IL-6 and IL-8 accumulation cannot be 

directly identified from spectral results, observed spectral changes may be linked to their production. As 

mentioned, increased intensity in the phenyl ring breathing-associated region suggests upregulated 

protein synthesis which, in an inflammatory response, could indicate presence of downstream cytokines 

such as IL-6 and IL-8 [217]. Similarly, changes in other protein associated regions (e.g. amide I) may indicate 

protein accumulation possibly related to cytokine production. Similarly, the noted lipid accumulation, 

believed to be suggestive of membrane alterations [223], may also be linked to cytokine secretion pathways. 

Alterations in these spectral regions (particularly in protein-related and lipid-associated peaks) align with 

known biological mechanisms of cytokine response. If desired in future research, to definitively confirm IL-

6 and IL-8 presence, complementary biochemical assays are recommended. 

Overall, though not associated with distinct downstream cytokine production, Raman findings 

indicate that IL-1β stimulation elicits notable biochemical alterations in fibrocytes consistent with 

expected inflammatory and cellular stress responses. Thus, findings demonstrate promise in seeking to 

distinguish between inflamed and healthy cells via spectroscopic methods. 

 

4.4.2. S-FTIR – Spectral Analysis and PCA 
 Ahead of analysing S-FTIR dosage data, similarity of low and high seeding density cell samples 

must be assessed. With this in mind, PCA of low vs high seeding density controls is presented in figure 

97 below. In this analysis, 87% of variance was accounted for in 3 principal components. 

Figure 97: PCA scatter plots of low vs high cell seeding density samples analysed by S-FTIR. 

From average S-FTIR spectra of ~1000 (per dosage condition and seeding density) cochlear 

fibrocytes cytospun on CaF2. Cells cytospun and fixed at maximum P8. Spectra collected at 

Diamond Light Source, Oxford, UK. A) PC1 (58%) vs PC2 (18.4%) B) PC2 (18.4%) vs PC3 (10.4%) 
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It is clear from these plots that cell spectra are variable depending on seeding condition, with 

some overlap between groups where cell spectra are similar. Sources of variation may be seen from 

the loadings plot below (Fig. 98) This is as expected based Raman hyperspectral data, which indicated 

spectral changes arising from contact with neighbouring cells. Cells are more likely to be in contact 

with neighbours in the high seeding density condition. Both conditions may be considered 

physiologically relevant as in vivo cochlear fibrocytes are densely packed when healthy, with numbers 

and density depleting as cells become inflamed and die off.  

From the loadings plot of the first three principal components, it is apparent that variation 

between seeding density groups arises mainly from protein-associated regions. This is consistent with 

expectations of inflammation. 

 

 

 

Figure 98: Loadings plot of low vs high cell seeding density sample PCA. 

From PCA of average S-FTIR spectra of ~1000 (per dosage condition and seeding density) 

cochlear fibrocytes cytospun on CaF2. Cells cytospun and fixed at maximum P8. Spectra 

collected at Diamond Light Source, Oxford, UK. 
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In the interest of maintaining accuracy whilst enabling the broadest representation of cell 

variables, comparisons of neural network dosage classification performance were made between 

low, high and mixed groups. As shown in table 17 below, mixing seeding density conditions does not 

appear to greatly affect model confidence, with only a slight reduction in accuracy noted. This 

suggests that, while seeding is a source of variation, dosage condition can still be distinguished above 

this. By increasing training data access (from 50:50 to 70:30 train to test) the model is improved (table 

18). Again, mixing cell seeding density has only a small effect on model confidence. With this in mind, 

further comparisons are made on low and high seeded cells together to allow for broader 

representation of cell variety in dosage distinction analyses. 

 

 

Table 17: Confidence tables for 50:50 neural network modelling of low, high and mixed cell 
seeding densities. 

Table 18: Confidence tables for 70:30 neural network modelling of low, high and mixed cell 
seeding densities. 
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In contrast to the supernatant data in the benchtop examinations, FTIR of dosed cells (Fig. 99) 

demonstrates visible variation in absorbance across dosage conditions and stronger signals overall. 

A greater contrast between the intensity of signals in the fingerprint and high wavenumber regions is 

also observed, with the fingerprint region showing a greater proportional absorbance. This is assumed 

to be due to the presence of cells both healthy and inflamed, as opposed to the supernatant sampling 

conducted in benchtop examinations.  

To enable better visualisation of spectral variations, average S-FTIR spectra are presented 

offset in figure 100. Though spectra demonstrate similar features, consistent with the findings of 

previous chapters, variations in intensity may be seen across sample conditions in both fingerprint 

and high wavenumber regions. Interestingly, though noise in this spectral region may affect data, the 

wavenumber region below 1100cm-1
 appears to demonstrate small variations in peak resolution. This 

area is indicative of bond vibrations in nucleic acids, carbohydrates and phospholipids, which were 

similarly highlighted in hyperspectral Raman investigations. As seen in previous chapters, there does 

Figure 99: Average S-FTIR spectra of dosed and undosed cochlear fibrocytes. 

Average S-FTIR spectra of ~2000 (per dosage condition) cochlear fibrocytes cytospun on CaF2. 

Cells cytospun and fixed at maximum P8. Spectra collected at Diamond Light Source, Oxford. 



234 
 

not seem to be a notable dose-response gradient arising across conditions, with spectral variations 

appearing most distinct between dosed and undosed cells more generally. 

By applying the second derivative and cutting spectra to regions of interest, further variations 

across conditions are made visible in the fingerprint (Fig. 101) and high wavenumber (Fig. 102) regions. 

In the fingerprint region, spectral differences are once again noted below 1000cm-1. Additionally, 

variation is noted at ~1527cm-1, a region typically associated with N-H bending of proteins. This 

variation was not noted in benchtop media-only samples or supernatant samples, suggesting that the 

visible difference seen arises from alterations to proteins within cells. A smaller level of distinction 

Figure 100: Offset average S-FTIR spectra of dosed and undosed cochlear fibrocytes. 

Average S-FTIR spectra of ~2000 (per dosage condition) cochlear fibrocytes cytospun on CaF2. 

Cells cytospun and fixed at maximum P8. Spectra collected at Diamond Light Source, Oxford. 
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may also be seen between dosed and undosed cells in the region 1115-1130cm-1, a region likely 

attributable to C-O stretching and C-OH antisymmetric stretching in nucleic acids.   

In the high wavenumber region (Fig. 102) variations between dosed and undosed cells are 

visible at several spectral regions, mostly below 3100cm-1. Variations in this region may be attributed 

to CH2 stretching, CH3 stretching, =CH stretching and amide B vibrations of proteins and lipids. 

Figure 101: Second derivative S-FTIR spectral fingerprint region of dosed and undosed 
cochlear fibrocytes. 

Second derivative average S-FTIR spectra (fingerprint region) of ~2000 (per dosage condition) 

cochlear fibrocytes cytospun on CaF2. Cells cytospun and fixed at maximum P8. Spectra 

collected at Diamond Light Source, Oxford. 
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Conducting PCA on S-FTIR average spectra reveals some grouping between dosage samples 

and, through the employment of lines of best fit, evidences differences between conditions. PCA of 

the fingerprint region reveals 85% of variance accounted for in three principal components. Viewing 

scatter plots of PCs 1-3, some clustering is evident though data is difficult to visualise due to 

significant overlap between sample points (Fig. 103a, 103b). In this instance, lines of best fit are 

consulted to infer sample variations. Overlap of sample points is believed to be largely due to the high 

data volume (over 850 points per condition), with the influence of individual cellular differences (e.g. 

cell cycle phase) further reducing clarity. Nonetheless, the loadings plot of fingerprint region PCA (Fig. 

98c) indicates variance arising between samples below 1000cm-1, and in protein associated bands 

such as 1550cm-1. 

 

 

 

 

Figure 102: Second derivative S-FTIR spectral high wavenumber region of dosed and 
undosed cochlear fibrocytes. 

Second derivative average S-FTIR spectra (high wavenumber region) of ~2000 (per dosage 

condition) cochlear fibrocytes cytospun on CaF2. Cells cytospun and fixed at maximum P8. 

Spectra collected at Diamond Light Source, Oxford. 
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 Figure 103: PCA of the fingerprint region of IL-dosed cochlear fibrocyte S-FTIR. 

From average S-FTIR spectra (fingerprint region) of ~2000 (per condition) cells 

cytospun on CaF2. A) Plot of PC1 (58%) vs PC2. (17.1%) B) Plot of PC2 (17.1%) vs PC3 

(10.4%). C) Loadings plot of PC1 (red) vs PC2 (green) vs PC3 (blue). 
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Figure 104: PCA of the high wavenumber region of IL-dosed cochlear fibrocyte S-FTIR. 

From average S-FTIR spectra (fingerprint region) of ~2000 (per condition) cells 
cytospun on CaF2. A) Scatter plot of PC1 (63%) vs PC2 (32.2%). B) Scatter plot of PC2 

(32.2%) vs PC3 (2.4%). C) Loadings plot of PC1 (red) vs PC2 (green) vs PC3 (blue). 

PCA of the high wavenumber region reveals 97% of variance explained in three principal 

components. Scatter plots (Fig. 104a, 104b) similar to those for the fingerprint region demonstrate 

clustering, though this is tricky to visualise due to overlap. Viewing the plot of PC1 vs PC2 (Fig. 104a), 

lines of best fit show a clear difference between dosed and undosed samples. Loadings plots (Fig. 

104c) indicate that this variation arises primarily below 3100cm-1 in the spectral region associated 

with CH2 stretching, CH3 stretching, =CH stretching, and amide B vibrations of proteins and lipids. 
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In seeking to corroborate findings of Raman analyses, the hypothesised membrane-related 

spectral region noted in Raman data (<600cm-1) was not viable for analysis in this section of research 

due to noise. Nonetheless, variations in proteins, lipids and nucleic acids are still evident. These 

findings are consistent with expectations of inflamed cells [215]. 

To better visualise variations on a dose-by-dose basis, pairwise comparisons are conducted 

for 0ng/mL and each dosage condition. Beginning with 0ng/mL vs 1ng/mL, spectra do not appear to 

reveal substantial variation between conditions in the fingerprint region (Fig. 105). Some variation is 

suggested in the region below 1000cm-1, likely attributable to nucleic acid variations similar to those 

noted in Raman analysis. 

Applying the second derivative, a notable variation is revealed (Fig. 106). As seen in 

comparisons of all dosages together, second derivative spectra demonstrate a notable difference at 

1527cm-1. This is attributed to N-H bending of proteins and may be indicative of cytokine presence in 

cells. 

Figure 105: Average S-FTIR fingerprint region spectra of 0ng/mL and 1ng/mL IL-dosed 
cochlear fibrocytes. 

Average S-FTIR spectra (fingerprint region) of ~2000 IL-dosed vs ~2000 undosed cochlear 

fibrocytes cytospun on CaF2. Cells cytospun and fixed at maximum P8. Spectra collected at 

Diamond Light Source, Oxford, UK. 
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Conducting PCA on 0ng/mL and 1ng/mL data confirms that there is limited distinction to be 

made between samples (Fig. 107). Some clustering can be seen in scatter plots, however, there is 

substantial overlap. This is believed to occur as 1ng/mL is the lowest dosage applied to cells and is 

expected to have the least effect. Thus some cells in the 1ng/mL dosed population may respond as if 

they are healthy. In this analysis, 85% of variance was accounted for in 3 principal components. 

Figure 106: Second derivative fingerprint region S-FTIR spectra of 0ng/mL and 1ng/mL IL-
dosed cochlear fibrocytes. 

Second derivative average S-FTIR spectra (high wavenumber region) of ~2000 IL-dosed vs 

~2000 undosed cochlear fibrocytes cytospun on CaF2. Cells cytospun and fixed at maximum 

P8. Spectra collected at Diamond Light Source, Oxford, UK. 

Figure 107: PCA scatter plots of the fingerprint region of IL-dosed cochlear fibrocyte S-FTIR.  

From average S-FTIR spectra (fingerprint region) of ~2000 IL-dosed vs ~2000 undosed cochlear 

fibrocytes cytospun on CaF2. Cells cytospun and fixed at maximum P8.  PC1 = 58%, PC2 = 

18.7%, PC3 = 8.3%. 
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Though conditions cannot be distinguished by eye from PCA plots, 1ng/mL-dosed cells are still 

distinguishable from undosed cells by neural network, discussed in section 2.4.3. 

The loadings plot of PC1-3 reveals sources of variation between 0ng/mL and 1ng/mL dosed 

cells (Fig. 108). As anticipated from second derivative spectral results, the majority of variation 

appears to arise in protein associated regions. 

Figure 108: PCA loadings plot of the fingerprint region of IL-dosed cochlear fibrocyte S-FTIR. 

From average S-FTIR spectra (fingerprint region) of ~2000 IL-dosed vs ~2000 undosed cochlear 

fibrocytes cytospun on CaF2. Cells cytospun and fixed at maximum P8. PC1 (red) vs PC2 

(green) vs PC3 (blue). 
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\Examining the high wavenumber region of 0ng/mL and 1ng/mL spectra, further differences 

may be seen (Fig. 109). In this region, differences between examined dosage conditions are more 

apparent. The 0ng/mL condition demonstrates lower signal intensity than the 1ng/mL condition below 

Figure 109: Second derivative S-FTIR high wavenumber region spectra of 0ng/mL and 1ng/mL 
IL-dosed cochlear fibrocytes. 

Second derivative average S-FTIR spectra (high wavenumber region) 

of ~2000 IL-dosed vs ~2000 undosed cochlear fibrocytes cytospun on CaF2. Cells cytospun and 

fixed at maximum P8. Spectra collected at Diamond Light Source, Oxford, UK. 

Figure 110: Average S-FTIR high wavenumber region spectra of 0ng/mL and 1ng/mL IL-
dosed cochlear fibrocytes. 

Average S-FTIR spectra (high wavenumber region) of ~2000 IL-dosed vs ~2000 undosed cochlear 

fibrocytes cytospun on CaF2. Cells cytospun and fixed at maximum P8. Spectra collected at 

Diamond Light Source, Oxford, UK. 
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3100cm-1 and higher signal intensity above, further suggesting protein-based alterations as well as 

some lipid-based changes. 

Applying the second derivative to this region reveals variations at regions including 2845cm-1, 

2861cm-1 and 2935cm-1 (Fig. 110). These regions are typically associated with bond vibrations of 

proteins/lipids including CH2 stretching, CH3 stretching, =CH stretching and amide B. 

PCA of high wavenumber region data is similar to that of the fingerprint region, with some 

clustering suggested, but little visible grouping difference between 0ng/mL and 1ng/mL-dosed cell 

populations (Fig. 111). In this analysis, 97% of variance was accounted for in 3 principal components. 

Figure 111: PCA scatter plots of the high wavenumber region of 0ng/mL and 1ng/mL IL-dosed 
cochlear fibrocyte S-FTIR.   

From average S-FTIR spectra (high wavenumber region) of ~2000 IL-dosed vs ~2000 undosed 
cochlear fibrocytes cytospun on CaF2. Cells cytospun and fixed at maximum P8.   PC1 = 62.5%, 

PC2 = 32.7%, PC3 = 2.5%. 

Figure 112: PCA loadings plot of the high wavenumber region of 0ng/mL and 1ng/mL IL-dosed 
cochlear fibrocyte S-FTIR. 

From average S-FTIR spectra (high wavenumber region) of ~2000 IL-dosed vs ~2000 undosed 
cochlear fibrocytes cytospun on CaF2. Cells cytospun and fixed at maximum P8.  PC1 (red) vs 

PC2 (green) vs PC3 (blue). 
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The corresponding loadings plot reveals sources of variation between doses (Fig. 112). As 

identified from spectra, most variation appears to arise in protein/lipid associated regions below 

3100cm-1. 

Moving on to 0ng/mL vs 5ng/mL, spectra demonstrate visibly greater difference between 

conditions in the fingerprint region than that seen in 0ng/mL and 1ng/mL comparisons (Fig. 113). 

Variations arise in regions such as <1350cm-1, 1545cm-1, 1650cm-1, and >1700cm-1. Such regions are 

Figure 113: Average S-FTIR fingerprint region spectra of 0ng/mL and 5ng/mL IL-dosed 
cochlear fibrocytes. 

Average S-FTIR spectra (fingerprint region) of ~2000 IL-dosed vs ~2000 undosed cochlear 

fibrocytes cytospun on CaF2. Cells cytospun and fixed at maximum P8. Spectra collected at 

Diamond Light Source, Oxford, UK. 
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attributed to proteins and nucleic acids, amide II, amide I and lipids respectively. This suggests a more 

substantial cell response as a result of increased dosage. 

Second derivative spectra further illustrate sites of variation (Fig 114). As seen in 0ng/mL and 

1ng/mL comparisons, a notable difference at 1527cm-1 as well as variation below 1000cm-1 is seen. 

Some intensity difference at 1650cm-1 may also be seen. 

PCA of 0ng/mL and 5ng/mL fingerprint region data, as anticipated, shows clearer grouping 

than lower dosage conditions (Fig. 115). Such grouping is particularly visible in the scatter plot of PC2 

vs PC3. In this analysis, as in the previous, 85% of variance was accounted for in 3 principal 

components. 

The accompanying loadings plot demonstrates sources of variation between 0ng/mL and 

5ng/mL dosed cells (Fig. 116). As noted from spectra, variations arise from <1350cm-1, 1545cm-1, 

Figure 114: Second derivative S-FTIR fingerprint region spectra of 0ng/mL and 5ng/mL IL-dosed 
cochlear fibrocytes. 

Second derivative average S-FTIR spectra (fingerprint region) of ~2000 IL-dosed vs ~2000 undosed 

cochlear fibrocytes cytospun on CaF2. Cells cytospun and fixed at maximum P8. Spectra collected 

at Diamond Light Source, Oxford, UK. 
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1650cm-1, and >1700cm-1. Compared to 1ng/mL, greater variation arising from the lower end of the 

spectrum can be seen. 

Figure 116:  PCA scatter plots of the fingerprint region of 0ng/mL and 5ng/mL IL-dosed cochlear 
fibrocyte S-FTIR.  

From average S-FTIR spectra (fingerprint region) of ~2000 IL-dosed vs ~2000 undosed cochlear 

fibrocytes cytospun on CaF2. Cells cytospun and fixed at maximum P8. Spectra collected at 

Diamond Light Source, Oxford, UK. PC1= 52.9%, PC2 = 20%, PC3 = 12.7%. 

 

Figure 115: PCA loadings plot of the fingerprint region of 0ng/mL and 5ng/mL IL-dosed cochlear 
fibrocyte S-FTIR. 

From average S-FTIR spectra (fingerprint region) of ~2000 IL-dosed vs ~2000 undosed cochlear 

fibrocytes cytospun on CaF2. Cells cytospun and fixed at maximum P8. Spectra collected at 

Diamond Light Source, Oxford, UK. PC1 (red) vs PC2 (green) vs PC3 (blue). 
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 The high wavenumber region of 0ng/mL and 5ng/mL spectra, reveal differing results to those 

of 0ng/mL and 1ng/mL comparison (Fig. 117). Unlike 1ng/mL-dosed cells, 5ng/mL-dosed cells show 

greater spectral intensity than undosed cells above 3100cm-1. 

Second derivative spectra of 0ng/mL and 5ng/mL-dosed cells in the high wavenumber region 

show variations (of greater intensity than those between 0ng/mL and 1ng/mL) at regions including 

2845cm-1, 2861cm-1 and 2935cm-1. Variation is additionally visible at 2915cm-1 (Fig. 118). At 3260cm-

Figure 117: Average S-FTIR high wavenumber region spectra of 0ng/mL and 5ng/mL IL-dosed 
cochlear fibrocytes. 

Average S-FTIR spectra (high wavenumber region) of ~2000 IL-dosed vs ~2000 undosed 

cochlear fibrocytes cytospun on CaF2. Cells cytospun and fixed at maximum P8. Spectra 

collected at Diamond Light Source, Oxford, UK. 
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1, where undosed cell signal intensity was previously higher than dosed cells, intensity is now lower 

than dosed cells. 

As seen in 0ng/mL vs 1ng/mL, PCA of 0ng/mL and 5ng/mL high wavenumber regions 

demonstrates some clustering, though this is tricky to visualize due to overlap (Fig. 119). In this 

analysis, as for 0 vs 1ng/mL, 97% of variance was accounted for in 3 principal components. 

 

Figure 118: Second derivative S-FTIR high wavenumber region spectra of 0ng/mL and 
5ng/mL IL-dosed cochlear fibrocytes. 

Second derivative average S-FTIR spectra (high wavenumber region) of ~2000 IL-dosed vs ~2000 

undosed cochlear fibrocytes cytospun on CaF2. Cells cytospun and fixed at maximum P8. 

Spectra collected at Diamond Light Source, Oxford, UK. 

Figure 119: PCA scatter plots of the high wavenumber region of 0ng/mL and 5ng/mL IL-dosed 
cochlear fibrocyte S-FTIR.  

From average S-FTIR spectra (high wavenumber region) of ~2000 IL-dosed vs ~2000 undosed 
cochlear fibrocytes cytospun on CaF2. Cells cytospun and fixed at maximum P8. Spectra 

collected at Diamond Light Source, Oxford, UK. PC1 = 60%, PC2 = 34.6%, PC3 = 2.3%. 
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The corresponding loadings plot demonstrates sources of variation between 0ng/mL and 

5ng/mL dosed cells (Fig. 120). Little difference is seen from the loadings plot generated by 0 vs 1ng/mL 

high wavenumber PCA. 

Figure 120: PCA loadings plot of the high wavenumber region of 0ng/mL and 5ng/mL IL-
dosed cochlear fibrocyte S-FTIR. 

From average S-FTIR spectra (high wavenumber region) of ~2000 IL-dosed vs ~2000 undosed 
cochlear fibrocytes cytospun on CaF2. Cells cytospun and fixed at maximum P8. Spectra 

collected at Diamond Light Source, Oxford, UK. PC1 (red) vs PC2 (green) vs PC3 (blue). 
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Finally, comparing 0ng/mL and 10ng/mL spectra, 10ng/mL-dosed cells appear to show the 

greatest spectral difference from undosed cells (Fig. 121). This is as expected for the highest dosage 
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condition trialled. In general, spectral intensity is higher in all fingerprint region wavenumbers for 

0ng/mL, apart from below 500cm-1. 

Figure 121:  Second derivative S-FTIR fingerprint region spectra of 0ng/mL and 10ng/mL IL-
dosed cochlear fibrocytes. 

Second derivative average S-FTIR spectra (fingerprint region) of ~2000 IL-dosed vs ~2000 

undosed cochlear fibrocytes cytospun on CaF2. Cells cytospun and fixed at maximum P8. 

Spectra collected at Diamond Light Source, Oxford, UK. 

Figure 122: Average S-FTIR fingerprint region spectra of 0ng/mL and 10ng/mL IL-dosed 
cochlear fibrocytes. 

Average S-FTIR spectra (fingerprint region) of ~2000 IL-dosed vs ~2000 undosed cochlear 

fibrocytes cytospun on CaF2. Cells cytospun and fixed at maximum P8. Spectra collected at 

Diamond Light Source, Oxford, UK. 
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As in previous comparisons, second derivative spectra demonstrate a notable difference at 

1527cm-1 as well as variations in nucleic acid associated regions below 1000cm-1 and between 1120-

1140cm-1 (Fig.122). A small variation is noted at 1408cm-1, attributable to COO- symmetric stretching 

(amino acids/fatty acids). Variation at 1650cm-1 may also be seen. 

As spectral data would suggest, comparison of 0ng/mL and 10ng/mL-dosed cell populations 

by PCA yields the most distinct group clustering (Fig.123). Some overlap is still seen, likely due to the 

overall similar shape of spectra despite notable intensity differences. In this analysis, once again, 85% 

of variance was accounted for in 3 principal components. 

 

Figure 123: PCA scatter plots of the fingerprint region of 0ng/mL and 10ng/mL IL-dosed 
cochlear fibrocyte S-FTIR.  

From average S-FTIR spectra (fingerprint region) of ~2000 IL-dosed vs ~2000 undosed cochlear 

fibrocytes cytospun on CaF2. Cells cytospun and fixed at maximum P8. Spectra collected at 

Diamond Light Source, Oxford, UK. PC1 = 61%, PC2 = 15.6%, PC3 = 8.7%. 
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The corresponding loadings plot appears similar to previous comparisons, confirming that 

variations arise from similar spectral regions but to different extents (Fig. 124). This is a logical 

outcome given that the same cytokine is applied in all conditions, simply to different levels. 

As anticipated, high wavenumber examination shows that 10ng/mL-dosed cells show the greatest 

spectral variation from undosed cells, particularly below 3200cm-1 (Fig.125). 

Figure 124: PCA loadings plot of the fingerprint region of 0ng/mL and 10ng/mL IL-dosed cochlear 
fibrocyte S-FTIR. 

From average S-FTIR spectra (fingerprint region) of ~2000 IL-dosed vs ~2000 undosed cochlear 

fibrocytes cytospun on CaF2. Cells cytospun and fixed at maximum P8. Spectra collected at 

Diamond Light Source, Oxford, UK. PC1 (red) vs PC2 (green) vs PC3 (blue). 
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Figure 125: Average S-FTIR high wavenumber region spectra of 0ng/mL and 10ng/mL IL-
dosed cochlear fibrocytes. 

Average S-FTIR spectra (high wavenumber region) of ~2000 IL-dosed vs ~2000 undosed cochlear 

fibrocytes cytospun on CaF2. Cells cytospun and fixed at maximum P8. Spectra collected at 

Diamond Light Source, Oxford, UK. 

 

As noted in 0ng/mL vs 5ng/mL comparisons, cells in the high wavenumber region show variations 

at regions including 2845cm-1, 2861cm-1 2915cm-1, and 2935cm-1 (Fig. 126). Variation is additionally 

visible at 2972cm-1, as well as more generally throughout spectra. 

 

Figure 126: Second derivative S-FTIR high wavenumber region spectra of 0ng/mL and 10ng/mL 
IL-dosed cochlear fibrocytes. 

Second derivative average S-FTIR spectra (high wavenumber region) of ~2000 IL-dosed vs 

~2000 undosed cochlear fibrocytes cytospun on CaF2. Cells cytospun and fixed at maximum 

P8. Spectra collected at Diamond Light Source, Oxford, UK. 
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Once again, as anticipated from spectra, PCA of 0ng/mL vs 10ng/mL-dosed cells reveals the 

most apparent grouping of samples for the high wavenumber region (Fig. 127). In this analysis 98% of 

variance was accounted for in 3 principal components. 

Figure 128: PCA scatter plots of the high wavenumber region of 0ng/mL and 10ng/mL IL-dosed 
cochlear fibrocyte S-FTIR.  

From average S-FTIR spectra (high wavenumber region) of ~2000 IL-dosed vs ~2000 undosed 

cochlear fibrocytes cytospun on CaF2. Cells cytospun and fixed at maximum P8. Spectra 

collected at Diamond Light Source, Oxford, UK. PC1 = 60%, PC2 = 36.3%, PC3 = 1.9%. 

Figure 127: PCA loadings plot of the high wavenumber region of 0ng/mL and 10ng/mL IL-dosed 
cochlear fibrocyte S-FTIR. 

Average S-FTIR spectra (fingerprint region) of ~2000 IL-dosed vs ~2000 undosed cochlear 

fibrocytes cytospun on CaF2. Cells cytospun and fixed at maximum P8. Spectra collected at 

Diamond Light Source, Oxford, UK.PC1 (red) vs PC2 (green) vs PC3 (blue). 
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Little difference is seen from the loadings plot generated by other high wavenumber PCA 

comparisons, again confirming that variations arise from similar spectral regions, just to different 

extents (Fig. 128). 

With these results in mind, there is a clear implication that dosed and undosed cells can be 

successfully distinguished based upon spectral variation, with variation appearing to increase with 

dosage. Though low and high seeding density conditions demonstrate some differences, dosage 

distinction is not impeded greatly when mixing seeding densities. Mixing seeding densities, as done 

presently, is arguably of greater physiological and translational relevance than observing densities 

separately.  

The use of spectral data in distinguishing healthy and inflamed cells is explored further using 

mathematical modelling techniques. This is discussed in section 4.4.3 below. 

 

4.4.3. FTIR – Generation of the Non-linear Model 
Building on observations from spectral analysis and PCAs, a non-linear predictive model was 

employed to further elucidate variation between conditions on a level that may not be visible through 

PCA. By employing a neural network to predict conditions, it becomes clear that there are distinct 

variations present between interleukin dosage conditions implying that, while present, important 

differences in spectral profile may be too subtle to detect through PCA and manual peak assignment 

alone.  

In using PCA as a first step to reduce data dimensionality (employing 6 PCs accounting for 

93.5% of variance), a neural network is able to successfully predict dosage condition with accuracy in 

around 80% of cases on average (Fig. 129). This is particularly impressive when considering that a 

50:50 test to train split was used in forming the model, meaning that from presentation of condition 

labels for half of the data at random (around 425 samples per condition) the model was able to predict 

the correct dosage condition of the unseen half with high accuracy. This performance is further 

validated through the use of a 5-fold method, wherein data was re-randomised and independently 

tested 5-times with presented accuracy formed from an average across all folds. 



257 
 

 

 

Employing a more conventional 70:30 train to test split, accuracy is improved for fingerprint 

region-based classification as would be expected, with improved performance facilitated by allowing 

the model access to a greater proportion of data on which to train. This is demonstrated in confidence 

tables wherein the updated neural network demonstrates an increase in accuracy of 3% (Fig. 130a). 

This is likely to be improved by further by increasing the proportion of training data, though this 

approach risks limiting the model’s statistical relevance by reducing the number of test data points. 

Figure 129: Confidence tables from 50:50 train to test neural network 
model showing predicted condition as a proportion of actual condition. 

From S-FTIR spectra IL-dosed vs undosed cochlear fibrocytes cytospun 

on CaF2. Cells cytospun and fixed at maximum P8. Spectra collected at 

Diamond Light Source, Oxford, UK. A) Fingerprint region. B) High 

wavenumber region. 
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The high wavenumber region, contrastingly, demonstrates a reduction in model accuracy with the 

provision of increased training data. This is likely due to noise in the sampled data. If this approach 

were to be pursued in further investigations, it is advised that an increase in folds is employed or, 

preferably, more data points on which to train and test are gathered to ensure maximum data 

accuracy. 

Nonetheless, with a good prediction accuracy rate, particularly when considering the 

variability of biological samples, the demonstrated model shows promise in classifying interleukin 

dose/inflammation level in in vitro cochlear fibrocytes, particularly in the distinction of dosed from 

undosed samples.  

Figure 130: Confidence tables from 70:30 train to test neural network 
model showing predicted condition as a proportion of actual 

condition. 

From S-FTIR spectra IL-dosed vs undosed cochlear fibrocytes 
cytospun on CaF2. Cells cytospun and fixed at maximum P8. Spectra 
collected at Diamond Light Source, Oxford, UK. A) Fingerprint region. 

B) High wavenumber region. 
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In aims to classify interleukin dose/inflammation level in in vitro cochlear fibrocytes, it is 

evident from the presented confidence tables that the model’s ability to distinguish dosage conditions 

varies depending upon the sample region examined. Analysis of the fingerprint region yields a model 

which demonstrates its greatest accuracy in the distinction of undosed from dosed cells. Analysis of 

the high wavenumber region alone yields a model which demonstrates its greatest accuracy in the 

distinction of 5ng/mL dosed samples. It is recommended based upon this that when seeking to 

continue in the present line of research, the focus of the model be adjusted to reflect the goal 

outcome. That is, where distinction of healthy vs inflamed cells in general is required, a fingerprint 

focus is recommended. 

Generating a model based on recommended parameters (neural network, 70:30 train to test, 

fingerprint region focus) capacity to distinguish undosed from dosed cells more generally can be 

evaluated (Fig. 131). The confidence table, in contrast to the findings of separated dosage 

classification models, demonstrates greater accuracy in the classification of dosed cells than 

undosed. That is, the false negative prediction rate (classified as undosed when actually dosed) is 

substantially lower than the false positive rate (classified as dosed when actually undosed). Though 

improvement of the model through additional sampling is still recommended, whether this error 

poses a substantial issue moving forward is dependent upon the consequences of related decisions. 

This is discussed further in section 2.5. 

Figure 131: Confidence table from dosed vs undosed neural network trial. 

From S-FTIR spectra IL-dosed vs undosed cochlear fibrocytes cytospun on CaF2. 

Cells cytospun and fixed at maximum P8. Spectra collected at Diamond Light 

Source, Oxford, UK. 
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  In data such as the above, wherein some results demonstrate accuracies nearing 100%, 

caution must be taken to ensure that over-fitting is not occurring. In the present research, reported 

accuracies are based on test data, which was held out from the training process in each model. As 

such, the models were not exposed to this data during training, mitigating the risk of overfitting. In 

addition, models were trained multiple times with different random data splits (70:30 and 50:50 as 

noted), which helps to ensure that the performance is not biased due to a particular data partition. As 

accuracy and confidence remained consistent across these repeated runs, stability in model 

performance is suggested. For further validation, steps such as cross validation may be considered. 

Though not demonstrated in this report, 5-fold cross-validation was investigated for the data shown 

and yielded outcomes of negligible difference from those presented, indicating that the presented 

data are not overfit. 

4.5. Discussion 
Overall, data gathered from Diamond Light Source, B22 supports the findings of previous 

chapters, refines modelling requirements, and further elucidates the pathology of IL-induced 

inflammation in cochlear fibrocytes. Both hyperspectral Raman data and synchrotron S-FTIR data 

provide insight into the process of cochlear fibrocyte inflammation via interleukin 1-β and thus add 

value to the field. 

Hyperspectral Raman results demonstrate data predominantly consistent with previous 

chapters’ findings, with variations in molecular and distribution evident of inflammation-related 

structural changes that may extend beyond those originally hypothesised. Such changes are 

suggested to arise from changes to intercellular transport, membrane integrity/content, biosynthesis 

in cytoplasm, and molecular accumulation within cells in response to inflammation. Comparison of 

undosed and dosed cell pairs is of particular interest, as in native tissue cochlear fibrocytes are 

densely packed and likely to be in contact with neighbours. Thus, findings arising from cells in contact 

are likely of greater physiological relevance than findings arising from isolated cells. 

From such comparison, well-documented inflammatory responses may be seen in dosed cells. 

These include signs of metabolic dysfunction such as reduced coenzyme A (927cm-1 and 950cm-1), 

accumulation of lipids (1447cm-1) consistent with apoptosis progression, the presence of compounds 
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indicative of ROS (962cm-1), and potential alterations in protein/lipid membrane assemblies (1658cm-

1)[257]. Such variations indicate metabolic dysfunction and ROS accumulation, known hallmarks of the 

inflamed cell state and noted causes of cochlear fibrocyte loss [4, 5, 48-52]. This is consistent with findings 

noted in previous chapters and provides further insight into the mechanisms of inflammatory damage 

in cochlear fibrocytes.  

Interestingly, cells in contact are shown to undergo substantial variations in spectral regions 

where membrane/intersection localisation is seen (<600cm-1, >1712cm-1) when subject to interleukin 

dosage. This is hypothesised presently to indicate decreased intercellular communication, with signs 

of protein structural changes marking membrane protein alteration/degradation as a possible cause. 

This is of particular interest when the role of cochlear fibrocytes in vivo is considered. That is, if 

membrane and protein alterations limit ion transport during inflammation, endocochlear potential 

reduction may originate from such alterations, as well as from cell respiration failure as previously 

noted [50]. This suggestion, unfortunately, cannot be verified at present, with literature to date 

seemingly note no similar phenomena. As such, further research into this is recommended. 

Though data relating to it are uncertain, the presence of the examined granulated dosed cell and 

others like it evidences variations in level of cell inflammation within dosage samples. This is assumed 

to be a result of cell-cycle-based fluctuations in cytokine uptake, consistent with cell metabolism 

variation and similar to those seen in nanoparticle studies [248, 249]. Though, as mentioned previously, 

reliable conclusions cannot be drawn from the granular cell data presented at this stage, examination 

of such cells is vital in elucidating the full breadth of inflammatory impacts on cochlear fibrocytes and 

other such cells. Thus, it is recommended that future studies conduct further hyperspectral Raman 

analysis in order to clarify the true nature of the presented results.  

Turning to S-FTIR, variations supporting previously outlined hypotheses of protein alteration, 

lipid accumulation and membrane integrity changes are seen. In particular, variations are noted in 

spectra at wavenumber regions corresponding to vibrations in nucleic acids (<110cm-1, 1115-1130cm-

1), carbohydrates (<110cm-1), phospholipids (<110cm-1), proteins (1527cm-1, 2800-3100cm-1) and 

lipids (2800-3100cm-1). Phospholipid and carbohydrate vibrational changes likely indicate variations 

in membrane structure and biosynthesis. Protein vibrational changes are, as noted from previous 
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data, potentially indicative of alteration in protein structure. Lipid vibrational changes may indicate 

lipid accumulation, commonly seen in inflamed cells. Considering the findings of Dunkhunthod et al. 

(2020) [215], the present S-FTIR data may warrant consideration of a fibrocyte activation state similar to 

that seen in macrophages. With this in mind, further study in this area is recommended to lend clarity 

in distinguishing whether this is the case. This may include the conduction of single cell gel 

electrophoresis to assess DNA damage, ROS assays to monitor potential sources of such damage, 

proteomics-based analyses to examine protein expression, and lipid metabolism assays to quantify 

glycerol and cholesterol etc.  

Regarding the use of a neural network in the classification of inflamed (dosed) and non-

inflamed (undosed) cells, the present trials show promise. In seeking to reliably distinguish between 

dosed and undosed cells from the fingerprint regions of spectra, it is notable that the employed model 

demonstrates a substantially lower false negative prediction rate (classified as undosed when 

actually dosed) than false positive rate (classified as dosed when actually undosed). As stated, 

whether this error poses a substantial issue moving forward is dependent upon the consequences of 

related decisions.  

In a diagnostic context, though FTIR spectroscopy of cells is unlikely to be employed due to 

the invasive and high-risk nature of cell retrieval, a high false positive rate is preferable to a high false 

negative rate. In this instance, it is hoped that patients receiving a positive result would be subject to 

further verification of disease state, potentially through the other methods discussed in the present 

thesis. Improvement of the model to reduce error in both positive and negative result assignment is 

recommended regardless. Ideally, model improvements would take the form of confidence ratings, 

wherein the model may assign a suggested classification and a percentage confidence for its 

selection. This would facilitate re-testing of patients who receive low confidence results. However, in 

order to achieve this, a more complex model (e.g. a Bayesian neural network) is recommended. Such 

modelling is beyond the scope of the present research. 

In a monitoring context (i.e. where observing cells’ health prior to therapeutic application) the 

same may be stated, as false negative results may lead to the use of unsuitable cells in the treatment 

of patients- a clearly unacceptable therapeutic outcome. However, a higher false positive rate may 
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lead to the untimely disposal of cell populations, an outcome which would cost laboratories both time 

and money to recover. With this in mind, the employment of additional testing methods and 

improvements to modelling suggested above are reaffirmed.  

 

4.6. Concluding Remarks 
To conclude, this section of research meets the aims outlined within section 2.2. 

Aim 1 was met through the successful use of hyperspectral Raman spectroscopy to examine the 

effects of IL-1β in cultured cells. This included examinations of molecular distribution within viewed 

cells. 

Aim 2 was met through the successful use of S-FTIR in the distinction of IL-dosed fibrocyte 

cultures, with evidence of inflammation-induced changes consistent with literature noted. 

Aim 3 was met through the successful employment of a neural network in the accurate distinction 

of inflamed cells and the classification of cells by dosage level. 

With this in mind, it is clear that the techniques demonstrated are of interest for further 

investigation with the hope of future application to ARHL diagnostics and treatment. In pursuit of 

diagnostic use, further study is particularly recommended to elucidate whether cell membrane 

integrity and protein alterations play a key role in the decrease of the endocochlear potential under 

inflamed conditions. Where treatment is concerned, such techniques may already be viable in the 

monitoring of cells for reimplantation (etc.) in vitro thanks to success in the distinction of healthy cells 

from those inflamed. When considering diagnostic potential, a suitable biofluid for non-invasive 

diagnosis must be identified in order to facilitate application of research findings.
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5. Towards Translation- Exploring the Potential of SIFT-
MS and Cerumen Sampling in Non-Invasive ARHL 
Diagnoses 

5.1. Introduction 
5.1.1. Headspace Analysis for Non-invasive Cell Profiling  

Despite the capacity to distinguish inflammation of cochlear fibrocytes demonstrated by 

Raman and FTIR spectroscopies, these methods are less than ideal where translation to diagnostic 

and therapeutic purposes is concerned. In a diagnostic context, the necessity for cell or liquid 

samples means that patients would likely require invasive sample collection procedures which may 

be both off-putting and potentially dangerous [123]. In a therapeutic context, these techniques are 

better applied, with vibrational spectroscopic analysis alongside CI implantation [111] as well as 

monitoring of potential replacement cells in vitro feasible. However, a truly non-invasive procedure is 

undoubtedly more desirable.  

With this in mind, cell headspace analysis is trialled in this section of research. For patients, 

successful application of headspace analysis methods may mean diagnosis and monitoring of 

therapies at greater speed and with reduced discomfort. In the context of cell culture monitoring, 

headspace analysis would limit disturbances to cultures such as cell and liquid removal for sampling. 

As discussed in section 1.7.5, this research employed SIFT-MS in examining the gas 

headspace of cochlear fibrocytes in vitro. This method allows real-time identification of compounds 

within gaseous samples, with minimal preparation required ahead of sampling. To date, it would 

appear that there have been no studies involving the examination of cochlear fibrocytes via SIFT-MS.  

Arguably the closest research has come yet to examining cochlear fibrocytes and their 

inflammation via gas analysis is in the 2017 study by Zhang et al. [139] wherein depletion of the H+ 

Transporter SLC4A11 was observed by GC-MS. Though this research is conducted in the context of 

corneal endothelium rather than the inner ear, it remains of some relevance to the present study due 

the presence and function of SLC4A11 in cochlear fibrocytes [140]. However, despite relevance, this 
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study does not provide any clues as to what can be expected from fibrocytes in the context of the 

present study. 

5.1.2. ARHL Investigation- Considering the Cerumen Approach 
In seeking to apply headspace analysis methods to ARHL diagnosis and treatment, translational 

considerations must begin with the selection of an appropriate biofluid for sampling. Regarding 

investigations of hearing, the most accessible and patient-friendly sample type which could 

potentially hold insight into hearing status is ear wax (cerumen). This sample type has recently been 

employed in identification of cancer biomarkers and may offer valuable tool in diagnosis [127]. 

 This study, and others like it, demonstrate the potential of cerumen to offer far greater diagnostic 

value than that for which it is currently employed in the clinic. It is known that cerumen can be used 

to accurately identify a range of patient features, including ethnicity, gender and even diet [182]. More 

recently, investigators are growing to appreciate the potential benefits of cerumen as a tool in 

diagnoses [183]. In the first study of its kind, the investigation by Prokop-Prigge et al. [182] used GC-MS 

(with SPME (solid phase micro-extraction)) to identify the VOC profile of human cerumen. 

In their pilot study, Shokry et al. [184], demonstrated the use of cerumen in volatile metabolite 

profiling (Using gas chromatography mass spectrometry (GC-MS)) for diabetes mellitus. During this 

investigation, researchers were able to discriminate healthy individuals from diabetes patients with 

high accuracy, as well as detecting which type of diabetes was present in sufferers. Biomarkers of 

note were ethanol, acetone, methoxyacetone, hydrourea, isobutaraldehyde and acetic acid. 

Methoxyacetone, in particular, was able to distinguish between the two diabetes subtypes with no 

data from other volatiles necessary. These findings are supported by the association of diabetes 

mellitus and risk of bilateral hearing loss development [31, 185,186]. Such hearing loss is attributed to 

diabetic neuropathy [187] and would suggest manifestation primarily in the form of sensorineural 

hearing loss. These studies bolster the premise that cerumen may be used as an effective diagnostic 

sample type for a variety of health conditions, additionally highlighting the benefits of cerumen as a 

patient-friendly, non-invasive method of sample collection, and noting the minimal requirement of 

pre-treatment for samples.  
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In general, from volatile analysis of cerumen, notable VOCs in normal cerumen profiles are 

alcohols, ketones, dimethyl disulphide and C2 to C6 acids, though levels of these may vary across 

individuals [182, 184]. The majority of volatile acids, aldehydes and alcohols seen in cerumen are 

produced via interaction of bacteria with gland secretions [188]. Ketones in cerumen profiles are 

believed to originate from the oxidation of squalene [189-191]. Levels of such VOCs may vary significantly 

across individuals depending upon a range of factors, including natural variation, pathology, and 

treatment.  

Concerning SIFT-MS and cerumen, no studies combining the two have been conducted to 

date. With the relative speed and ease of use of SIFT-MS compared to GC-MS, it is arguable that, could 

cerumen based studies be performed via SIFT-MS, this would be a more clinic-friendly diagnosis 

method than the use of GC-MS. The primary issue in such translation, it would seem, is in transition 

from the use of SPME with GC-MS to what is effectively direct headspace injection with SIFT-MS. Thus, 

the capacity for the effective concentration of cerumen samples in order to obtain such a headspace 

must be reviewed. Additionally, there are a number of factors affecting the production, composition, 

and retention of cerumen that must be thoroughly considered in order properly assess its suitability 

for diagnostic use via non-invasive mass spectrometry. These variations are discussed in sections 

5.1.3 and 5.1.4 below. 

 

5.1.3. Typical Production and Composition of Cerumen 
Where considering the potential for clinical translation of the previous chapters’ findings to ARHL 

diagnoses, a viable method of patient sampling must be considered as a priority.  Of course, patient 

fibrocytes themselves cannot reasonably be sampled, nor can cochlear fluids- these strategies would 

both be unnecessarily invasive and damaging to the cochlear environment. As an alternative, the 

present research presents cerumen (ear wax) sampling for consideration. Cerumen is a weakly acidic, 

wax-like substance found in the ear canal of mammals. Its purposes are primarily to trap foreign 

particles and facilitate cleaning and protection of the ear canal, with studies highlighting its 

antimicrobial properties [192]. It is produced by 1000-2000 modified apocrine sweat glands in the ear 

canal known as ceruminous glands [193], alongside sebaceous glands. The modification of apocrine 
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glands to produce cerumen often results in comparison of cerumen to sweat in a research context. In 

such a context, it is noted that sweat may be used in non-invasive profiling of disease [194]. Therefore, 

cerumen may be used similarly in a relevant context.  

General cerumen type is known to vary across individuals, with ethnicity often determining 

cerumen type. Two distinct cerumen phenotypes have been identified- wet/sticky and dry/brittle- with 

a single nucleotide polymorphism in the ABCC11 gene thought to determine type expressed [195, 196]. 

Wet type cerumen is primarily found in Caucasian and African American populations and drier type 

cerumen often found in Asian and Native American populations [192, 197]. In European, Middle Eastern, 

South African, and Pacific Island populations, dry cerumen is of intermediate frequency, with some 

individuals possessing wet type cerumen [198, 199]. 

It would appear that wet type cerumen is the dominant phenotype, as the wet type homozygote 

(WW) phenotype is the same as the heterozygote (Ww) phenotype [195]. This genetic variation 

influences the secretory products of glands in the ear canal, with secretory cells of wet type cerumen 

demonstrating lipid droplets and pigment granules in their cytoplasm [199]. In individuals with dry 

cerumen, ceruminous glands are comparatively underdeveloped, alongside axillary and breast glands 

(which are also apocrine glands) [199]. 

In a GC-MS-based examination, Prokop-Prigge et al. [182], demonstrated that, similarly to cerumen 

appearance, the VOC profile of cerumen differs depending upon patient ethnicity. In general, it would 

seem that VOCs emitted are the same across ethnicities, but amounts produced vary greatly, with 

Caucasians generally exhibiting a greater level of VOCs than East Asians. With this in mind, factors 

such as age and gender may also alter the VOC profile of cerumen.  These factors, as well as general 

phenotype, should be considered in as much detail as possible where uses in diagnoses and 

treatment are concerned. In particular, level of moisture in cerumen should be considered in detail as 

the requirements for sample preparation (as well as for accounting for water level when taking 

measurements) may vary across phenotypes. 

Even with general individual differences such as age, race, and gender accounted for in metabolic 

profiles of cerumen, other variations may still obstruct the clear identification of cochlear cell 

pathologies. Although not the focus of this review, there are a range of factors which may contribute 
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to hearing difficulty such as infection, which could impact/challenge the VOC profiling of cerumen 

and identification of cell death.  

The presence of infection is likely to impact a VOC profile of cerumen because changes in body 

odour are often reported during infection, and cerumen as a bodily secretion is often compared to 

sweat [194, 200]. Other conditions such as [184] and cancer [127] that may be detected via cerumen must 

also be accounted for in order to produce clear profiles of ARHL and non-ARHL conditions (as well as 

specific ARHL subtypes if possible). 

 

5.1.4. Factors Affecting Cerumen Production and Composition 
Cerumen production and retention in the ear could also be affected by patient and professional 

intervention. Alterations to cerumen may occur as a result of treatment for issues directly associated 

with cerumen itself, or as a side effect of treatments for other conditions. One such issue associated 

with cerumen is impaction, wherein a build-up of cerumen leads to blockage of the ear canal, pain, 

and auditory issues such as tinnitus [201]. Though it is unclear what effect impaction may produce in 

metabolite analysis, it is likely that factors involved in treatment may alter VOC profiles. Often, 

impaction is treated via removal of wax which may make sufficiently sized sampling difficult if 

cerumen is to be used in diagnosis. 

Additional impaction treatments include wax softeners, which allow drainage of wax from the ear 

canal. Wax softeners are usually available over the counter thus are often self-administered by 

patients [202]. As such, aside from the optimistic assumption that patients will adhere to product 

instructions and advised dosage, there is little way of regulating the use of such products among 

impaction patients.  

Further treatments for ear-related issues may also present problems in diagnosis, though the 

lack of research centred on cerumen makes this difficult to verify at present. However, with VOC 

profiles having previously been used in drug screening, it is possible that any techniques to ascertain 

VOC profiles in cerumen may pick up drug-based treatments such as antibiotics [203]. This factor, 

additionally, would unlikely be limited to treatments for ear issues (e.g. otitis), with cerumen VOC 
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profiles potentially displaying markers of treatments administered for any condition. Nonetheless, 

like non-ear pathologies discussed previously, as long as these markers may be distinguished from 

those of ARHL, effective diagnosis is unlikely to be affected significantly.  

 

5.2. Chapter Aims  
The aims of this section of research are as follows:  

1. Establish a headspace profile of healthy cochlear fibrocytes using SIFT-MS.  

2. Establish a headspace profile of TNF-α -dosed cochlear fibrocytes and distinguish between 

healthy and inflamed cells using SIFT-MS.  

3. Establish a headspace profile of IL-1β-dosed cochlear fibrocytes and distinguish between 

healthy and inflamed cells using SIFT-MS.  

4. Conduct preliminary investigations of the spectral and VOC profiles of human cerumen 

samples using Raman spectroscopy, ATR-FTIR spectroscopy and SIFT-MS. 

 

5.3. Materials and methods 

5.3.1. Cochlear Fibrocyte Cultures  
As outlined in section 2.1, murine cochlear fibrocytes were retrieved from CD/1 mice using 

methods adapted from the gerbil dissection protocol of Gratton et al. [89]. All cochlear fibrocyte cell 

culture was conducted under sterile conditions in a class 2 BSC. Cells were grown in a 37°C (5% CO2) 

incubator with media changes every other day. Cells were passaged and stored as outlined in section 

2.1.3. 

Ahead of SIFT-MS sampling, cochlear fibrocyte and associated control media samples were 

created in triplicate in 150ml bottles with black rubber septum lids. Sample conditions in healthy cell 

investigations were media only controls, 15,000 cells and 100,000 cells per sample. Samples were 

seeded, air purged using dry compressed air, and incubated at 37°C for approximately 16 hours before 

measurement. Where additional processing (e.g. incubation of inflammatory agents) was required, 

16-hour incubation time was factored into this (see section 5.3.2).  
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5.3.2. Induction of Inflammation in Cochlear Fibrocytes 
Following confirmation of successful inflammation-like state induction by TNF-α and IL-1β, 

cells were inflamed via the addition of TNF-α or IL-1β to culture media. To do this, standard cochlear 

fibrocyte culture media was dosed with 1ng/mL, 5ng/mL and 10ng/mL of cytokine (TNF-α or IL-1β) 

solution to produce conditions. Cells were then incubated (37°C, 5% CO2) for 24 hours in this media, 

with air purge at 16 hours as outlined in section 5.3.1.  

 

5.3.3. Headspace Analysis of Cochlear Fibrocyte Cultures Using 
SIFT-MS 
During measurement, samples were heated in a 37°C water bath and normalised to a water 

vapour level of 4% using in-software flow rate adjustment. Measures of VOCs in sample headspace 

were conducted using Transpectra Software, Transpectra UK, with observations across H3O+ and NO+ 

precursors for compounds of m/z 1-180. Multi-ion monitor mode samples were taken using the 

uploaded kinetic library for 40 seconds in each bottle for both reagent ions. Average scans (each 

scan= average of 3 20 second scans) of each sample were also taken for both reagent ions. 

Headspace in bottles was topped up using a purge bag containing dry compressed air between each 

measurement. 

 

5.3.4. Human Cerumen Samples 
All human cerumen samples employed in this research were commercially sourced via Caltag 

Medsystems (Buckingham). As samples were purchased through a commercial supplier and no 

patients were directly involved in the research, no patient-focused ethical clearance was 

necessitated. Nonetheless, ethical clearance for use of the biofluid was obtained via Keele 

University’s Faculty of Medicine and Health Sciences Research Ethics Committee. 
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Due to the potential for tissue presence in cerumen samples and the resulting classification as a 

‘relevant material’ (point 54, Human Tissue Act, 2004), all samples were handled, stored, transported 

and disposed of according to the Human Tissue Act (2004).  

5.3.5. Raman Spectroscopy of Cerumen 
 For the purposes of Raman spectroscopy, a single cerumen sample was transferred from the 

cotton swab upon which it arrived to a CaF2 substrate. No fixation or further treatment was applied. 

Sampling was conducted using a Thermofisher DXR 3 Raman spectrometer (532nm laser, full range 

grating) as outlined in section 2.2.1. A 120 second acquisition time was used for each sample point, 

with 3 scans per sample and 4 scans of background. A series of ‘blank’ spectra were taken from 

cerumen free substrate regions. Prior to sample spectrum collection, samples were photobleached 

for 30 seconds to mitigate sample fluorescence and improve the contrast of Raman bands in spectra. 

A high cosmic ray threshold was employed. 

 

5.3.6. ATR-FTIR Spectroscopy of Cerumen 

In preparation for ATR-FTIR, cerumen swabs trialled in both wet and ‘processed’ states. Dry 

wax was not subjected to any preparation, it was transferred to sample slides. ‘Processed’ wax was 

submerged in 200µL dH2O and heated to 37°C for 10 minutes. Vials of dH2O containing cerumen were 

then centrifuged at 1200RPM for 3 minutes. Supernatants were discarded and samples vortexed for 

10 seconds followed by thorough mixing. Mixed samples were pipetted onto Dxcover® sample slides 

(6µL per silicon wafer) and air dried. 

ATR-FTIR measurements were taken using a Thermo Scientific iS50 spectrometer coupled 

with the Specac Quest ATR accessory onto which a Dxcover® autosampler was positioned. Dxcover® 

Sample Slides were loaded into the Dxcover® auto sampler for measurement as outlined in section 

2.3.2. Spectral parameters were set as follows: 128 co-added scans per spectrum with a resolution of 

4cm-1 across a 4000-400cm-1 range.  
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5.3.7. Headspace Analysis of Cerumen Using SIFT-MS 
Cerumen samples on swabs were placed into 150mL glass bottles as used in cellular 

investigations, with swab stems trimmed to allow sealing of bottles. Samples were air purged with dry 

compressed air 16 hours prior to sampling to remove laboratory air and to allow VOC accumulation. 

Samples were then incubated for 16 hours at 37°C. 

Following incubation, measures of VOCs in sample headspace were taken as outlined in 

section 5.3.3. Water correction was conducted at 2% rather than 4% to account for the use of dry 

samples. 

 

5.3.8. Data Processing and Analysis  
SIFT-MS sampling was conducted either in the form of a 40 second duration continuous 

abundance/time profile (MUI) or an average scan (3 scans of 20 seconds) of abundance per sample in 

counts/second (FS). SIFT-MS acquired profiles were handled in either SIFT time profile viewer or SIFT 

mass spectra software (for MUI and FS data respectively). MUI data samples were normalized via 

water value correction to 4% (wet samples) or 2% (dry samples). Statistical testing of MUI data was 

conducted via Mann Whitney U test or Kruskal Wallace H test (depending upon condition numbers), 

performed in SPSS data analysis software to a p≤0.05 significance level. Bar charts presenting MUI 

data were generated in Microsoft Excel 2016. FS data were automatically normalized and averaged, 

before exporting into Microsoft Excel 2016 for compilation and formatting. For H3O+ FS data, m/z 17-

180 were presented, with precursor isotopologues removed: m/zs 19, 20, 21, 30, 32, 34, 37, 38, 39, 

48, 55, 56, 57, 66, 73, 74, 75, 91. NO+ data were treated similarly, with removal of m/z 30. FS heat maps 

were generated using Quasar software. Where relevant, bar charts of compounds were generated in 

Microsoft Excel.  

Raman data processing and analysis was conducted in Orange (Quasar) software as detailed 

in chapter 2.4.2. Spectra were cut for noise, baseline corrected (rubber band), smoothed (Savitsky-

Golay), normalised (vector normalisation) and cut to areas of interest. An average of obtained spectra 

is presented. 
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ATR-FTIR samples were processed using Orange (Quasar) software. Spectra were cut for 

noise, baseline corrected (rubber band), smoothed (Savitsky-Golay), normalised (vector 

normalisation) and cut to areas of interest. Graphs of average spectra were created in Microsoft Excel 

to enable offsetting. Manual peak identification was performed on average spectra. vibrations and 

potential molecules through literature consultation. 

5.4. Results and Interpretation 

5.4.1. SIFT-MS of Healthy Cochlear Fibrocytes 
In general, SIFT-MS analysis of healthy cochlear fibrocytes demonstrates distinct and detectable 

differences between cultures containing cochlear fibrocytes and media-only controls at both high 

(100,000 cells per sample) and low, biologically relevant (15,000 cells per sample) cell numbers.  

Examining the FS profiles of healthy cells under both H3O+ and NO+ precursors, it becomes clear 

that H3O+ yields far richer signal than NO+ (Fig.132). With this in mind, the majority of SIFT-MS 

observations in the present research are made under the H3O+ precursor. 

 

Looking into H3O+ FS data more closely, differences between cells and media controls may be 

seen, with several m/z arising that appear to be unique to the cellular profile (Fig. 133). Possible 

compounds identified have likely origins in cells (pyrrole- cytoplasm, hexyl acetate and menthone- 

membranes) and highlight SIFT-MS detectable profiles for cochlear fibrocytes. Additionally, variations 

in compounds associated with cellular respiration such as acetaldehyde and pyruvic acid.

Figure 132: FS heat maps demonstrating compound visualisation across H3O+ and NO+ 
conditions for cellular samples. 

A) H3O+ B) NO+ 
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Figure 133: Full scan mode H3O+ data for cell culture media and cochlear fibrocyte samples. 

Compounds of interest including pyruvic and butyric acid (green), acetaldehyde (purple) and benzaldehyde (red) are highlighted in the cellular profile. 
Unique to cell compounds (pyrrole, hexyl acetate, menthone) are also identified. 
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Based upon the findings of FS, multi-ion monitor H3O+ data was examined for variations in cell-

associated compounds.  H3O+ MUI analysis of cells and media controls showed significant differences 

in acetaldehyde (U(Nmedia=N15000=3)=2, z=-2.193, p<0.05), butyric acid (U(Nmedia=N15000=3)=2, 

z=-2.193, p<0.05), benzaldehyde (U(Nmedia=N15000=3)=0, z=-2.611, p<0.05) and pyruvic acid 

(U(Nmedia=N15000=3)=0, z=-2.611, p<0.05) between media and fibrocyte samples (Fig. 134). These 

compounds are commonly noted in various mammalian biofluids and predominantly vary as a result 

of processes such as glucose metabolism and cellular respiration.  

 

Based upon examined significance, it would appear that acetaldehyde and pyruvic acid are the 

most consistently reliable indicators of cell presence in fibrocyte samples when compared with media 

only controls. In the case of acetaldehyde (though no statistically significant difference is seen 

between 15,000 and 100,000 cell conditions) the overall decreasing trend as cell number increases 

suggests a consumption of the compound by cells, though this does not appear proportional to cell 

number – potentially due to cells reaching a consumption limit/becoming saturated. In any case, the 

significant differences shown indicate that cochlear fibrocyte metabolic action may be visualised 

  

  

Figure 134: MUI H3O+ data demonstrating statistically significant compound differences 
between cell culture media and cochlear fibrocyte samples. PPB = parts per billion. 
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through SIFT-MS examination even at small cell numbers, a vital step in moving towards inflammation 

examination. 

5.4.2. SIFT-MS of TNF-α-dosed Cochlear Fibrocyte Culture 

Headspace  
Ahead of the examination of SIFT-MS results, it is important to note that some issues in culture 

were noted at this stage of research. Though seemingly healthy and dosed with antibiotics, cells did 

not adhere well to the culture surface prior to conduction of experiments. This is assumed to be due 

to the possible semi-thawing of cells at a point during storage due to storage system failure.   

As in healthy cell analysis, H3O+ FS results appear to demonstrate richer signals than those in 

NO+, with more scope for exploration of variation across conditions apparent (Fig 135). Thus, H3O+ 

results are prioritised in MUI analysis. 

 

 In SIFT-MS investigations of TNF-dosed cochlear fibrocyte cultures, several variations in 

headspace across dosage are visible. Conducting a Kruskal-Wallis H test of H3O+ MUI data showed 

statistically significant differences (p<0.05) in the levels of several compounds between dosage 

conditions: acetaldehyde (H(3)=16.734, p= <0.001), propanol (H(3)=12.606, p=0.006), acetic acid 

Figure 135: FS heat maps demonstrating compound visualisation across H3O+ and NO+ 
conditions for TNF-dosed cellular samples. 

A) H3O+ B) NO+ 
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(H(3)=14.023, p=0.003), DMS/ethanthiol (H(3)=18.544, p=<0.001), pentene (H(3)=9.895, p=0.19), 

putresceine (H(3)=11.492, p=0.009), terpenes (H(3)=11.422, p=0.10), benzene (H(3)=13.763, 

p=0.003), and DMSO (H(3)=16.457, p=<0.001). Based upon literature and the findings of chapter 3, 

acetaldehyde variation is particularly of interest.  

Though there does not appear to be a distinct dosage response across conditions, H3O+ MUI 

data (Fig. 136) shows acetaldehyde level in cell headspace is significantly decreased in the presence 

of TNF-α. This variation strongly suggests a reduction in cell metabolic capacity, likely as a result of 

inflammation induced cellular damage.    

 

Though no statistically significant difference was found across dosage conditions, it is of note 

that pyruvic acid level (Fig. 137) is shown to be far greater in both the 1ng/mL and 10ng/mL TNF dosage 

condition compared to controls, though this is not reflected in 5ng/mL. (Such lack of consistency is 

believed to originate from the issues in culture noted prior.) Though inconsistent, increase in pyruvic 

acid level strongly implies inflammation-induced alterations in cellular respiration. Arguably with 

greater sample numbers and more fortunate culture outcomes, significant differences in this 

metabolite may be seen across dosages. 
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Figure 136: SIFT-MS MUI H3O+ data demonstrating significant 
differences across acetaldehyde levels in TNF-dosed cochlear 
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5.4.3. SIFT-MS of IL-1β-dosed Cochlear Fibrocyte Culture 

Headspace  
In investigating the VOC profiles of IL-1β cochlear fibrocytes, several compounds are of 

interest based upon the changes to cells noted in previous chapters and vibrational spectroscopy 

analysis. In particular, acetaldehyde and pyruvic acid are deemed of note in the present research 

context.  

Beginning again with FS data (Fig. 138), it is clear that H3O+ precursor scans demonstrate far 

richer and more concentrated signal. This is ideal for the present purposes, hence H3O+ MUI 

examination was prioritised. It should also be noted that H3O+, unlike other precursors, cannot cause 

fractionation of samples, yielding a far more direct, reliable sample analysis than NO+ and O2
+.  
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fibrocytes. PPB = parts per billion. 



279 
 

 

 Continuing to MUI data, a Kruskal-Wallis H test of H3O+ MUI data showed a statistically 

significant difference (p<0.05) in acetaldehyde level between IL-1β dosage conditions for (H(3)= 7.937, 

p= 0.047).  

Figure 138: FS heat maps demonstrating compound visualisation across H3O+ and NO+ 
conditions for IL-dosed cellular samples. 

A) H3O+ B) NO+ 
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Figure 139: SIFT-MS MUI H3O+ data demonstrating significant differences 
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Viewing these results graphically (Fig. 139), acetaldehyde level in cell headspace appears to 

decrease as IL-1β dosage increases, though there is a small increase in the 10ng/mL dosage 

condition. This general decrease in headspace acetaldehyde across dosage conditions implies a 

reduction in cellular metabolic processes such as respiration as dosage increases and the effects of 

inflammation become more pronounced.  

 

Pyruvic acid level, in contrast, appears to demonstrate a generally increasing trend across 

dosage conditions (Fig. 140). Though statistical significance is limited by the low sample number 

trialled, it may be stated that this increasing trend is as expected. That is, an increase in pyruvic acid 

level strongly implies inflammation-induced alterations in cellular respiration, particularly in the 

stages which follow glycolysis (citric acid cycle etc.). Such alterations may, in turn, imply 

mitochondrial dysfunction- an expected consequence of such inflammation. 

Based upon these findings, and considering those in previous sections, it is suggested that IL-

1β application yields similar inflammatory effects to TNF-α, with similar changes in cell metabolism 

arising as a result of dosage. Whether this similarity indicates upregulation of each cytokine by the 

other in the present context is unclear. Exploration of this through immunocytochemistry and other 

means is recommended in future study. 
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5.4.4. Raman Spectroscopy of Human Cerumen 
 Where examining Raman spectra of cerumen samples, it should first be noted that signals 

demonstrate far greater clarity and intensity than those of cells as examined in previous chapters (Fig. 

141). Signal clarity is likely improved in this case due to homogeneity of the sample employed- that is, 

point samples were conducted across a single wax sample and considerations typical of cellular 

samples (e.g. variations in cell cycle) are not in effect.  

It should also be noted that there appears to be an overall shift in signal towards the high 

wavenumber end, potentially arising as a result of the irregular topography and density of the wax 

sample. This is taken into consideration where assigning sample bands. 

 Examining the average spectrum gathered, it would appear that there is very little signal below 

1000cm-1, with only negligible peaks arising in the regions associated with glycogen, proteins and 

carbohydrates in this section of spectrum. Considering the potential use of cerumen as a carrier of 

cell signals, it is observed that many areas of interest highlighted in cell investigations (see previous 

chapters) do not demonstrate signal in cerumen samples.  

 Despite this, very clear signal is present in regions associated with CH2 deformation (1200-

1600cm-1) and C=O stretching of lipids (1800-2000cm-1) with visible signal, though seemingly shifted, 

somewhat resembling other waxes examined via Raman spectroscopy (e.g. paraffin wax) [204]. The high 

Figure 141: Average Raman spectrum of human cerumen samples from patients. 
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wavenumber region, additionally, shows signals of far greater complexity than those seen in cell 

samples and consistent with a lipid-based sample such as cerumen.  

 Bands are tentatively assigned in Figure 141 above, with presence of noted vibrational modes 

believed to arise from constituent components of ear wax such as keratin and squalene. Evidence of 

both saturated and unsaturated fatty acids can be seen, though spectra lack the distinct C=C band 

expected in the 1650cm-1 wavenumber region for unsaturated fatty acids.  

 

5.4.5. ATR-FTIR Spectroscopy of Human Cerumen 
In the sample optimisation stage, both dry and ‘processed’ wax conditions were trialled as 

detailed in section 5.3.6. Differences between dry and processed wax are clear even before spectral 

preprocessing (Fig. 142), with dry wax samples yielding signal & baseline. ‘Processed’ wax, in contrast, 

demonstrates clearer signal in both the fingerprint and high wavenumber regions. This indicates the 

necessity for processing steps in sample preparation if using dry wax and stored samples such as 

those from commercial sources.  
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Following spectral pre-processing, average spectra of each patient sample were analysed in 

order to explore variation across individuals (Fig. 143). Recurring bands across all sample spectra 

arose at locations such as 1650cm-1 and 2918cm-1, attributable to protein and lipid presence in 

samples. 

 

Though bands are not as clear as those seen in direct Raman spectroscopic analysis, signal 

is still present in regions associated with CH2 deformation of lipids (~1340cm-1), COO- symmetric 

stretching of fatty acids (~1400cm-1) and C=O stretching of lipids (~1710cm-1, 2900-3000cm-1). 

Though, unlike in Raman spectra, the presence of unsaturated lipids is not clear in IR observations, 

there is some evidence of C=C stretching in the 1640–1650 cm⁻¹ range. Further indicators of 

unsaturated lipids such as methylene deformation (noted above) are also present in spectra. This is 

indicative of unsaturated lipid presence, with lack of clarity in spectra believed to arise due to IR 

spectroscopy’s limited sensitivity to unsaturated bonds compared with Raman and the general 

presence of broader, less distinct bonds in the spectral fingerprint region.  

As in the Raman spectrum, there is very little signal below 1000cm-1. This region is 

recommended for explorations of cell signals in fresh cerumen samples in the future. The wax signal 

Figure 143: Average ATR-FTIR spectra of human cerumen samples. 
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shown by ATR-FTIR, like in Raman analyses, resembles other waxes examined using similar 

techniques such as beeswax [264]. 

Despite the lack of cell-related signals in observations, this trial has nonetheless optimised a 

sample preparation method for cerumen utilising the Dxcover® Infrared Platform with ATR-FTIR 

technology. Coupled with improvements in sampling (i.e. the use of fresh patient samples to optimise 

signal potential), this research marks the first step towards creating a non-destructive, rapid cerumen 

sampling approach using ATR-FTIR. 

 

5.4.6. SIFT-MS of Cerumen Sample Headspace 
Investigating the VOC profiles of human cerumen samples, it would appear that there is very 

little distinction to be made between wax samples and blank swabs. H3O+ MUI of blank swabs vs 

cerumen shows no significant differences when subjected to Mann Whitney U test. Similarly, NO+ MUI 

of blank swabs vs cerumen shows no significant differences when subjected to Mann Whitney U test. 

As no significant differences are seen, graphical data is not presented for MUI.  

Examining full scan data, it is once again made apparent that there is little difference to be 

found between swabs with and without cerumen (Fig. 144). In contrast to the findings of Raman 

spectroscopy investigations, it may also be seen from FS results that cerumen demonstrates a far 

weaker VOC signal than cellular samples, with an almost ten-fold reduction in signal intensity.  

 Figure 144: FS heat maps demonstrating compound visualisation across H3O+ and NO+ 
conditions for human cerumen samples. 

A) H3O+ B) NO+ 
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It is clear from the data gathered that there is little distinction to be made between human 

cerumen samples and the blank swab controls used for comparison. Several factors may be 

implicated in consideration of why this is the case, including sample wax volume and the potential of 

blank swab signals overpowering those of wax itself.  

In consideration of wax samples, it should be noted that the samples provided were not of 

consistent wax volume or mass. In fact, many of the provided samples did not contain solid cerumen 

masses, rather small smudges upon swabs. Where no larger cerumen sample was available for 

comparison, the possibility that wax signal was simply too weak for detection against swabs cannot 

be ruled out.  

 

5.5. Discussion 
In general, this section of research demonstrates advancements in the earliest stages of SIFT-MS 

employment in non-invasive ear health analyses. A VOC profile of cochlear fibrocytes is established, 

with cellular inflammation seemingly detectable through SIFT-MS analysis. With a view to future 

translation of this finding, human cerumen sampling methods are trialled using Raman spectroscopy, 

ATR-FTIR and SIFT-MS. 

SIFT-MS results demonstrated clear differences between cellular and media only conditions, with 

significant differences arising in compounds attributable to the metabolic functioning of cells in 

culture. The presence of acetaldehyde is of particular interest as this compound is well correlated 

with cell presence, and metabolic activity [128, 130]. The significant reduction in pyruvic acid seen 

between media controls and cell-containing samples indicates cellular respiration, wherein pyruvic 

acid (also referred to as pyruvate) is a key metabolite is employed in the formation of acetyl-CoA and 

subsequently ATP through the citric acid cycle in typical aerobic conditions. Aerobic conditions are to 

be expected in the native spiral ligament due to proximity with the highly vascularised stria vascularis. 

The apparent consumption of pyruvic acid seen in SIFT-MS results hence implies healthy cellular 

respiration at work.  



286 
 

It is notable that, while acetaldehyde levels are known to correlate with cell presence and 

metabolic activity, they are not taken as a direct indicator of cell viability in the present research. 

Instead, these levels are believed to reflect metabolic function and the cellular response to 

inflammation (under dosed conditions), with the observed trends in acetaldehyde concentration 

across different conditions indicative of its role as a metabolic marker rather than a definitive measure 

of cell viability. Future investigations may wish to conduct direct viability assays to establish a clearer 

link between metabolic shifts and cell survival. As such, regarding the absence of a statistically 

significant difference in acetaldehyde levels between 15,000 and 100,000 cell conditions, a potential 

saturation effect is considered. Though lack of significance here could be a product of low sample 

number and resultant error, it may also indicate that cochlear fibrocytes either metabolize or produce 

acetaldehyde up to a threshold, beyond which further increases in cell number do not lead to 

proportional changes in VOC levels. Additional research investigating metabolic flux and enzyme 

activity in this cell type at varying densities may be of interest. 

 

VOC profiles of TNF-dosed cochlear fibrocytes indicate several significant differences across 

conditions. However, considering the culture issues noted at this stage of research, it is unclear 

whether such changes may be attributed to inflammation effects rather than poor cell health from 

culture difficulties. Again, future investigations may wish to conduct viability assays to investigate. 

Nonetheless, when considering compounds of interest (acetaldehyde and pyruvic acid), and the 

results of vibrational spectroscopy work, some conclusions of value may be drawn.  

In particular, the statistically significant decrease in acetaldehyde in dosed cells indicates issues 

in cell metabolism of ethanol and other such compounds. Combined with the increase of pyruvic acid 

seen in VOC profiles, evidence of mitochondrial changes noted in Raman spectroscopy, and the 

changes to the histidine-associated region noted in FTIR- based analyses, inflammatory pathology 

through mitochondrial dysfunction is suggested.  

It is believed, based on the findings of complementary research conducted, that the significant 

reduction in acetaldehyde levels observed in TNF-α-dosed samples reflects inflammation-induced 

metabolic alterations rather than a simple reduction in viability. TNF-α is known to influence 
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mitochondrial function and metabolic pathways, potentially leading to shifts in ethanol metabolism 

and in the processing and clearance of acetaldehyde. The observed trend in pyruvic acid levels further 

supports this, with findings suggesting that TNF-α impacts cellular metabolism beyond viability alone, 

reinforcing the importance of metabolic profiling in understanding inflammatory responses. 

While direct viability assays were not conducted in this study, the observed metabolic shifts in 

acetaldehyde and pyruvate levels provide insight into cellular function under different conditions. 

Future research could incorporate viability testing, such as MTT or live/dead staining assays, with 

SIFT-MS analyses to complement VOC assessment and provide a more comprehensive 

understanding of cellular health in response to inflammatory stimuli. 

Referring again to Johnson et al. [153], histidine and other amino acid variations noted in vibrational 

spectroscopy work may indicate a change in citrate synthase. Such a change would likely yield 

mitochondrial dysfunction in the conduction of the citric acid cycle. A change of this nature is 

evidenced by the accumulation of pyruvate in TNF-dosed cells (indicating that glycolysis is occurring), 

with acetaldehyde reduction indicating a general limitation in cell metabolism and respiration. 

However, TNF-dosed cells do not clearly demonstrate this effect, with the 5ng/mL dosage condition 

demonstrating unexpected results compared with 1ng/mL and 10ng/mL dosages. This is believed to 

be due to the culture issues previously noted. 

Despite evidence of varying modes of action from vibrational spectroscopy data, analysis of IL-

1β-inflamed cells further support the histidine hypothesis, with reductions in acetaldehyde 

production significantly correlated to increased IL dosage. This, combined with the general increase 

seen in pyruvate (indicative of continuing glycolysis),  once again implies a histidine-based change to 

the working of the citric acid cycle. Though this cannot be confirmed through the investigations 

conducted, it is clear from the VOC data obtained that IL dosage has a tangible effect on cellular 

respiration, with inflammation-related mitochondrial dysfunction a likely cause. While these results 

generally align with those observed in TNF-α-treated cells, further investigation is recommended to 

determine whether IL-1β and TNF-α truly induce distinct metabolic responses or act through 

overlapping pathways. 
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Turning to cerumen investigations, at this stage of research it does not appear that cerumen is a 

viable biofluid for the diagnosis of ARHL. However, this does not rule out its use in future investigations 

with appropriate refinements. Though little evidence of cerumen acting as a carrier for cell signals was 

established, it’s potential cannot be ruled out. Thus it is recommended that research be conducted 

into the ability of cerumen to carry cell headspace signals in the future. 

 Raman analysis of cerumen demonstrated little signal below 1000cm-1. This may indicate 

cerumen’s potential as a cell signal carrier as various cell-related spectral bands arise in this region. 

With this in mind, it is recommended that fresh cerumen samples be used wherever possible in future 

investigation. In general, Raman spectroscopy of cerumen shows signals resembling other waxes 

examined such as paraffin [204].  

ATR-FTIR analysis, unlike Raman spectroscopy, enables non-destructive sampling of cerumen. 

Additionally, the sample preparation methods illustrated enable the homogenisation of cerumen 

samples, accounting for topographic variability in spectra. Though, once again, no cell signal was 

observed in cerumen samples analysed, this work provides insight into preparation methods needed 

to begin larger scale, clinically relevant studies employing cerumen as a carrier for cochlear fibrocyte 

VOCs. Such research, wherein cerumen is employed as an intermediate step in cultured cell VOC 

sampling, was planned for the present thesis. However, time constraints and limitations to sample 

availability meant that this was not feasible at this stage of investigation.  

Concerning volatile analysis, it is unlikely based upon previous research such as that by 

Prokop-Prigge et al. [182], that cerumen does not yield a significant base VOC signal to be detectable 

via SIFT-MS. Thus, it is concluded that poor signal visibility above swabs occurs due to a necessity for 

improved sample methods, with substantial alterations to methods required in order to observe any 

variations in the headspace of cerumen samples.  

Particularly, it is noted that distinctions between wax samples and blank swabs would likely 

be better made between blanks and larger volume wax samples than those obtained. Based upon this 

it is strongly recommended that cerumen samples be collected by researchers or collaborating 

clinicians in future studies, rather than purchased from commercial sources. This would not only 



289 
 

enable greater wax collection capacity but would minimise wait times within research that would 

otherwise be spent awaiting the third-party collection and arrival of commercial samples. 

In addition to increased speed and greater experimental, research group-based sample 

collection would enable the consideration of other sampling methods. Such sampling methods may 

be employed to negate the necessity for cotton swabs, allowing larger volume wax-only samples to be 

gathered from patients. The use of alternative methods would also likely reduce risks associated with 

cotton swab use such as infection caused by fibre retention [16]. Possible removal options include 

curette use (particularly helpful where cerumen is hardened) and microsuction, which is already 

employed in patient care [205]. Where curette use is considered, perforation risk must be kept in mind 

when assessing procedure safety [15].  

 In addition to sample collection method changes, refinement of the SIFT-MS methods with 

cerumen samples in mind is a necessity when pursuing future study. That is, SIFT-MS techniques 

employed are not presently optimised for the use of wax samples. In order to gain better results, it is 

recommended that future studies focus efforts on the concentration of sample signal- perhaps by 

allowing longer VOC accumulation periods and adjusting incubation temperatures to better suit the 

release of VOCs from wax. It should be noted that in previous volatile studies using GC-MS, solvent 

extraction is commonly used in order to prepare cerumen samples and, though not ideal, may be 

useful to consider during refinement stages [206]. 

 

5.6. Concluding Remarks 
Despite no significant differences arising between cerumen samples and carrier swabs in SIFT-

MS investigation, it may be stated that the present section of research fulfils its aims. 

Aim 1 was met through the use of SIFT-MS in establishing a VOC profile of cultured cochlear 

fibrocyte headspace. Cell signals were detectable even at low, physiologically relevant cell numbers, 

with compounds attributable to cell metabolism identified. 

Aim 2 was met through the establishment of headspace profile of TNF-α-dosed cochlear 

fibrocytes and the distinction between healthy and inflamed cells using SIFT-MS. Several statistically 
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significant differences were identified between healthy and inflamed cells, with alterations to 

acetaldehyde and pyruvate levels of particular interest. 

Aim 3 was met through the use of SIFT-MS to establish a headspace profile of IL-1β-dosed 

cochlear fibrocytes and the successful distinction between healthy and inflamed cells using this 

method. Reduction in acetaldehyde and increase in pyruvic acid level with increased cytokine dosage 

strongly suggests alterations to cell respiration as a result of inflammation. 

Aim 4 was met through the conduction of preliminary investigations to establish spectral and VOC 

profiles of human cerumen samples. Vibrational spectroscopy methods illustrated refinements made 

in sample preparation methods and produced signals similar to that of other wax types. SIFT-MS 

results highlighted future optimisation steps required for further progress in cerumen use. 

From this section of research, it is clear that VOC analyses have a place in the non-invasive 

examination of cochlear fibrocyte health and that, with appropriate method refinement, cerumen may 

be used as a biofluid for cell monitoring. From this, further study centred on method refinement as 

well as large-scale categorisation of patient wax samples in the context of hearing status is 

recommended. 
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6. Conclusions and Future Work 

6.1. Addressing the Necessity- ARHL Revisited 
 As discussed in depth in chapter 1, ARHL is a debilitating, highly prevalent condition which 

significantly affects quality of life in the elderly. With over half of all people over 75 affected by ARHL, 

it is clear that the condition is a global-scale issue and that improvements to diagnosis and treatment 

technologies is of substantial value in the improvement of healthcare for those above a certain age [1-

5]. 

As stated, the present research focused on highlighting the diagnostic potential of spiral ligament 

fibrocytes, as well as the potential for application of the present methods in monitoring of cells in vitro 

for therapeutics.  Such therapeutics have shown promise in animal studies and are a useful target in 

progressing ARHL therapeutics in the future [94, 95]. 

Thus, in the first research of its kind, this thesis presents spectral and VOC profiles of cultured 

murine cochlear fibrocytes both in untreated and inflamed states, providing proof of concept for the 

use of the trialled methods in further inner ear-focused study. From this early research, it is hoped that 

methods facilitating the minimally invasive monitoring of cochlear fibrocyte health may be 

established. This is applicable both to a diagnostic and treatment context, with the findings of value 

both in the assessment of patient cells and in the monitoring of potential cell replacement therapies 

both in vitro and following implantation. 

 

6.2. Study Findings  
The first experimental chapter (chapter 3) of this research focused upon the establishment of 

cochlear fibrocyte spectral profiles using benchtop Raman spectroscopy and ATR-FTIR spectroscopy 

methods. Spectral profiles of healthy cells (and supernatant) as well as those inflamed using TNF-α 

and IL-1β were explored.  

Raman spectroscopic profiles of healthy cochlear fibrocytes were consistent with 

expectations for cellular samples and provided a control with which inflamed-state spectra could be 

compared. Raman spectroscopy of TNF-inflamed cochlear fibrocytes, though spectra proved difficult 
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to distinguish by eye, demonstrated clear differences between dosage conditions, with spectral 

variations indicative of inflammation-induced changes to proteins of interest, nucleic acids and 

cellular respiration. Both distinction between undosed and dosed cells as well as specific dosage 

conditions was demonstrated and verified using multivariate analysis and non-linear predictive 

modelling. This is of great promise in the potential monitoring of cochlear fibrocyte health. In contrast 

to sensory cells, which do not experience damage from TNF-α unless present in extremely high 

concentrations [157-159], cochlear fibrocytes demonstrated TNF-induced alterations at even 1ng/mL. 

Though, it should be noted that some overlap was seen between undosed and 1ng/mL conditions 

suggesting that inflammation by TNF-α may have to reach a certain level before confident detection 

via Raman may occur. 

Raman spectroscopy of IL-dosed cochlear fibrocytes further demonstrated detectable 

differences between dosed and undosed cells at all dosage levels with successful distinction of 

dosage conditions verified by both multivariate analysis and neural network model. Comparison of IL-

dosed and undosed spectra demonstrated differences arising in regions attributed to nucleic acids 

and polysaccharides in addition to those relating to lipids and proteins noted from TNF analyses 

(consistent with expectations of damage to cells undergoing inflammation [215]). Differences seen 

between IL-dosed and healthy cells often directly contrasted with observed differences in TNF-dosed 

and undosed cells, illustrating the different signalling pathways of inflammatory action in the two 

cytokines examined. This is similarly encouraging in the pursuit of potential cochlear fibrocyte health 

monitoring methods.  

ATR-FTIR of healthy cochlear fibrocytes supported the findings of Raman spectroscopy, with 

cell supernatant spectra evidencing cell presence. FTIR findings also served to confirm the successful 

distinction of cell supernatant from control media, with signals demonstrating visible differences and 

distinction confirmed through multivariate analysis. Average supernatant profiles gathered in this 

stage of research provided a control with which supernatant samples from inflamed cells could be 

compared. 

ATR-FTIR of TNF-dosed cell supernatant demonstrated clear differences between dosage 

conditions. As in Raman spectroscopic analysis, distinction between undosed and dosed cells as well 
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as specific dosage conditions was demonstrated using multivariate analysis. In particular, the peak 

attributed to histidine (a key amino acid in citrate synthase) was noted as demonstrating correlative 

variation across dosage conditions. This was confirmed via PCA, where changes in the associated 

peak were shown to be responsible for a large portion of sample variance. 

ATR-FTIR analysis of IL-1-dosed supernatant, similarly to TNF analysis, revealed distinguishable 

differences between dosage conditions. This, again, was demonstrated using multivariate analysis. 

Differences between dosed and undosed supernatant conditions were shown to arise predominantly 

in regions associated with nucleic acids, amino acids and proteins, with variation once again noted at 

1590cm-1, potentially indicative of alterations to histidine. 

This study successfully fulfilled its aims through the examination and distinction of healthy, 

TNF-dosed and IL-1-dosed cochlear fibrocyte samples through Raman spectroscopy and ATR-FTIR 

spectroscopy. Such success presents excellent progress towards furthering the understanding of 

cochlear fibrocyte inflammatory pathology. Chapter 3 also illustrates the potential for vibrational 

spectroscopy applications in cochlear fibrocyte health analysis moving forward. 

The second experimental chapter (chapter 4) of this research focused upon the in-depth 

analysis of IL-1β dosage effects on cochlear fibrocytes using hyperspectral Raman and S-FTIR 

techniques at Diamond Light Source synchrotron facility (Oxford, UK). Spectral profiles of healthy 

cells (and supernatant) as well as those inflamed using 1ng/mL, 5ng/mL and 10ng/mL of IL-1β were 

explored.  

Hyperspectral Raman spectroscopy of cells demonstrated results mainly consistent with the 

findings of previous chapters, with protein changes visible between dosed and undosed conditions. 

Variations in peak intensity and molecular distribution within cells are consistent with literature 

findings and suggest structural changes to cells arising as a result of IL-1 dosage. Changes are 

suggested to arise as a result of functional alterations to membranes, biosynthesis, molecular 

accumulation and intercellular transport. In general, noted variations indicate metabolic dysfunction 

and ROS accumulation, known hallmarks of the inflamed cell state and noted causes of cochlear 

fibrocyte loss [4, 5, 48-52]. Interestingly, it is noted that dosed cells in contact more closely resemble 

single undosed cells than those in contact, suggesting that alterations to cellular communication are 
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a key process in inflammation by IL-1. Such alterations are hypothesised to arise as a result of 

alterations to membrane proteins- a potential key mechanism in metabolic ARHL pathology and the 

reduction of the endocochlear potential. 

Similarly, S-FTIR data gathered at the Diamond Light Source synchrotron facility support 

previous chapters’ findings of protein alteration, lipid accumulation and membrane integrity changes 

in response to cytokine dosage. Variations between conditions are once again distinguishable through 

the employment of a neural network model. In particular, variations are noted in spectra at 

wavenumber regions corresponding to vibrations in nucleic acids (<600cm-1, 1115-1130cm-1), 

carbohydrates (<600cm-1), phospholipids (<600cm-1), proteins (1527cm-1, 2800-3100cm-1) and lipids 

(2800-3100cm-1). A potential fibrocyte activation state similar to that seen in macrophages is noted as 

a point for further investigation.  

This study successfully fulfilled its aims through the successful use of hyperspectral Raman 

spectroscopy to examine the effects of IL-1β in cultured cells, the successful use of S-FTIR in the 

distinction of IL-dosed fibrocyte cultures, and the successful employment of a neural network in the 

accurate distinction of inflamed cells and the classification of cells by dosage level.  

The final experimental chapter of this research (chapter 5) provided early preliminary 

investigation of the use of SIFT-MS in evaluating the health of cochlear fibrocytes in vitro. This chapter 

also explored the potential of human cerumen as a biofluid for clinical translation of ear cell health 

testing. 

SIFT-MS of healthy cochlear fibrocytes confirmed, similarly to FTIR, distinction between cells 

and media. Through this, the technique demonstrated the capacity to distinguish cells at low, 

physiologically relevant cell numbers through headspace samples. Average cell headspace profiles 

formed a control with which inflamed cell headspace could be compared, with results at this stage 

used to identify optimal precursor ions and compounds of interest for inflammation studies.  

SIFT-MS of TNF-dosed cells demonstrated detectable variation across the dosages examined, 

with significant differences in levels of acetaldehyde, propanol, acetic acid, DMS/ethanthiol, pentene, 

putresceine, terpenes, benzene and DMSO found between conditions. Of most relevance is arguably 
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the variation in acetaldehyde, the significant decline of which in dosed conditions indicates a 

reduction in cell metabolism. 

Similarly to TNF-dosed results, SIFT-MS of IL-dosed cell headspace demonstrated detectable 

variation across the dosages examined, with significant differences arising in acetaldehyde level. 

Further examination indicated that acetaldehyde level appeared to decrease in cell headspace as 

dosage increased, strongly implying a reduction in cellular respiration and consistent with the findings 

indicative of mitochondrial damage from Raman spectroscopy. In contrast, though no significant 

difference was seen, pyruvic acid level in headspace was shown to increase with IL-dosage, further 

verifying that alterations to respiration are likely a result of mitochondrial changes through the 

indication that glycolysis (occurring in cell cytoplasm) is still active where further processes (taking 

place in mitochondria) may not be.  

Though little insight into cerumen was found, likely due to the limited nature of the samples 

themselves, this research presents the first venture of its kind into the examination of human cerumen 

by the present methods. It is hoped that with improvements to sample quality, such methods will be 

applicable in the detection of metabolic changes through cerumen, as seen in previous studies 

focused on GC-MS and other methods. 

This study successfully fulfilled its aims through the non-invasive examination and distinction 

of healthy and inflamed cochlear fibrocytes via SIFT-MS and through the preliminary evaluation of 

cerumen as a biofluid for use in patient-based investigations. 

 

6.3. Future Work 
6.3.1. Improving the Model 

 Though the present research shows promise in the distinction of inflamed and healthy 

cochlear fibrocytes and is of undeniable value in the monitoring of such cells in vitro, it may be 

debated as to whether culture conditions are of great enough physiological relevance to draw 

conclusions for diagnostic purposes. In order to further the physiological relevance of examined 

models, it is recommended that future studies focus efforts towards the analysis of cells in 3D culture. 
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For such cultures, it is recommended that researchers consult the paper by Osborn et al. [207] who 

successfully cultured cochlear fibrocytes resembling those of native tissue in in vitro 3D cultures. 

Of course, where improving translatability of the model is concerned, one must also consider 

examining alternatives to murine cochlear fibrocytes. Naturally, where modelling of a condition for 

human treatment is concerned, there is no better origin species for cells than humans. However, 

human cochlear fibrocytes cannot be safely, ethically or easily obtained from living patients or the 

deceased. With this in mind, it is recommended that the methods employed in the present research 

be trialled using human MSCs in future research.  

 

6.3.2. Next Experimental Steps – Investigating the Citric Acid Cycle 
 Though no firm conclusions can be drawn regarding the precise pathway of mitochondrial 

dysfunction arising in inflamed cochlear fibrocytes, this research points to alterations in the citric acid 

cycle as a contributing factor. This is particularly apparent in IL-1β inflammation investigations. 

In VOC analysis, increased pyruvic acid levels in inflamed cells strongly suggested 

accumulation of pyruvate as a result of inflammation. This indicates that glycolysis continues as 

normal in inflamed cells at the dosages observed. In contrast, decreases in acetaldehyde level in 

inflamed conditions point to failures in normal cellular respiration, implying that faults in the process 

occur after glycolysis has successfully taken place.  

In vibrational spectroscopy analyses, inflamed cells demonstrated variations from healthy 

cells consistent with various elements of inflammation including mitochondrial dysfunction. 

Benchtop analyses demonstrated, among other markers of inflammation, alterations in an amino 

acid-related spectral region potentially attributable to histidine. This region, regardless of specific 

attribution, may indicate inflammation induced changes to the structure and function of essential 

proteins such as respiration-associated enzymes (e.g. citrate synthase). Synchrotron-based analysis, 

alongside validating the inflammatory pathways seen in benchtop examinations, provided further 

insight into potential mitochondrial dysfunction players. Such investigations hinted at coenzyme-A 

accumulation in cytosol, potentially indicating a dysfunction in its conversion to acetyl-coenzyme-A. 
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With this in mind, it is recommended that the next stage of research into improving the 

understanding of inflammation in cochlear fibrocytes begin with the conduction of enzymatic assays 

under different inflammatory conditions. In particular, assays of the abundance and function of citrate 

synthase, acetyl CoA synthetase and pyruvate dehydrogenase in cochlear fibrocytes (both healthy 

and inflamed) are recommended.  

Following such assays, the next logical step in understanding CF inflammatory pathology 

(should assays demonstrate dysfunction), is to conduct protein structure examinations such as NMR-

based studies. NMR may be used to map the structural properties of small molecules such as 

enzymes and enables the detection of alterations potentially induced by inflammation.  

Should an amino acid such as histidine or, on a larger scale, an enzyme such as citrate 

synthase be shown to be dysfunctional, efforts may then focus on prevention of damage/functional 

recovery. Such efforts may include (for example) supplementation of histidine in efforts to protect 

fibrocyte function ahead of inflammaging-based damage [260,261]. 

If changes to a supplemental amino acid such as histidine are definitively shown to be a key 

player in CF inflammation, clinical studies may be explored. It is recommended that such studies 

conduct longitudinal examinations of histidine supplementation on hearing status and general health 

in those over 55. 

 

6.3.3. Towards Clinical Translation- Bioreactors and the 
Application of Automation 

  Though it is clear from chapters 4, 5 and 6 that there are distinctions to be made between 

inflamed and healthy cells through all methods trialled, it may be argued that the methods used to 

examine cell supernatant and headspace are limited by the hands on nature of the techniques 

employed (benchtop FTIR, SIFT-MS). That is, these methods required extensive manual sampling 

which limited the number of samples that could be taken in the present research. For example, where 

the present SIFT-MS setup is concerned, due to the lengthy preparation of samples as well as the 

necessity for manual sampling and data processing, only 9 samples per condition could be trialled. 

This is in contrast with Raman spectroscopy and Synchrotron FTIR samples, where hundreds of data 
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points were collected per sample, enabling the employment of non-linear modelling to distinguish 

conditions. 

 It is with this in mind that the application of automation is recommended wherever possible 

in the pursuit of further research of this nature. In the case of SIFT-MS for instance, this may include 

the use of an autosampler to collect sample headspace, minimising the necessity for researcher 

intervention and enabling round-the-clock sampling. Such methods are particularly advised in the 

translation of the present methods to the monitoring of cells for potential therapeutic applications, 

wherein bioreactors may be favoured to further minimise researcher intervention in culture. 

 Concerning sample preparation, it is arguable that this will pose less of an issue in scale-up 

of the demonstrated techniques, as a single-researcher benchtop approach is unlikely to persist if 

pursued on a larger scale. For example, if employing SIFT-MS methods in the monitoring of bioreactor-

cultured cells it is likely that samples will consist only of extracted headspace from cultures as 

opposed to individual samples of cells in bottles.  

 With such measures taken, it is highly possible that the techniques not presently employable 

in the generation of predictive models may become so due to the capacity for greater sample 

collection. Thus, if possible, it is recommended that larger scale investigations into the use of SIFT-

MS in the detection of inflammation in cochlear cells be conducted. 

 

6.3.4. Towards Clinical Translation- Alternatives to Biofluids 
 Turning to the potential for clinical translation of the research to diagnostic purposes, it is 

evident from chapter 5 that the use of cerumen in inflammation detection via the current methods is 

a work in progress. With this in mind, alternate routes must be deliberated in order to apply the 

techniques presently demonstrated for inflammation detection, particularly SIFT-MS. 

 Concerning the liquid sampling potential demonstrated in benchtop ATR-FTIR investigations 

presently, direct sampling of cochlear fluids seems an ideal approach at first glance, with endolymph 

and perilymph both accessible via incision to the tympanic membrane. Though this method is shown 

to be relatively safe in rodents [256], it would require invasive methods of extraction and may result in 
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damage to the ear. This damage is likely to occur both by the manual disruption of cochlear tissues 

and by alteration to the delicate pressure gradients within the cochlear chambers. With this in mind, 

such a sampling method is unlikely to be considered viable for patient examination. However, it will 

be interesting to monitor the progress of Höhl et al. (2019) with a view to applying the present methods 

to perilymph sampling in the future. 

 Turning to the successful use of Raman spectroscopy in the distinction of inflamed cells-

though unlikely to be applicable in early stage diagnosis due to its invasive nature, literature has 

demonstrated the use of Raman technology via microendoscopy [208]. Though this technology, to date, 

appears to employ only CARS and SRS Raman techniques, it is not beyond possibility that the present 

research findings be applied in order to enable Raman analysis of the inner ear via CI route in severe 

hearing loss cases. 

 

6.4. Final Conclusions 
In conclusion, the presented thesis the research aims set out within its chapters. Where aims 

are not wholly met, potential methods to rectify this in future research are clearly outlined. 

In addition, an overall direction for future work is highlighted, with a particular emphasis on 

the progression of research findings towards a more clinically relevant and potentially translatable 

path. This includes highlighting the importance of automation, as manual sampling and resultant 

human error are believed to have played a substantial role in the limitations of the present research. 

With this in mind, this thesis has provided the very first step in proof of concept for a clinical 

path which, to date, appears yet unexplored. That is, through the use of relevant biofluids and 

significant refinement of the techniques outlined, SIFT-MS may be employed as a tool to non-

invasively detect inflammation in cochlear fibrocytes, and as such, be employed in diagnosis, 

monitoring and treatment of ARHL. SIFT-MS inflammation detection in particular, if successfully 

translated to patient samples, may facilitate the timely application of fibrocyte repair/replacement 

strategies and potentially delay or prevent further hearing damage. 
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 Additionally, the benefits of Raman spectroscopy and ATR-FTIR as complementary or 

standalone techniques in the detection of fibrocyte inflammation are highlighted. These techniques, 

too, are applicable in the development of diagnostic techniques and the facilitation of novel ARHL 

treatments. However, where diagnoses are concerned, they are limited by the necessity for invasive 

sampling, extensive sample preparation and lack of real time sampling capacity.  

Overall, it is confidently surmised that this thesis has made a tangible contribution to the 

understanding of cochlear fibrocyte metabolism and inflammation, has examined several previously 

unexplored techniques in the field, and presents a potential method by which lateral wall 

inflammation may be observed non-invasively and potentially before ARHL symptoms arise.
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Appendix B – Kinetic Library for SIFT-MS Analysis 
water_1.7(H3O+) 

 1 precursor 

   19 1.7e-11 1.0 

 3 products 

   37 1.0 

   55 1.0 

   73 1.0 

water(NO+) 

 1 precursor 

   30 0.2e-11 1.0 

 2 products 

   48 1.0 

   66 1.0 

water(O2+) 

 1 precursor 

   32 0.2e-11 1.0 

 1 products 

   73 1.0 

ammonia(H3O+) 

 4 precursors 

   19 2.6e-9 1.0 

   37 2.5e-9 1.0 

   55 2.3e-9 1.0 

   73 2.1e-9 1.0 

 3 products 

   18 1.0 

   36 1.0 

   54 1.0 

ammonia18_only(H3O+) 

 4 precursors 

   19 2.6e-9 1.0 

   37 2.5e-9 0.54 

   55 2.3e-9 0.43 

   73 2.1e-9 0.2 

 1 products 

   18 1.0 

ammonia(O2+) 

 1 precursor 

   32 2.4e-9 1.0 

 2 products 

   17 1.0 

   35 1.0 

acetone(H3O+) 

 4 precursors 

   19 3.9e-9 1.0 

   37 3.3e-9 1.0 

   55 2.5e-9 1.0 

   73 2.4e-9 1.0 

 3 products 

   59 1.0 

   77 1.0 

   95 1.0 

acetone_dry_air(NO+) 

 3 precursor 

   30 1.8e-9 1.0 

   48 1.5e-9 1.0 

   66 1.4e-9 1.0 

 1 product 

   88 1.0 

acetone_breath(NO+) 

 3 precursor 

   30 2.1e-9 1.0 

   48 2.0e-9 1.0 
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   66 1.8e-9 1.0 

 1 product 

   88 1.0 

acetone(O2+) 

 1 precursor 

   32 3.1e-9 1.0 

 2 products 

   43 1.0 

   58 1.0 

butanone(NO+,all_isomers) 

1 precursors 

  30 2.5e-9 1.0 

1 product 

  102 1.0 

pentanone(NO+,all_isomer

s) 

1 precursors 

  30 2.5e-9 1.0 

1 product 

  116 1.0 

hexanone(NO+,all_isomers) 

1 precursors 

  30 2.5e-9 1.0 

1 product 

 130 1.0 

heptanone(NO+,all_isomer

s) 

1 precursors 

  30 2.5e-9 1.0 

1 product 

 144 1.0 

octanone(NO+,all_isomers) 

1 precursors 

  30 2.5e-9 1.0 

1 product 

  158 1.0 

nonanone(NO+,all_isomers

) 

1 precursors 

  30 2.5e-9 1.0 

1 product 

  172 1.0 

co2(H3O+,Capno) 

4 precursors 

 19 3.4e-15 1.0 

 37 3.4e-15 1.0 

 55 3.4e-15 1.0 

 73 3.4e-15 1.0 

3 products 

 63 1.0 

 45 -0.576 

 81 -0.831 

co2_corrDMS_AA(H3O+) 

 4 precursors 

  19 3e-15 1.0 

  37 3e-15 1.0 

  55 3e-15 1.0 

  73 3e-15 1.0 

3 products 

  63 1.0 

  45 1.5 

  81 -6 

CO2(NO+) 

 3 precursors 

  30 1.5e-15 1.0 

  48 1.5e-15 1.0 

  66 1.5e-15 1.0 



332 
 

3 products 

  74 1.0 

  73 -0.0029 

  43 -0.33 

CO2nopowerlaw(NO+) 

 3 precursors 

  30 2e-15 1.0 

  48 2e-15 1.0 

  66 2e-15 1.0 

3 products 

  74 1.0 

  43 -0.33 

  73 -0.0029 

formaledhydeBAMOD(H3O

+,corr.EtOH MeOH) 

 2 precursor 

   19 2.7e-9 1.0 

   32 2.7e-9 1.0 

 3 product 

   31 1.0 

   33 -100.4 

   83 -100.9 

acetaldehyde(H3O+,BAMO

D) 

 5 precursors 

  19 3.7e-9 1.0 

  37 3.0e-9 1.0 

  55 2.7e-9 1.0 

  73 2.6e-9 1.0 

  32 3.7e-9 1.0 

3 products 

  45 1.576 

  81 1.831 

  83 -100.5 

acetaldehyde3245(H3O+) 

5 precursors 

 19 3.7e-9 1.0 

 37 3.0e-9 -1.0 

 55 2.7e-9 0.0 

 73 2.6e-9 0.0 

 32 3.7e-9 1.0 

2 products 

 45 1.1 

 83 -100.5 

acetaldehyde(NO+) 

 1 precursor 

   30 0.6e-9 1.0 

 1 products 

   43 1.0 

acetaldehydeC88(NO+) 

4 precursors 

 30 3.4e-9 1.0 

 48 3.0e-9 -1.0 

 64 2.7e-9 0.0 

 32 3.7e-9 1.0 

2 products 

 43 1.44 

 88 -100.9 

propanal(NO+) 

4 precursors 

 30 2.0e-9 1.0 

 48 5.0e-10 1.0 

 64 5.0e-10 1.0 

 32 3.7e-9 1.0 

2 products 

 55 -0.006 
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 57 1.0 

acetaldehydeC58(NO+) 

3 precursors 

 30 3.4e-9 1.0 

 48 3.0e-9 -1.0 

 64 2.7e-9 0.0 

2 products 

 43 1.44 

 58 -0.6 

methanol(H3O+) 

 4 precursors 

   19 2.4e-9 1.0 

   37 1.9e-9 1.0 

   55 1.9e-9 1.0 

   73 1e-11 1.0 

 3 products 

   33 1.0 

   51 1.0 

   69 1.0 

methanol33_51(H3O+) 

 4 precursors 

   19 2.4e-9 1.0 

   37 1.9e-9 -0.12 

   55 1.9e-9 -0.34 

   73 1e-11 -0.48 

 2 products 

   33 0.81 

   51 1.13 

ethanol(H3O+) 

 4 precursors 

   19 2.7e-9 1.0 

   37 2.3e-9 1.0 

   55 2.1e-9 1.0 

   73 1e-11 1.0 

 3 products 

   47 1.0 

   65 1.0 

   83 1.0 

ethanol83(H3O+) 

 4 precursors 

   19 2.7e-9 0 

   37 2.3e-9 0.8 

   55 2.1e-9 2.5 

   73 1e-11 2.5 

 1 products 

   83 1.0 

ethanol(NO+) 

 3 precursors 

   30 1.9e-9 1.0 

   48 2.1e-9 1.0 

   66 1.9e-9 1.0 

 3 products 

   45 1.0 

   63 1.0 

   81 1.0 

propanol(H3O+,all_isomers

) 

 4 precursors 

   19 2.7e-9 1.0 

   37 2.3e-9 1.0 

   55 2.2e-9 1.0 

   73 2.1e-9 1.0 

 4 products 

   43 1.0 

   61 1.0 

   79 1.0 
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   97 1.0 

propanol43(H3O+,BAMOD) 

4 precursors 

  19 2.7e-9 1.0 

  37 2.3e-9 -0.1 

  55 2.2e-9 -0.1 

  73 2.1e-9 -0.1 

1 products 

  43 1.0 

propanol(NO+,all_isomers) 

 3 precursors 

   30 2.4e-9 1.0 

   48 2.0e-9 1.0 

   66 1.9e-9 1.0 

 4 products 

   59 1.0 

   77 1.0 

   95 1.0 

  113 1.0 

butanol(H3O+,all_isomers) 

 4 precursors 

   19 2.8e-9 1.0 

   37 2.2e-9 1.0 

   55 1.9e-9 1.0 

   73 1.8e-9 1.0 

 5 products 

   57 1.0 

   55 -0.006 

   75 1.0 

   73 -0.008 

   93 1.0 

pentanol(H3O+,all_isomers

) 

 4 precursors 

   19 2.8e-9 1.0 

   37 2.2e-9 1.0 

   55 1.9e-9 1.0 

   73 1.8e-9 1.0 

 4 products 

   71 1.0 

   89 1.0 

  107 1.0 

  125 1.0 

acetic_acid(H3O+) 

 4 precursors 

   19 2.6e-9 1.0 

   37 1.9e-9 1.0 

   55 1.9e-9 1.0 

   73 1.8e-9 1.0 

 3 products 

   61 1.0 

   79 1.0 

   97 1.0 

acetic_acid(NO+) 

 3 precursors 

   30 1.5e-9 1.0 

   48 5e-10 1.0 

   66 5e-10 1.0 

 2 products 

   90 1.0 

   108 1.0 

acetic_acid90(NO+) 

 3 precursors 

   30 1.5e-9 1.0 

   48 5e-10 1.0 

   66 5e-10 1.0 
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 1 products 

   90 1.67 

isoprene(NO+) 

 3 precursors 

   30 1.7e-9 1.0 

   48 1e-12 1.0 

   66 1e-12 1.0 

 2 products 

   66 -0.004 

   68 1.0 

isoprene(O2+) 

 1 precursor 

   32 1.7e-9 1.0 

 2 products 

   67 1.05 

   68 1.05 

isoprene_67only(O2+) 

 1 precursor 

   32 1.7e-9 1.0 

 1 products 

   67 2.1 

DMS+ethanthiol(H3O+) 

 4 precursors 

   19 2.5e-9 1.0 

   37 1.8e-9 1.0 

   55 1.8e-9 1.0 

   73 1.8e-9 1.0 

 1 products 

   63 1.04 

DMS(NO+) 

 1 precursor 

   30 2.2e-9 1.0 

 1 products 

   62 1.04 

DMS_64incl(NO+) 

 1 precursor 

   30 2.2e-9 1.0 

 2 products 

   62 1.0 

   64 1.0 

DMDS(NO+) 

 1 precursor 

   30 2.4e-9 1.0 

 1 products 

   94 1.0 

h2s(H3O+) 

 4 precursors 

   19 2e-9 1.0 

   37 1e-11 0.15 

   55 1e-11 0.15 

   73 1e-11 0.15 

 1 product 

   35 1.0 

methanthiol_nominal 

(H3O+) 

 4 precursors 

   19 2.5e-9 1.0 

   37 1.8e-9 1.0 

   55 1.8e-9 1.0 

   73 1.8e-9 1.0 

 3 products 

   49 1.0 

   67 1.0 

   85 1.0 

methanthiol78(NO+) 

 2 precursors 
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   30 0.5e-9 1.0 

   48 0.4e-9 1.0 

 1 product 

   78 1.0 

HCN(H3O+) 

 4 precursors 

   19 3.8e-9 1.0 

   37 1e-11 -0.037 

   55 1e-11 -0.037 

   73 1e-11 -0.037 

 1 product 

   28 1.0 

3-methylbutanal(H3O+) 

 4 precursors 

  19 3.8e-9 1.0 

  37 3.2e-9 1.0 

  55 2.8e-9 1.0 

  73 2.6e-9 1.0 

 2 products 

  87 1.0 

  105 1.0 

hexanal (H3O+) 

 4 precursors 

  19 3.7e-9 1.0 

  37 3.2e-9 1.0 

  55 2.8e-9 1.0 

  73 2.6e-9 1.0 

 3 products 

  101 1.0 

  119 1.0 

  137 1.0 

benzaldehyde (H3O+) 

 4 precursors 

  19 3.7e-9 1.0 

  37 3.2e-9 1.0 

  55 2.8e-9 1.0 

  73 2.6e-9 1.0 

 3 products 

  107 1.0 

  125 1.0 

  143 1.0 

propanoic_acid(H3O+) 

 4 precursors 

   19 2.7e-9 1.0 

   37 1.9e-9 1.0 

   55 1.9e-9 1.0 

   73 1.9e-9 1.0 

 4 products 

   73 -0.008 

   75 1.0 

   93 1.0 

  111 1.0 

butyric_acid(H3O+,all_isom

ers) 

 4 precursors 

   19 2.9e-9 1.0 

   37 1.9e-9 1.0 

   55 1.9e-9 1.0 

   73 1.9e-9 1.0 

 3 products 

   89 1.0 

  107 1.0 

  125 1.0 

pentanoic_acid(H3O+,all_is

omers) 

 4 precursors 

   19 2.4e-9 1.0 
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   37 1.9e-9 1.0 

   55 1.9e-9 1.0 

   73 1.7e-9 1.0 

 3 products 

  103 1.0 

  121 1.0 

  139 1.0 

hexanoic_acid(H3O+,all_iso

mers) 

 4 precursors 

   19 2.4e-9 1.0 

   37 1.9e-9 1.0 

   55 1.9e-9 1.0 

   73 1.7e-9 1.0 

 3 products 

  117 1.0 

  135 1.0 

  153 1.0 

3-HBAcid(H3O+) 

 4 precursors 

   19 3.5e-9 1.0 

   37 2.7e-9 1.0 

   55 2.3e-9 1.0 

   73 2.1e-9 1.0 

 3 products 

  105 1.0 

  123 1.0 

  141 1.0 

3-HBAcid(NO+) 

 3 precursors 

   30 2.9e-9 1.0 

   48 2.4e-9 1.0 

   66 2.2e-9 1.0 

 3 products 

  104 1.0 

  116 1.0 

  134 1.0 

methylisothiocyanate(H3O

+) 

 4 precursors 

   19 2.4e-9 1.0 

   37 1.9e-9 1.0 

   55 1.9e-9 1.0 

   73 1e-11 1.0 

 2 products 

   100 1.0 

   118 1.0 

methylisothiocyanate(NO+) 

3 precursors 

 30 2.2e-9 1.0 

 48 2.0e-9 -1.0 

 64 1.9e-9 0.0 

3 products 

 99 1.0 

 117 1.0 

 129 1.0 

pentene(H3O+) 

 4 precrusors 

   19 2.5e-9 1.0 

   37 1.8e-9 1.0 

   55 1.8e-9 1.0 

   73 1.8e-9 1.0 

 1 product 

   71 1.0 

diethyl_ether(H3O+) 

 4 precursors 
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   19 2e-9 1.0 

   37 1.8e-9 1.0 

   55 1.7e-9 1.0 

   73 1.6e-9 1.0 

 4 products 

   73 -0.008 

   75 1.0 

   93 1.0 

  111 1.0 

methyl_phenol(H3O+) 

 4 precursors 

   19 2.8e-9 1.0 

   37 1.7e-9 1.0 

   55 1.2e-9 1.0 

   73 5e-10 1.0 

 2 products 

  109 1.0 

  127 1.0 

ethyl_phenol(H3O+) 

 4 precursors 

   19 2.8e-9 1.0 

   37 1.7e-9 1.0 

   55 1.2e-9 1.0 

   73 5e-10 1.0 

 2 products 

  123 1.0 

  141 1.0 

putresceine(H3O+) 

 4 precursors 

   19 2.3e-9 1.0 

   37 1.8e-9 1.0 

   55 1.6e-9 1.0 

   73 1.4e-9 1.0 

 1 product 

    89 2 

cadaverine(H3O+) 

 4 precursors 

   19 2.3e-9 1.0 

   37 1.7e-9 1.0 

   55 1.5e-9 1.0 

   73 1.4e-9 1.0 

 2 products 

  86 1.2 

  103 1.5 

pyrolle(H3O+) 

 4 precursors 

   19 2.5e-9 1.0 

   37 1.9e-9 1.0 

   55 1.9e-9 1.0 

   73 1.9e-9 1.0 

 2 products 

  68 1.0 

  86 1.0 

terpenes(H3O+,total) 

 4 precursors 

   19 2.6e-9 1.0 

   37 1e-9 1.0 

   55 1e-11 1.0 

   73 1e-11 1.0 

 2 products 

  81 1.06 

  137 1.1 

carvone(H3O+,total) 

 4 precursors 

   19 3e-9 1.0 

   37 2e-9 1.0 
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   55 2e-9 1.0 

   73 2e-9 1.0 

 2 products 

  151 1.1 

  169 1.1 

menthol(H3O+) 

 4 precursors 

   19 3.1e-9 1.0 

   37 2.1e-9 1.0 

   55 2.1e-9 1.0 

   73 2.1e-9 1.0 

 1 products 

  139 1.1 

menthone(H3O+) 

 4 precursors 

   19 3.4e-9 1.0 

   37 2.4e-9 1.0 

   55 2.4e-9 1.0 

   73 2.4e-9 1.0 

 1 products 

  155 1.1 

HDO(H3O+) 

4 precursors 

 73.9 1e-9 1.0 

 74.0 1e-9 1.0 

 74.1 1e-9 1.0 

 74.2 1e-9 1.0 

4 products 

 74.9 1.0 

 75.0 1.0 

 75.1 1.0 

 75.2 1.0 

benzene(H3O+) 

4 precursors 

  19 2e-9 1.0 

  37 1e-11 1.0 

 55 1e-11 1.0 

  73 1e-11 1.0 

1 product 

  79 1.0 

toluene(H3O+) 

4 precursors 

  19 2.1e-9 1.0 

  37 1e-11 1.0 

  55 1e-11 1.0 

  73 1e-11 1.0 

1 product 

  93 1.0 

xylene(H3O+,all_isomers) 

4 precursors 

  19 2.3e-9 1.0 

  37 1e-11 1.0 

  55 1e-11 1.0 

  73 1e-11 1.0 

1 product 

 107 1.0 

indole(H3O+) 

4 precursors 

   19 3.3e-9 1.0 

   37 2.5e-9 1.0 

   55 2.2e-9 1.0 

   73 2.0e-9 1.0 

2 products 

   118  1.0 

   136  1.0 

methylindole(H3O+) 
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4 precursors 

   19 3.3e-9 1.0 

   37 2.5e-9 1.0 

   55 2.1e-9 1.0 

   73 2.0e-9 1.0 

2 products 

   132  1.0 

   150  1.0 

pyruvic acid (H3O+) 

 4 precursors 

   19 3.3e-9 1.0 

   37 2.5e-9 1.0 

   55 2.2e-9 1.0 

   73 2.0e-9 1.0 

 4 products 

  89 1.0 

  107 1.0 

  125 1.0 

  143 1.0 

eucalyptol(H3O+) 

 4 precursors 

  19 2.6e-9 1.0 

  37 1e-9 1.0 

  55 1e-9 1.0 

  73 1e-9 1.0 

 4 products 

  81 -4.8 

  137 1.1 

  155 1.1 

  173 1.1 

butanal(NO+) 

 1 precursor 

   30 3.3e-9 1.0 

 1 product 

   71 1.0 

3-methylbutanal(NO+) 

 1 precursor 

   30 3.2e-9 1.0 

 1 product 

   85 1.0 

hexanal(NO+) 

 1 precursors 

  30 2.5e-9 1.0 

 1 product 

  99 1.0 

benzaldehyde(NO+) 

 1 precursor 

  30 2.8e-9 1.0 

 1 product 

  105 1.0 

trans-2-pentene(NO+) 

 3 precursors 

   30 1.8e-9 1.0 

   48 1.4e-9 1.0 

   66 1.3e-9 1.0 

 2 products 

   69 1.0 

   70 1.0 

propionic_acid(NO+) 

 3 precursors 

   30 1.5e-9 1.0 

   48 5e-10 1.0 

   66 5e-10 1.0 

 4 products 

   104 1.0 

   122 1.0 
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   57 1.0 

   55 -0.006 

butyric_acid(NO+) 

 3 precursors 

   30 1.9e-9 1.0 

   48 7e-10 1.0 

   66 7e-10 1.0 

 3 products 

   118 1.0 

   136 1.0 

   71 1.0 

acetoin (NO+) 

 3 precursors 

   30 2.97e-9 1.0 

   48 2.59e-9 1.0 

   66 2.35e-9 1.0 

 1 products 

   118 1.25 

diacetyl (NO+) 

 3 precursors 

   30 1.36e-9 1.0 

   48 9.71e-10 1.0 

   66 8.1e-10 1.0 

 2 products 

   86 1.0 

   116 1.0 

methyl_phenol(NO+) 

 3 precursors 

   30 2.2e-9 1.0 

   48 1.6e-9 1.0 

   66 1.3e-9 1.0 

 2 products 

  108 1.0 

  126 1.0 

phenol(NO+) 

 3 precursors 

   30 2.2e-9 1.0 

   48 1.6e-9 1.0 

   66 1.3e-9 1.0 

 2 products 

   94 1.0 

  112 1.0 

ethyl_phenol(NO+) 

 3 precursors 

   30 2.3e-9 1.0 

   48 1.6e-9 1.0 

   66 1.3e-9 1.0 

 2 products 

  122 1.0 

  140 1.0 

terpenes(NO+,total) 

 3 precursors 

   30 2.0e-9 1.0 

   48 1e-9 1.0 

   66 1e-9 1.0 

 1 products 

  136 1.2 

menthone+eucalyptol(NO+,

inspect ratio) 

 3 precursors 

   30 2.8e-9 1.0 

   48 2.3e-9 1.0 

   64 2.3e-9 1.0 

 2 products 

  154 1.1 

  184 1.1 
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benzene(NO+) 

3 precursor 

 30 1.5e-9 1.0 

 48 0.01e-9 1.0 

 66 0.01e-9 1.0 

2 products 

 78 1.0 

 108 1.0 

toluene(NO+) 

1 precursor 

 30 1.7e-9 1.0 

1 product 

 92 1.0 

methylindole(NO+) 

 1 precursor 

   30 2.5e-9 1.0 

 1 product 

   131  1.0 

indole(NO+) 

 1 precursor 

   30 2.8e-9 1.0 

 1 product 

   117  1.0 

xylene(NO+,all_isomers) 

3 precursors 

  30 1.4e-9 1.0 

  48 1e-11 1.0 

  66 1e-11 1.0 

1 product 

 106 1.0 

pyruvic acid (NO+) 

 3 precursors 

   30 2.1e-9 1.0 

   48 1.5e-9 1.0 

   66 1.3e-9 1.0 

 2 products 

   118 1.0 

   136 1.0 

methane(O2+) 

 1 precursor 

   32 5.5e-12 1.0 

 1 products 

   47 1.0 

pentane(O2+) 

2 precursors  

   32 0.8e-9 1.0 

   55 0.8e-9 -5.0 

2 products 

   42 2.0 

   72 2.0 

pentane42only(O2+) 

2 precursors 

   32 0.8e-9 1.0 

   55 0.8e-9 -5.0 

1 products 

   42 4.0 

pentane72only(O2+) 

2 precursors 

   32 0.8e-9 1.0 

   55 0.8e-9 -5.0 

1 products 

   72 4.0 

DMS(O2+) 

 1 precursor 

   32 2.2e-9 1.0 

 2 products 
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   62 1.0 

   80 1.0 

DMDS(O2+) 

 1 precursor 

   32 2.3e-9 1.0 

 1 product 

   94 1.25 

methanthiol(O2+) 

 1 precursor 

   32 2.2e-9 1.0 

 2 products 

   47 1.0 

   48 1.0 

carbon_disulphide(O2+,no_

78) 

 1 precursor 

   32 7e-10 1.0 

 1 product 

   76 1.04 

nitric_oxide(O2+) 

 1 precursor 

   32 5.5e-10 1.0 

 1 product 

   30 1.05 

diacetyl (O2+) 

 1 precursors 

   32 1.5e-9 1.0 

 1 products 

   86 3.0 

methyl_phenol(O2+) 

 1 precursor 

   32 2.2e-9 1.0 

 2 products 

  108 1.0 

  126 1.0 

ethyl_phenol(O2+) 

 1 precursor 

   32 2.2e-9 1.0 

 4 products 

  107 1.0 

  122 1.0 

  125 1.0 

  140 1.0 

benzene(O2+) 

1 precursor 

  32 1.6e-9 1.0 

1 product 

  78 1.0 

tolulene(O2+) 

1 precursor 

  32 1.4e-9 1.0 

1 product 

  92 1.0 

xylene(O2+,all_isomers) 

1 precursors 

 32 1.4e-9 1.0 

1 products 

 106 1.0 

indole(O2+) 

 1 precursor 

   32 2.8e-9 1.0 

 1 product 

   117  1.0 

methylindole(O2+) 

 1 precursor 

   32 2.4e-9 1.0 



344 
 

 3 products 

   131  1.0 

   130  1.0 

   117  1.0 

OCS_nominal(O2+) 

 1 precursor 

   32 1.46e-9 1.0 

 1 product 

   60 1.0 

DMSO_nominal(H3O+) 

4 precursors 

  19 3.9e-9 1.0 

  37 3.3e-11 1.0 

  55 2.5e-11 1.0 

  73 2.4e-11 1.0 

2 products 

  79 1.0 

  97 1.0 

DMSO_nominal(NO+) 

3 precursor 

 30 2.4e-9 1.0 

 48 2.0e-9 1.0 

 66 1.8e-9 1.0 

2 products 

 78 1.0 

 108 1.0 

DMSO_nominal(O2+) 

1 precursor 

  32 3.1e-9 1.0 

1 product 

  78 1.0 

NOISE(H3O+) 

 4 precursors 

   19 2.6e-9 1.0 

   37 2.5e-9 1.0 

   55 2.3e-9 1.0 

   73 2.1e-9 1.0 

 1 products 

   10 1.0 

NOISE(NO+) 

1 precursors 

  30 2.5e-9 1.0 

1 product 

 10 1.0  
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Appendix C – FMHS FREC Approval for Cerumen Use 
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