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Abstract-

Background — Equine osteoarthritis is a chronic degenerative disease of the articular joint,
characterised by cartilage degradation resulting in pain and reduced mobility and thus is a prominent
equine welfare concern. Diagnosis is usually at a late stage through radiographic examination, whilst

treatment is symptomatic not curative. Extracellular vesicles are small nanoparticles that are involved
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in intercellular communication. The objective of this study was to investigate the feasibility of Raman
and optical photothermal infrared spectroscopy to detect osteoarthritis using plasma-derived

extracellular vesicles.

Methods — Plasma samples were derived from thoroughbred racehorses. A total of 14 samples were
selected (control; n= 6 and diseased; n=8). Extracellular vesicles were isolated using differential
ultracentrifugation and characterised using nanoparticle tracking analysis, transmission electron
microscopy, and human tetraspanin chips. Samples were then analysed using Raman and optical

photothermal infrared spectroscopy.

Results —Infrared spectra were analysed between 950-1800 cm™. Raman spectra had bands between
the wavelengths of 900-1800 cm™ analysed. Bands below 900 cm™. Spectral data for both Raman and
optical photothermal infrared spectroscopy was used to obtain a classification model and confusion
matrices, characterising the techniques ability to distinguish diseased samples. Optical photothermal
infrared spectroscopy could differentiate osteoarthritic extracellular vesicles from healthy with good
classification (93.4%) whereas Raman displayed poor classification (64.3%). Plasma-derived
extracellular vesicles from osteoarthritic horses contained increased signal for proteins, lipids and

nucleic acids.

Discussion/ conclusion — For the first time we demonstrated the ability to use optical photothermal
infrared spectroscopy to interrogate extracellular vesicles and osteoarthritis-related samples. Optical
photothermal infrared spectroscopy was superior to Raman in this study, and could distinguish
osteoarthritis samples, suggestive of its potential use diagnostically to identify osteoarthritis in equine
patients. This study demonstrates the potential of Raman and optical photothermal infrared
spectroscopy to be used as a diagnostic tool in clinical practice, with the capacity to detect changes in

extracellular vesicles from clinically derived samples.
Introduction

Osteoarthritis (OA) is a common degenerative disease of the synovial joint, characterised by catabolic
processes observed in articular cartilage, and a notable imbalance in bone remodelling. It results in
pain, inflammation and reduced mobility (Mustonen and Nieminen, 2021). OA is the most prevalent
cause of equine lameness, with over 60% of horses developing OA within their lifetime; a significant
welfare concern (Mcllwraith et al, 2012). It is a complex heterogeneous condition of multiple causative
factors, including mechanical, genetic, metabolic and inflammatory pathway involvement (Clarke et
al, 2021). OA pathophysiology is conserved across species, resulting in synovitis, cartilage degradation,

osteophyte formation, subchondral bone sclerosis, fibrosis and reduced elastoviscosity of synovial
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fluid found within the joint capsule (Kuyinu et al/, 2016). The horse is both of interest as a target species
for veterinary equine medicine as well as a model organism to study osteoarthritis due to these
established similarities, as well as comparable anatomic structures of the human carpal joint with

equine carpal and metacarpophalangeal joint (Mcllwraith et al, 2012).

Extracellular vesicles (EVs) are nanoparticles enveloped in a phospholipid bilayer membrane, secreted
by most mammalian cells, that transport biologically active cargo, such as proteins, RNAs, DNAs, lipids,
and metabolites (Boere et al, 2018). EVs are divided into subgroups as determined by their size and
biogenesis. EVs elicit their effects through paracrine signalling, proving fundamental in intercellular
communication (Herrmann et al, 2021). EVs have been implicated in the propagation of OA, and have
been shown to be released and enter chondrocytes, synoviocytes and inflammatory cells (Esa et al,
2019; Withrow et al; 2016 and Lin et al, 2021). Interestingly EVs can serve as disease propogators;
promoting an increased expression of cytokines, chemokines and matrix degrading proteinases, or

disease preventing; increasing cellular differentiation and reducing apoptosis.

Vibrational spectroscopic methods, including Raman and infrared spectroscopies, provide molecular
information about the main molecular constituents commonly found in biological samples such as
proteins, lipids, nucleic acids, and carbohydrates based on bond-specific chemical signatures in a non-
invasive, non-destructive, and label-free manner (Paraskevaidi et a/, 2021). In Raman spectroscopy,
photons from a monochromatic source interact with the sample and a small fraction of them are
inelastically scattered with either higher or lower energies compared with the excitation wavelength.
The energy difference between incident and scattered photons corresponds to a Raman shift and it is
associated with the chemical structure of molecules in the sample (Lima et al, 2021). Raman
spectroscopy can discriminate between cell and tissue types and detect chemical alterations prior to
morphological changes in various pathological states. It has previously been used to assess the purity
of EV preparations (Gualerzi et al, 2019), as well as identify cellular origin of mesenchymal stem cell
(MSC)-derived EVs (Gualerzi et al, 2017). Infrared spectroscopy is based on the absorption of infrared
radiation by molecular vibrations from bonds that possess an electric dipole moment that can change

by atomic displacement (Baker et al, 2014).

Although Raman and infrared spectroscopies provide molecular information about the overall
biochemistry of samples by monitoring the internal motion of atoms in molecules, each method has
advantages and disadvantages for different types of samples due to their different working principles.
Thus, having both techniques combined in one single technology is a powerful tool with promising
applications. More recently, a novel far-field optical technique has been developed in order to acquire

Raman and infrared signatures simultaneously. In this method, the infrared signatures are collected
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via optical photothermal infrared spectroscopy (O-PTIR), which is based on a pump-probe
configuration that couples a tuneable infrared quantum cascade laser (QCL) acting as pump and a
visible laser to probe the thermal expansion resulting from the temperature rise induced by the QCL.
The probe laser also acts as excitation source for acquiring Raman spectrum simultaneously with
infrared data at the same spatial resolution. This scheme has been used to interrogate tissue samples,
mammalian cells (Banas et al, 2021; Spadea et al, 2021) and bacteria (Lima et al, 2021) but this is the

first study, to our knowledge, to use it in EV or OA work.

We hypothesised that Raman and O-PTIR can be used to identify potential biomarkers of OA using

plasma-derived EVs.

Materials and Methods

Sample Selection

Plasma samples were collected in accordance with the Hong Kong Jockey Club owner consent
regulations (VREC561). All samples were from thoroughbred racehorses, with the donor cohort having
amean age (+/-SEM) of 6.57 +/- 0.45. Horses were selected based on histological scoring of OA severity
using a modified Mankin score (Mcllwraith et al, 2010). A total of 14 samples were selected (control;

n=6 (mean score +/- SEM = 1.83 +/-0.48) and diseased; n=8 (mean score +/- SEM=16.25 +/- 1.15).

Extracellular Vesicle Isolation — Differential Ultracentrifugation

Equine plasma samples underwent differential ultracentrifugation (dUC) in order to isolate EVs.
Samples were subjected to a 300g spin for 10 minutes, 2000g spin for 10 minutes, 10,000g spin for 30
minutes in a bench top centrifuge. Samples were then transferred to Beckman Coulter thick wall
polycarbonate 4ml ultracentrifugation tubes, and spun at 100,000g for 70 minutes at 4°C (Optima
XPN-80 Ultracentrifuge, Beckman Coulter, California, USA) in a 45ti fixed angle rotor, with the use of
a 13mm diameter Delrin adaptor. Sample pellets were suspended in 50ul of filtered phosphate
buffered saline (PBS) (Gibco™ PBS, pH 7.4 - Fisher Scientific, Massachusetts, USA), resulting in 50ul

plasma EV (P-EV) samples.

Extracellular Vesicle Characterisation

Nanoparticle Tracking Analysis

Nanoparticle tracking analysis (NTA) was used to quantify EV concentration and size of all samples,
using a NanoSight NS300 (Malvern, UK). All samples were diluted in filtered PBS 1:50 (10ul of sample
used), to a final volume of 500ul. For each measurement, three 1-min videos were captured, (at a

screen gain of 4 and detection threshold of 12. After capture, the videos were analysed by the in-build
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NanoSight Software NTA 3.1 Build 3.1.46. Hardware: embedded laser: 45 mW at 488 nm; camera:
sCMOS.

Transmission Electron Microscopy

EV presence and morphology were characterised using transmission electron microscopy. 10 ul of
each sample was placed onto a carbon coated glow discharged grid and incubated at room
temperature for 20 minutes. Samples were then subject to a negative staining protocol. EVs were fixed
onto the grid with 1% glutaraldehyde for 5 minutes. The sample grids were incubated on 1% aqueous
uranyl acetate (UA) (Thermofisher Scientific, Massachusetts, USA), for 60 seconds, followed by
4%UA/2% Methyl Cellulose (Sigma Aldrich, Gillingham, UK) at a 1:9 ratio on ice for 10 minutes. Grids
were then removed with a 5mm wire loop and dried. The prepared grids were then viewed at 120KV

on a FEl Tecnai G2 Spirit with Gatan RIO16 digital camera.

Exoview Characterisation

The exoview platform (NanoView Biosciences, Malvern Hills Science Park, Malvern) was used to
determine EV concentration, surface marker identification and to perform fluorescent microscopy and
tetraspanin colocalization analysis. We had previously tested both the human and murine chips on
equine samples and demonstrated the human chips were more compatible (data not shown). ExoView
analyses EVs using visible light interference for size measurements and fluorescence for protein
profiling. Samples were analysed in triplicate using the ExoView Tetraspanin Kit (NanoView
Biosciences, USA) and were incubated on the human ExoView Tetraspanin Microarray Chip for 16
hours at room temperature. Following this sample chips were incubated with tetraspanin labelling
antibodies, namely anti-CD9 CF488, anti-CD81 CF555 and anti-CD63 CF647 and the MIgG negative
control. The antibodies were diluted 1:500 in PBST with 2% BSA. The chips were incubated with 250
uL of the labelling solution for 1 hour. The sample chips were washed and imaged with the ExoView
R100 reader ExoView Scanner v3.0. Data was analysed using ExoView Analyzer v3.0. Fluorescent cut
offs were set relative to the MIgG control. Total EVs were determined as the number of detected

particles bound to tetraspanin antibodies (CD9, CD81, CD63) and normalised to MIgG antibody.

Raman Spectroscopy and Infrared Spectroscopy (O-PTIR)

For all samples O-PTIR measurements were acquired on single-point mode using a mIRage infrared
microscope (Photothermal Spectroscopy Corp., Santa Barbara, USA), with the pump consisting of a
tuneable four-stage QCL device, while the probe beam is a continuous wave (CW) 532 nm laser.
Spectral data were collected in reflection mode using a 40x, 0.78 NA, and 8 mm working distance

Schwarzschild objective. Single-point spectral data were acquired over a spectral region of 930-1800
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cm™, with 2cm™ spectral resolution and 10 scans per spectrum. Raman data were acquired using a
Horiba Scientific iHR-320 spectrometer coupled to mlRage, using a grating of 600 I/mm, 10 s as
acquisition time, spectral region of 500-3400 cm™, with 2 cm™ spectral resolution and 10 scans per

spectrum.

Statistical Analysis

Raman and O-PTIR spectroscopic data was analysed using principal component analysis (PCA) to
determine each techniques ability to identify diseased samples from healthy. Spectral data was also
used as input for partial least squares discriminant analysis (PLS-DA) in order to generate a
computerised model. Further analysis involved using a classification model and confusion matrices,
whereby bootstrapping was performed 10000 times to permute whether the EV spectrum was

classified as OA or control.
Results

EV Characterisation

Nanoparticle tracking analysis

Particle size and concentration characterisation was performed using NTA. NTA determined the
average plasma sample concentration to be 2.02x10° particles/ml. Analysis was suggestive of a

heterogeneous population of EVs, ranging from exosomes to microvesicles (Figure 1A).

Transmission electron microscopy

To confirm the particles isolated from plasma samples were indeed EVs we negatively stained and
visualised them using transmission electron microscopy. Spherical structures within EV size ranges
(30nm-100nm (exosomes) and 100nm-1000nm (microvesicles)) were identified with a clearly defined

peripheral membrane as shown in Figure 1B.

Exoview

Exoview was used on a representative pool of plasma samples. The EVs extracted from plasma had
the highest particle counts on the CD9 capture spots, equating to a concentration of around 1.4x108
CD9 positive particles/ml. CD81 (7x107 particles/ml) and CD63 (6x107 particles/ml) positive particles
were also detectable (Figure 2A). It was observed that most EVs detected were less than 100nm
(Figure 2B). It was also found that with plasma EV samples, the greater the expression of CD9 the

greater the expression of CD81, whereby a distinct positive correlation can be observed (Figure 2C).
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Co-localisation analysis was also performed and identifying that 91% of plasma-derived EVs were
positive for the CD9 surface tetraspanin, followed by 5% expressing CD81, and 3% expressing both
CD81 and CD9. CD63 expression was lowest at 0.8% (Figure 2D). Finally, plasma EVs were visualised

using fluorescent microscopy, as shown in Figure 2E.

Raman Spectroscopy and Infrared Spectroscopy (O-PTIR)

Infrared and Raman spectral data collected from healthy and diseased plasma-derived EV samples
displayed similar biochemical features with subtle changes in signal intensity, while appearance or

disappearance of peaks were not observed (Figure 3A and B).

Infrared signatures acquired by O-PTIR spectroscopy were recorded from 950-1800 cm™, however,
bands peaking below 1200 cm™ were removed from the analysis due to interference from bands
attributed to minerals from PBS (Mihaly et al, 2017). The band peaking at 1743 cm™ arose from C=0
ester groups from lipids including phospholipids, triglycerides and cholesterol (Mihaly et al, 2017)
Amide | vibration, peaking at 1647 cm™ was associated mainly to C=0 stretching vibration from
peptide bonds in proteins (Mihaly et al, 2017; Barth,2007; Paolini et al, 2020). Amide Il band
absorption was found in 1544 cm™ and is attributed to the out-of-phase combination of the N-H in-
plane bend and C-N stretching vibration with smaller contributions from the C-0 in-plane bend and
the C-C and N-C stretching vibrations of peptide groups (Mihaly et al, 2017; Barth, 2007; Paolini et al,
2020). The band observed at 1240 cm™ results from the coupling between C-N and N-H stretching
from proteins (amide Ill) (Barth, 2007), but it was also influenced by PO, asymmetric stretching from
phosphodiester bonds in nucleic acids (Paraskevaidi et al, 2021). The peak at 1451 cm™ corresponded
to bending vibration (scissoring) of acyl CH, groups in lipids (Mihaly et al, 2017; Barth et al, 2007;
Paolini et al, 2020), whereas the band peaking at 1395 cm™ aroses from COO~ symmetric stretching
from amino acid side chains and fatty acids (Mihaly et al, 2017; Barth, 2007; Paolini et al, 2020).
Spectral signatures from minerals were also observed in Raman spectrum acquired from healthy and
diseased samples in the low wavenumber region (below 900 cm™), therefore, only bands peaking
between 900-1800 cm™ were analysed. In Raman spectra, peaks associated to amide I, II, and 1l from
peptide bonds were observed peaking at 1672, 1556, and 1241 cm™ respectively (Zhang et al 2020;
Gualerzi et al, 2019). The band peaking at 1450 cm™ originated from CH,/CHs bending vibrations from
lipids and proteins, while the peak at 1004 cm™ was attributed to the phenylalanine ring breathing,

and the peak at 1340 cm™ was associated to nucleic acids (Zhang et al 2020; Gualerzi et al, 2019).

Infrared and Raman were subjected to principal component analysis (PCA) in order to examine the

ability of both techniques to discriminate healthy and diseased plasma-derived EV samples (Figure 4).
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PC scores plot obtained from O-PTIR (infrared signatures) as input data showed satisfactory
discrimination between healthy and diseased samples (Figure 4A), with scores from control samples
grouping on the negative side of PC-1 axis while scores related to OA clustered on positive side of the
PC-1 axis. The loadings plot (Figure 4B) revealed positive loadings to all bands displayed in Figure 4a,
indicating higher amount of the molecular constituents associated with these vibrations, i.e. proteins,
lipids and nucleic acids, in samples derived from plasma EVs in OA. The scores plot obtained by
subjecting Raman signatures to PCA displayed poor discrimination between healthy and OA samples

(Figure 4).

Raman and O-PTIR spectral data were used as input for PLS-DA in order to generate a model for
classifying OA and control samples based on EV composition. The classification models and confusion
matrices obtained by PLS-DA using O-PTIR and Raman data are shown in Figure 5. Bootstrapping was
performed 10000 times to permute whether the EV spectrum was classified as OA or control. PLS-DA
model obtained from O-PTIR data demonstrated good correct classification rates (CCR) of an average
of 93.41%, while PLS-DA model generated by using Raman signatures as input data presented a poor
CCR (64.63%). These findings agree with the results obtained by PCA, indicating superior ability of O-

PTIR to discriminate healthy from OA samples.

Discussion

This study, for the first time investigated whether O-PTIR could be used successfully to interrogate
plasma-derived EVs in control and OA equine samples. We demonstrated that indeed the novel
spectroscopy technique O-PTIR was able to determine differences in EV content attributed to disease
pathology. Thus O-PTIR could serve as a platform for as future biomarker studies in equine OA.

Plasma EV concentration (2.02x10° particles/ml) was quantified using NTA, an accepted method of EV
evaluation known for its repeatable and reproducible (Vestad et al, 2017). The representative plasma
sample shown reflect the biological sample heterogeneity, showing a range of EV sizes indicative of
both exosome and microvesicles subgroups. The concentration determined was similar to those
reported for plasma EVs in other species within literature. For example, human plasma EVs identified
by Palviainen et al (2020) 2.46x10°- 1.10x10%° particles per ml. However, a study analysing plasma EVs
across the duration of equine endurance racing found that baseline plasma EV concentration was
5.6x10%? particle per ml (de Oliveira Jr et al, 2021). Exoview analysis identified EVs that were positive

for the tetraspanins CD81 and CD9, however a low percentage of EVs were positive for the surface
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marker CD63. This may a result of poor protein homology between equine and humans. Although, a
recent paper using intracellular trafficking demonstrated that CD63 expression in Hela cells was
specific to exosomes, and often a lack of CD63 expression may be due to small microvesicle
production, referred to as ectosomes, and that this type of EV is far more prolific than CD63 positive

exosomes (Mathieu et al, 2021).

Infrared spectroscopy techniques have been used to probe EVs previously in order to identify
structural components (Kim et al, 2019) as well as proteins, lipid and nucleic acid components, as
found in our study (Kim et al, 2019). This is the first paper to our knowledge to probe OA EVs using
Raman spectroscopy and O-PTIR spectroscopy. In other work, Zhai et al (2019) found that in bone,
mineral and carbonate content varied significantly with OA stage, with carbonate increasing with OA.
They also identified using Fourier transform infrared spectroscopy that acid phosphate, collagen
maturity and crystallinity varied with OA. In addition, the use of infra-red spectroscopy is compounded
by the findings of Afra et al (2017) in a study utilising an experimental model of OA in rats. Here the
spectral differences between control and OA samples could be correlated to Mankin score and
glycosaminoglycan content. A previous study by our group used attenuated total reflection Fourier-
transform infrared (ATR-FTIR) spectroscopy on OA equine serum. This infrared spectroscopy study
found separation between groups with 100% sensitivity and specificity, with the six most significant
peaks between groups being attributed to proteins and lipids. Similarly, this was observed within our
study, with increased abundance found within our OA group. The stated study postulated these
observations may be associated to increased lipid and protein expression including increased
expression of type 1 collagen, and decreased expression of type 2 collagen characteristic of OA

(Paraskevaidi et al, 2020).

Previously, changes in plasma and lipid concentration in plasma and serum derived from OA patients
has been described. One study utilised serum samples from horses to discriminate proteomic changes
due to exercise or the development of early OA (Frisbie et al, 2008). Researchers identified six
biomarkers with the ability to discriminate OA from exercise groups. For example, the concentration
of serum C1,2C (reflective of type 1 and 2 collagen degradation fragments) and collagen 1 was found
to significantly increase in OA groups compared with exercise alone (Frisbie et al, 2008). In addition, a
multiplexed proteomic study on human OA serum identified a panel of 14 candidate biomarkers for
OA (Fernandez-Puente et al, 2017), utilising cartilage, synovial fluid, chondrocytes and serum. These
prospective biomarkers include von Willebrand factor (inflammation and haemostasis) and

haptoglobin (an inflammation inducible plasma protein) (Fernandez-Puente et al, 2017).
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Furthermore, a previous study in plasma identified different lipid profiles in OA using a destabilisation
of the medial meniscus model (Pousinis et al 2020). Altered lipids included classes of cholesterol
esters, fatty acids, phosphatidylcholines, N-acylethanolamines, and sphingomyelins and some were

attributed to cartilage degradation.

Raman spectroscopy has been used to characterise EVs and their composition. It has been used to
interrogate EVs undergoing autophagy (Chalapathi et al, 202), as well as distinguishing EVs derived
from bovine placenta and mononuclear cells (Zhang et al, 2020), identifying differential features in
Parkinson’s disease pathology (Gualerzi et al, 2019) and sporadic Amyotrophic Lateral Sclerosis
(Morasso et al, 2020). Additionally, it has previously been used to successfully discriminate between
healthy and diseased joint tissues in order to identify subtle molecular and biochemical changes as a
result of disease. Buchwald et al (2017) utilised Raman spectroscopy to identify compositional and
structural changes in bone from the hip joints of OA patients demonstrating that subchondral bone
from OA patients was less mineralised due to a decrease in hydroxyapatite. Furthermore, a study
performed by de Souza et al (2014) using two in vivo experimental rat models of knee OA (treadmill
exercise induced and collagenase induced) established molecular signatures unique to OA. Raman
ratios relating to mineralization and tissue remodelling were significantly higher in OA groups.
Specifically, the ratio between phosphate and amide Il has been shown to reflect the degree of
mineralisation and carbonate/ amide Ill is indicative of bone remodelling. De Souza et al (2014) also
commented on the lack of literature available with regard to the use of Raman spectroscopy for OA
research and the importance of this developing field. More recently, Hosu et al (2019) reviewed the
importance of Raman spectroscopy in identifying pathologically associated crystals such as

monosodium urate and calcium pyrophosphate dihydrate in rheumatoid diseases.

We recognise a number of limitations in our study. We were restrained by the number of samples
available to us, and our findings need validation in a larger cohort. In addition, large sample volumes
were necessary to have an adequate number of EVs for analysis, providing an appropriate signal to
noise ratio. In our future studies minimum sample volume required will be optimised. Additionally,
we used a single time point ‘snap shot’ of disease. Further work is needed to determine if O-PTIR is
sensitive enough to determine differences in a range of OA phenotypes and severities, and correlate

differences to specific biological functions of EVs.

Overall this study demonstrates the potential of Raman and OPTIR spectroscopy to be used as a
diagnostic tool in clinical practice. Further work is required to identify if OA-related changes in plasma-

derived EVs is related to the pathogenesis in the joint. We are currently quantifying the EV cargo using
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NMR metabolomics, mass spectrometry proteomics and sequencing platforms in order to provide

complete characterisation of EVs in OA and determine their contribution to disease propagation.
Conclusion

In conclusion, EVs derived from equine plasma in OA were probed using Raman and O-PTIR
spectroscopy. O-PTIR spectroscopic data was found to be superior in classifying samples from OA
patients compared to Raman spectroscopy. O-PTIR spectroscopy is an exciting platform for bedside

analysis of plasma to diagnose OA.

Acknowledgements

Emily Clarke is a self-funded PhD student. Mandy Peffers is funded through a Wellcome Trust
Intermediate Clinical Fellowship (107471/2/15/Z). Our work is also supported by the Medical Research
Council (MRC) and Versus Arthritis as part of the MRC Versus Arthritis Centre for Integrated research
into Musculoskeletal Ageing (CIMA).

References

Afara, 1.0., Prasadam, |., Arabshahi, Z., Xiao, Y. and Oloyede, A. (2017). Monitoring osteoarthritis

progression using near infrared (NIR) spectroscopy. Scientific Reports, 7(1), pp.1-9.

Baker, M.J., Trevisan, J., Bassan, P., Bhargava, R., Butler, H.J., Dorling, K.M., Fielden, P.R., Fogarty, S.W.,
Fullwood, N.J., Heys, K.A. and Hughes, C. (2014). Using Fourier transform IR spectroscopy to

analyze biological materials. Nature protocols, 9(8), pp.1771-1791.

Banas, A.M., Banas, K., Chu, T.T., Naidu, R., Hutchinson, P.E., Agrawal, R., Lo, M.K., Kansiz, M., Roy, A,
Chandramohanadas, R. and Breese, M.B. (2021). Comparing infrared spectroscopic methods
for the characterization of Plasmodium falciparum-infected human

erythrocytes. Communications Chemistry, 4(1), pp.1-12.

Barth, A., (2007). Infrared spectroscopy of proteins. Biochimica et Biophysica Acta (BBA)-
Bioenergetics, 1767(9), pp.1073-1101.

Boere, J. et al. (2018) ‘Extracellular vesicles in joint disease and therapy’, Frontiers in Immunology.

Frontiers Media S.A. doi: 10.3389/fimmu.2018.02575.



348
349
350
351

352
353
354

355
356

357
358
359

360
361

362
363
364

365
366
367

368
369
370

371
372
373

374
375
376
377

Equine SF and Plasma OA EVs membranes, Raman Spectroscopy, Draft Manuscript

Buchwald, T., Niciejewski, K., Kozielski, M., Szybowicz, M., Siatkowski, M. and Krauss, H. (2012).
Identifying compositional and structural changes in spongy and subchondral bone from the
hip joints of patients with osteoarthritis using Raman spectroscopy. Journal of biomedical

optics, 17(1), p.017007.

Chalapathi, D., Padmanabhan, S., Manjithaya, R. and Narayana, C. (2020). Surface-enhanced Raman
spectroscopy as a tool for distinguishing extracellular vesicles under autophagic conditions: a

marker for disease diagnostics. The Journal of Physical Chemistry B, 124(48), pp.10952-10960.

Clarke, E.J., Anderson, J.R. and Peffers, M.J. (2021). Nuclear magnetic resonance spectroscopy of

biofluids for osteoarthritis. British medical bulletin, 137(1), pp.28-41.

de Souza, R.A., Xavier, M., Mangueira, N.M., Santos, A.P., Pinheiro, A.L.B., Villaverde, A.B. and Silveira,
L., (2014). Raman spectroscopy detection of molecular changes associated with two

experimental models of osteoarthritis in rats. Lasers in medical science, 29(2), pp.797-804.

Ember, K. J. I. et al. (2017) ‘Raman spectroscopy and regenerative medicine: a review’, npj

Regenerative Medicine, 2(1). doi: 10.1038/s41536-017-0014-3.

Esa, A., Connolly, K.D., Williams, R. and Archer, C.W. (2019). Extracellular vesicles in the synovial joint:

is there a role in the pathophysiology of osteoarthritis?. Malaysian orthopaedic journal, 13(1),

p.1.

Fernandez-Puente, P., Calamia, V., Gonzalez-Rodriguez, L., Lourido, L., Camacho-Encina, M., Oreiro,
N., Ruiz-Romero, C. and Blanco, F.J. (2017). Multiplexed mass spectrometry monitoring of

biomarker candidates for osteoarthritis. Journal of proteomics, 152, pp.216-225.

Frisbie, D.D., Al-Sobayil, F., Billinghurst, R.C., Kawcak, C.E. and Mcllwraith, C.W. (2008). Changes in
synovial fluid and serum biomarkers with exercise and early osteoarthritis in horses.

Osteoarthritis and Cartilage, 16(10), pp.1196-1204.

Gualerzi, A., Kooijmans, S.A.A,, Niada, S., Picciolini, S., Brini, A.T., Camussi, G. and Bedoni, M. (2019).
Raman spectroscopy as a quick tool to assess purity of extracellular vesicle preparations and

predict their functionality. Journal of extracellular vesicles, 8(1), p.1568780.

Gualerzi, A., Niada, S., Giannasi, C., Picciolini, S., Morasso, C., Vanna, R., Rossella, V., Masserini, M.,
Bedoni, M., Ciceri, F. and Bernardo, M.E. (2017). Raman spectroscopy uncovers biochemical
tissue-related features of extracellular vesicles from mesenchymal stromal cells. Scientific

reports, 7(1), pp.1-11.



378
379
380

381
382
383

384
385
386

387
388

389
390
391

392
393
394

395
396
397

398
399

400
401

402
403
404

405
406

Equine SF and Plasma OA EVs membranes, Raman Spectroscopy, Draft Manuscript

Gualerzi, A, Picciolini, S., Carlomagno, C., Terenzi, F., Ramat, S., Sorbi, S. and Bedoni, M. (2019). Raman
profiling of circulating extracellular vesicles for the stratification of Parkinson’s

patients. Nanomedicine: Nanotechnology, Biology and Medicine, 22, p.102097.

Herrmann, M. et al. (2021) ‘Extracellular Vesicles in Musculoskeletal Pathologies and Regeneration’,
Frontiers in  Bioengineering and Biotechnology. Frontiers Media S.A. doi:

10.3389/fbioe.2020.624096.

Ho, C.S., Jean, N., Hogan, C.A., Blackmon, L., Jeffrey, S.S., Holodniy, M., Banaei, N., Saleh, A.A., Ermon,
S. and Dionne, J. (2019). Rapid identification of pathogenic bacteria using Raman spectroscopy

and deep learning. Nature communications, 10(1), pp.1-8.

Hosu, C.D., Moisoiu, V., Stefancu, A., Antonescu, E., Leopold, L.F., Leopold, N. and Fodor, D. (2019).

Raman spectroscopy applications in rheumatology. Lasers in medical science, pp.1-8.

Khan, S., Ullah, R., Khan, A., Ashraf, R., Ali, H., Bilal, M. and Saleem, M. (2018). Analysis of hepatitis B
virus infection in blood sera using Raman spectroscopy and machine learning. Photodiagnosis

and photodynamic therapy, 23, pp.89-93.

Kim, S.Y., Khanal, D., Kalionis, B. and Chrzanowski, W. (2019). High-fidelity probing of the structure
and heterogeneity of extracellular vesicles by resonance-enhanced atomic force microscopy

infrared spectroscopy. Nature Protocols, 14(2), pp.576-593.

Konoshenko, M. Y., Lekchnov, E. A., Vlassov, A. V., & Laktionov, P. P. (2018). Isolation of Extracellular
Vesicles: General Methodologies and Latest Trends. In BioMed Research International (Vol.

2018). Hindawi Limited.

Kuyinu, E. L. et al. (2016) ‘Animal models of osteoarthritis: Classification, update, and measurement

of outcomes’, Journal of Orthopaedic Surgery and Research. BioMed Central Ltd.

Lima, C., Muhamadali, H. and Goodacre, R. (2021). The Role of Raman Spectroscopy within

Quantitative Metabolomics. Annual Review of Analytical Chemistry, 14, pp.323-345.

Lima, C., Muhamadali, H., Xu, Y., Kansiz, M. and Goodacre, R. (2021). Imaging isotopically labeled
bacteria at the single-cell level using high-resolution optical infrared photothermal

spectroscopy. Analytical chemistry, 93(6), pp.3082-3088.

Lin, J., Wang, L., Lin, J. and Liu, Q. (2021). The role of extracellular vesicles in the pathogenesis,

diagnosis, and treatment of osteoarthritis. Molecules, 26(16), p.4987.



407
408

409
410
411
412

413
414

415
416
417

418
419
420
421

422
423
424
425

426
427
428

429
430
431

432
433
434
435

Equine SF and Plasma OA EVs membranes, Raman Spectroscopy, Draft Manuscript

Liu, X. et al. (2020) ‘Extracellular Vesicles Released From Articular Chondrocytes Play a Major Role in

Cell-Cell Communication’, Journal of Orthopaedic Research, 38(4), pp. 731-739.

Mathieu, M., Névo, N., Jouve, M., Valenzuela, J.I., Maurin, M., Verweij, F.J., Palmulli, R., Lankar, D.,
Dingli, F., Loew, D. and Rubinstein, E. (2021). Specificities of exosome versus small ectosome
secretion revealed by live intracellular tracking of CD63 and CD9. Nature communications,

12(1), pp.1-18.

Mcllwraith, C. W., Frisbie, D. D. and Kawcak, C. E. (2012) ‘The horse as a model of naturally occurring
osteoarthritis’, Bone & Joint Research, 1(11), pp. 297-309.

Mcllwraith, C.W., Frisbie, D.D., Kawcak, C.E., Fuller, C.J., Hurtig, M. and Cruz, A. (2010). The OARSI
histopathology initiative—recommendations for histological assessments of osteoarthritis in

the horse. Osteoarthritis and Cartilage, 18, pp.S93-S105.

Mihaly, J., Dedk, R., Szigyarto, I.C., Béta, A., Beke-Somfai, T. and Varga, Z. (2017). Characterization of
extracellular vesicles by IR spectroscopy: fast and simple classification based on amide and CH
stretching vibrations. Biochimica et Biophysica Acta (BBA)-Biomembranes, 1859(3), pp.459-
466.

Morasso, C.F., Sproviero, D., Mimmi, M.C., Giannini, M., Gagliardi, S., Vanna, R., Diamanti, L., Bernuzzi,
S., Piccotti, F., Truffi, M. and Pansarasa, O. (2020). Raman spectroscopy reveals biochemical
differences in plasma derived extracellular vesicles from sporadic Amyotrophic Lateral

Sclerosis patients. Nanomedicine: Nanotechnology, Biology and Medicine, 29, p.102249.

Mustonen, A. M. and Nieminen, P. (2021) ‘Extracellular vesicles and their potential significance in the
pathogenesis and treatment of osteoarthritis’, Pharmaceuticals, 14(4). doi:

10.3390/PH14040315.

Olson, N.E., Xiao, Y., Lei, Z. and Ault, A.P. (2020). Simultaneous optical photothermal infrared (O-PTIR)
and raman spectroscopy of submicrometer atmospheric particles. Analytical

Chemistry, 92(14), pp.9932-9939.

Palviainen, M., Saraswat, M., Varga, Z., Kitka, D., Neuvonen, M., Puhka, M., Joenvaars, S., Renkonen,
R., Nieuwland, R., Takatalo, M. and Siljander, P.R. (2020). Extracellular vesicles from human
plasma and serum are carriers of extravesicular cargo—Implications for biomarker discovery.

PLoS One, 15(8), p.e0236439.



436
437
438

439
440
441

442
443
444
445

446
447

448
449
450

451
452
453

454
455
456
457
458

459
460
461
462

463
464
465

Equine SF and Plasma OA EVs membranes, Raman Spectroscopy, Draft Manuscript

Paolini, L., Federici, S., Consoli, G., Arceri, D., Radeghieri, A., Alessandri, |. and Bergese, P. (2020).
Fourier-transform Infrared (FT-IR) spectroscopy fingerprints subpopulations of extracellular

vesicles of different sizes and cellular origin. Journal of extracellular vesicles, 9(1), p.1741174.

Paraskevaidi, M., Hook, P.D., Morais, C.L., Anderson, J.R., White, R., Martin-Hirsch, P.L., Peffers, M.J. and Martin,
F.L. (2020). Attenuated total reflection Fourier-transform infrared (ATR-FTIR) spectroscopy to diagnose

osteoarthritis in equine serum. Equine veterinary journal, 52(1), pp.46-51.

Paraskevaidi, M., Matthew, B.J., Holly, B.J., Hugh, B.J., Thulya, C.P., Loren, C., Stlohn, C., Peter, G.,
Callum, G., Sergei, K.G. and Kamila, K. (2021). Clinical applications of infrared and Raman
spectroscopy in the fields of cancer and infectious diseases. Applied Spectroscopy

Reviews, 56(8-10), pp.804-868.

Pavlou, E., Zhang, X., Wang, J. and Kourkoumelis, N. (2018). Raman spectroscopy for the assessment

of osteoarthritis. Ann. Jt, 3(83), pp.1-10.

Pousinis, P., Gowler, P.R., Burston, J.J., Ortori, C.A., Chapman, V. and Barrett, D.A. (2020). Lipidomic
identification of plasma lipids associated with pain behaviour and pathology in a mouse model

of osteoarthritis. Metabolomics, 16(3), pp.1-13.

Spadea, A., Denbigh, J., Lawrence, M.J., Kansiz, M. and Gardner, P. (2021). Analysis of fixed and live
single cells using optical photothermal infrared with concomitant Raman

spectroscopy. Analytical chemistry, 93(8), pp.3938-3950.

Théry, C., Witwer, K.W., Aikawa, E., Alcaraz, M.J., Anderson, J.D., Andriantsitohaina, R., Antoniou, A.,
Arab, T., Archer, F., Atkin-Smith, G.K. and Ayre, D.C. (2018). Minimal information for studies
of extracellular vesicles 2018 (MISEV2018): a position statement of the International Society
for Extracellular Vesicles and update of the MISEV2014 guidelines. Journal of extracellular

vesicles, 7(1), p.1535750.

Vestad, B., Llorente, A., Neurauter, A., Phuyal, S., Kierulf, B., Kierulf, P., Skotland, T., Sandvig, K., Haug,
K.B.F. and @vstebg, R. (2017). Size and concentration analyses of extracellular vesicles by
nanoparticle tracking analysis: a variation study. Journal of extracellular vesicles, 6(1),

p.1344087.

Withrow, J., Murphy, C., Liu, Y., Hunter, M., Fulzele, S. and Hamrick, M.W. (2016). Extracellular vesicles
in the pathogenesis of rheumatoid arthritis and osteoarthritis. Arthritis research & therapy,

18(1), pp.1-12.



Equine SF and Plasma OA EVs membranes, Raman Spectroscopy, Draft Manuscript

466 Yue, B. et al. (2020) ‘Exosome biogenesis, secretion and function of exosomal miRNAs in skeletal

467 muscle myogenesis’, Wiley Online Library, 53(7). doi: 10.1111/cpr.12857.

468 Zhai, M., Lu, Y., Fu, J., Zhu, Y., Zhao, Y., Shang, L. and Yin, J. (2019). Fourier transform infrared
469 spectroscopy research on subchondral bone in osteoarthritis. Spectrochimica Acta Part A:

470 Molecular and Biomolecular Spectroscopy, 218, pp.243-247.

471  Zhang, H., Silva, A.C.,, Zhang, W., Rutigliano, H. and Zhou, A. (2020). Raman Spectroscopy

472 characterization extracellular vesicles from bovine placenta and peripheral blood
473 mononuclear cells. PloS one, 15(7), p.e0235214.
474

A B

Concentration (particles / mi)

¢ an TR

“0 “o 700 L w0 00
Size (nm)

475

476 Figure 1. Characterisation of EVs using Nanoparticle Tracking. 1A) Nanoparticle tracking analysis (NTA)
477  of a representative sample of plasma derived EVs. Concentrations of EVs in particles/ml and particle
478  size measured in nm, all measurements recorded using NanoSight NS300, and data analysed by the
479 in-build NanoSight Software NTA 3.1 Build 3.1.46. Hardware: embedded laser: 45 mW at 488 nm;
480 camera: sCMOS. 1B) Transmission electron microscopy (TEM) micrograph of negatively stained
481 representative P-EV samples. Samples fixed to grids were visualised using a FEI Tecnai G2 Spirit with

482  Gatan RIO16 digital camera.
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Figure 2. Characterisation of EVs using Exoview. A) Particle counts for plasma EVs from the human
tetraspanin chip. B) A size histogram of plasma EV samples as captured on the CD9 human tetraspanin
chip. C) Scatter diagram demonstrating correlation between the number of CD9 positive EVs (X axis)
and CD81 positive EVs (Y axis). D) colocalization analysis of the presence of surface tetraspanins on
equine plasma EVs. E) fluorescent microscopy visualising plasma-derived EVs, with colour denoting

surface tetraspanin positive identification (red — CD63, blue- CD9, and green -CD81).
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Figure 3. Fingerprint region of averaged spectra. A) Infrared and B) Raman spectra collected from

healthy (blue line) and diseased (red line). Plots are offset for clarity.
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Figure 4. PCA scores and loadings plots. A) PCA score plot from infrared data. B) PCA loadings plot

from infrared data. C) PC scores plot of Raman data; values in parentheses are the percentage total

explained variance.
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Figure 5. Classification model for PLS-DA of infrared and Raman spectra. A) Infrared and B) Raman
spectra showing classification rates for real (blue) and random (red), with a correct classification rate
of 93.41% for infrared and 64.63%. C) and D) are the respective average confusion matrices with rows

representing predicted classification and columns representing experimental.



