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Abstract:

Vibrational spectroscopic techniques, both infrared absorption and Raman scattering, are high
precision, label free analytical techniques which have found applications in fields as diverse as
analytical chemistry, pharmacology, forensics and archeometrics and, in recent times, have attracted
increasing attention for biomedical applications. As analytical techniques, they have been applied to
the characterisation of viruses as early as the 1970s, and, in the context of the coronavirus disease
2019 (COVID-19) pandemic, have been explored in response to the World Health Organisation as
novel methodologies to aid in the global efforts to implement and improve rapid screening of viral
infection. This review considers the history of the application of vibrational spectroscopic techniques
to the characterisation of the morphology and chemical compositions of viruses, their attachment
to, uptake by and replication in cells, and their potential for the detection of viruses in population
screening, and in infection response monitoring applications. Particular consideration is devoted to
recent efforts in the detection of severe acute respiratory syndrome coronavirus 2, and monitoring
COVID-19.

Keywords: Vibrational spectroscopy; infrared absorption spectroscopy; Raman spectroscopy; virus

1. Introduction:

Viruses have existed for billions of years, coexisting with humans in a battle of disease versus
eradication, as was successfully achieved for smallpox. We, as humans, have lived alongside viruses
and have attempted to combat some of the associated diseases by developing protection methods
such as vaccines and antiviral therapeutics. However, viruses rapidly evolve, as evident by the new
Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) viral strain, which in 2020
effectively brought the world to a halt [1]. However, this was not the first time in human history the
detrimental effects a virus can have on society was seen. The Spanish flu swept across the globe
killing millions of people in the 1920s, and similarly the human immunodeficiency virus (HIV)
pandemic has killed more than 35 million individuals to date [2].

In light of the recent pandemic, it is clear that there remain many knowledge gaps in our
understanding of the mechanisms of viral infection, replication and host response, and shortcomings
in methodologies available to analyse and characterise them. In February 2020, in response to the
outbreak of the pandemic, the World Health Organisation (WHO), in collaboration with the Global
Research Collaboration for Infectious Disease Preparedness and Response (GLOPID-R), organised a
Global Forum on research and innovation for COVID19, and published a Global Research Roadmap to
promote a co-ordinated approach to address the emerging global crisis [3]. The report recognises
that there are major gaps in our understanding of many key aspects of the evolution, transmission,
and effects of viruses, and in areas of diagnostics and therapeutics. It emphasises the importance of
improved fundamental understanding of the processes associated with viral infection and advocates
the development of new tools to monitor, for example, phenotypic change and potential adaptation,



not just in the context of the SARS-CoV-2 outbreak, but to support responses to other ongoing or
future outbreaks across the world.

Vibrational Spectroscopic techniques, such as Raman and Infrared (IR) absorption, are powerful
analytical tools and their potential role in medical diagnostics is being increasingly explored [4-6].
The spectrum obtained from these techniques comprises contributions from each molecular bond,
and is a “signature” or “fingerprint” which is characteristic of a material, or changes associated with
a physical or chemical process. In complex samples, notably biological cells or tissue, the
spectroscopic signature incorporates characteristics of all constituent functional groups of lipids,
carbohydrates, proteins, nucleic acids, and provides a high content, holistic representation of the
biochemical status, which can be monitored as a function of time, to understand the kinetics of
processes [7,8]. In cytology, vibrational spectroscopic microscopy has emerged as a label free
alternative to conventional labelled techniques, which can provide molecularly specific signatures of
biological processes and function [8]. Importantly, label free spectroscopic analysis can identify
signatures of subcellular phenomena not evident in a labelled approach, which assumes a priori
knowledge of specific molecular biomarkers. It can thus potentially guide the identification of new
biomarkers of cellular events, or recognition of phenomena not visible using other, for example
fluorescence based techniques [9]. These techniques have been extensively explored to differentiate
between healthy and diseased samples for diagnostic applications [10-13], and recent studies using
Raman and IR absorption spectroscopy have demonstrated great potential for their use with liquid
biopsies samples [14-17].

As analytical and potential biomedical techniques, Raman and IR absorption spectroscopies have
also been explored for the characterisation and detection of viruses, to monitor their cellular
interactions and replication, and to diagnose and quantify viral infection. Based on a Web of Science
literature search (November 2021) of abstracts containing the terms (Raman) OR (surface-enhanced
Raman) OR (SERS) OR (Infrared) OR (FTIR) OR (MIR) OR (ATR)) AND (spectroscopy) AND (virus OR
viral) NOT ("Near" OR NIR), this paper seeks to review the history and current state of the art of the
application of Raman and (mid) IR spectroscopies in the field of analysis and characterisation of
viruses, their cellular interactions, and human responses to infection. A brief introduction to the
spectroscopic techniques considered in scope is first provided, after which the contributions of
vibrational spectroscopy to characterisation of the structure and composition of viruses, their
cellular interactions, and monitoring infection and physiological responses are reviewed. Against this
backdrop, the recent efforts to aid in the global efforts to implement and improve rapid screening of
viral infection to control the COVID-19 pandemic are discussed, and the future perspectives
considered.

2.  Vibrational Spectroscopy:

Vibrational spectroscopy measures transitions between the quantised vibrational states of
molecules or solids, by absorption or scattering of incident radiation, and the spectrum of
spectroscopic responses is characteristic of the material, of changes to it [18]. The transition
energies are typically in the mid infrared (mid-IR) region of the spectrum (~400-4000 cm™), and thus
are commonly directly measured by (Fourier Transform) IR absorption spectroscopy, or via their
overtone/combination modes in the near-IR region. In the microscopic mode, the spatial resolution
of the measurement is largely limited by the measurement wavelength (~2-20 um), which can be
optimised using well collimated sources, such as synchrotron or quantum cascade lasers (QCL), the
enhanced brightness of which has also been exploited for the measurement of, for example, spectra
of live cells in the highly absorbing aqueous in vitro cell culture media [19,20]. Emerging techniques
have coupled scanning probe microscopy to detect IR induced photothermal and near field
responses, and have opened up the potential to probe IR spectroscopic profiles with lateral
resolution on a scale of tens of nanometers [21,22].



Raman spectroscopy, based on the inelastic scattering of light due to coupling with the vibrational
modes of a material, is commonly performed at visible or near-IR wavelengths, and the lower
intrinsic spatial resolution of ~0.5 um, coupled with the fact that water is relatively weaker in Raman
than in IR, means that confocal Raman microscopy lends itself more naturally to cellular and
subcellular analysis [8], and has been employed, for example, to monitor the uptake, transport and
cellular response to nanoparticles [23,24] and chemotherapeutic agents [25]. Combining the spatial
resolution of atomic force microscopy with the chemical specificity of Raman spectroscopy, tip
enhanced Raman spectroscopy (TERS) enables nanometer scale chemical imaging of surfaces [26].
Using plasmonically active TERS probes, the sensitivity is significantly enhanced by the surface
enhanced Raman scattering (SERS) effect [27,28] through enhanced local fields in the vicinity of the
metallic surface plasmon resonances. The enhancement is localised to within ~10 nm of the metal
surface, and therefore is exhibited only by molecules in close proximity to it.

Not requiring spatial resolution, the applications of vibrational spectroscopy for quantitative analysis
of metabolites in, and disease diagnostics based on biofluids [29—-32], including blood [16,33], urine
[34] and saliva [35—39], have become increasingly prevalent over the past decade. Attenuated total
reflection FTIR (ATR-FTIR) in particular has emerged as a potentially viable option for clinical
translation, as a rapid clinical and/or point of care technique, although samples are usually
measured in their dried state [40,41]. Raman spectroscopic analysis of the native liquid samples has
been demonstrated to deliver equivalent or improved accuracy, however [42,43]. SERS
spectroscopy, using nanoscale noble metal nanostructured substrates or particles can add further
sensitivity to the analysis, and functionalisation of the metal surface can be tailored to enhance the
molecular specificity of assays [44].

Biosafety is of fundamental concern while working with viruses, as pathogenic agents, and their safe
handling is governed by national health and safety legislation, which, for example in the EU is
dictated by Directive 2000/54/EC - Biological Agents at Work [45], and subsequent amendments
[46], and transposed to national legislation [47]. To simplify how risks from different biological
agents are assessed and managed, viruses are categorised into four different risk groups (Groups 1 —
4), based on their ability to cause human disease by infection, and the risk management strategies
are associated with Biological Safety Levels (BSL 1-4). Thus, for protection of the individuals handling
the virus, and working in the laboratory environment, BSL-2 (Influenza A,B,C, Human respirovirus,
Mumps), BSL-3 (Hepatitis B,C, Dengue, SARS) or even BSL-4 (e.g. Ebola) are required [47]. In some
cases, risk management by vaccination is additionally advised. All viruses which have already been
identified in humans but which have not yet been assessed and classified must be considered to be
as group 2 agents at a minimum, unless there is evidence that they are unlikely to be pathogenic to
humans.

Routine diagnostic work, through which there is no intention to propagate or concentrate the
agents, may be conducted at BSL-2, as can work with specimens that contain or may contain blood-
borne viruses. However, additional measures may be required to control the risk of, for example,
sharps injuries and contamination of the skin and mucous membranes.

Viruses and virus containing samples can be inactivated for safe handling under normal laboratory
conditions (BSL-1) [48], by for example chemical [49,50], heat [51]or radiation treatment [52].

3.  Vibrational Spectroscopic analysis of viruses and viral infections:

3.1 Structure and composition of viruses

Although viruses were first described in the late 19™ century [53], visualisation of their structures
was only possible with the development of electron microscopy in the first half of the 20™ [54].
Exploration of the chemical composition of viruses was first facilitated by the isolation of crystallised
proteins and nucleic acids from tobacco mosaic viruses [55,56], and by the early 1950s, the chemical
constitution of viruses was well described [57]. More recently, the advent of cryo-electron
microscopic approaches has enabled near-atomic resolution (2-4 A) of a wide range of biomolecular



assemblies, including viruses [58,59]. Currently, viruses are classified into families, subfamilies, genus
and species, according to their morphology and chemical structure [60]. Electron microscopy
remains a key technique for characterising virus morphology [61], while mass spectrometry is
extensively utilised to characterise chemical composition [62]. The combination of increasingly
sophisticated analytical methods can recreate atomic level models of individual virions, as shown in
Figure 1 for the case of SARS-CoV-2 [63—79].

Figure 1: Scientifically accurate atomic model of the external structure of the SARS-CoV-2. Each
"ball" is an atom. Colour legend: I cobalt - membrane |:| turquoise - spike glycoprotein (S) I crimson -
E protein |:|green - M protein. [| orange - glucose (Alexey Solodovnikov (ldea, Producer, CG, Editor),
Valeria Arkhipova (Scientific Consultant), CC BY-SA 4.0 <https://creativecommons.org/licenses/by-
sa/4.0>, via Wikimedia Commons)

Reports on the use of mid-IR spectroscopy for the direct detection and/or characterisation of viruses
are relatively scarce. Vargas et al. demonstrated the collection of viral samples form water systems
and their measurement by ATR-FTIR [80]. The two viruses, vaccine strain poliovirus type 1 (LSc-2ab)
and the bacteriophage MS2, exhibited rich IR spectral profiles, with clear contributions of proteins,
lipids and nucleic acids, as well as substantial differences by which they could readily be
discriminated. The emerging technique of nano-infrared spectroscopic imaging is of particular
interest for the study of viruses. Scanning near-field optical microscopy (s-SNOM) enables (infrared)
spectroscopic studies with a spatial resolution as low as 10 nm, allowing high resolution in situ
spectroscopic chemical and structural identification (Figure 2), and the technique was employed to
probe structural changes in single enveloped influenza X31virus particles [81]. The study
demonstrated the reproducibility of the spectral signatures of individual viral particles, rich in
signatures of proteins, lipids and nucleic acids, and was able to monitor the changes in these
features in lower pH environments, particularly hemagglutinin, responsible for attachment to the
host cell receptor and mediating membrane fusion during virus entry.
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Figure 2: s-SNOM experimental setup and near-field infrared spectral images of influenza virus at pH
7.4. (a) schematic of the s-SNOM experiment, (b) topography of four viruses (scale bar is 100 nm), (c-
e) near-field phase (¢s) spectral images at three different frequencies. Line profiles of topography (f)
and phase (g) representing the red broken lines shown in the topography (b) and phase (c, €)
images. (reproduced from [81] under Creative Commons Licence)

Raman spectroscopic studies of viruses date back to 1978, when Hartman et al. undertook an
analysis of the turnip yellow mosaic virus (TYMV) [82]. The study examined the secondary structure
of the coat-protein and of the encapsulated RNA. Numerous further structural and functional studies
followed; of belladonna and bean pod and mottle virus (BPMV) [83-85], Ff filamentous viruses
[86,87], the bacteriophages PRD1 and P22 [88,89]. The Raman spectra of purified viruses are rich in
information on the constituent lipidic, proteinic, nucleic acid biomolecules and their structures,
conformations and organisation, and are an ideal platform to study changes to that structure and
organisation. Xu et al. undertook a Raman spectroscopic study of the human immunodeficiency virus
(HIV) and the effects of hypericin-induced photosensitive damage [90]. Among the more recent
studies, Ruokola et al. analysed samples of purified Echovirus (EV1), to establish Raman
spectroscopic signatures of the virus, and the effects of uncoating using thermal treatment [91].

SERS can be employed for direct spectroscopic characterisation, using non-functionalised
nanostructured substrates. In 2001, Bao et al. conducted a SERS study of insect nuclear polyhedrosis
viruses in silver hydrogels [92], while numerous other studies have used nanostructured metal
substrates to study molecular signatures of, for example, respiratory viruses [93,94], rotavirus
[95,96] and poxviridae virions [97]. Fan et al. demonstrated the use of SERS to detect and
discriminate seven food and waterborne viruses in aqueous solution, including noro virus, adeno
virus, parvo virus, rota virus, corona virus, paramyxo virus, and herpes virus [98]. Olschewski et al.
used TERS to detect and discriminate Varicella-zoster virus (VZV) and Porcine teschovirus (PTV) [99].
Viruses were first located in AFM topographic images, after which the TERS profile was mapped
according to grids of dimensions varying from 0.05-0.05 um (12 x 12 points) to 0.40 x 0.40 um (25 x
25 points) [99]. Differing surface profiles of lipidic and proteinic (VZV), and justproteinic (PTV)



signatures were observed, enabling the development of a linear discriminant analysis (LDA) model
with classification accuracy for virus species identification of approximately 91%.

SERS based immunoassays further enhance the specificity of the measurement, by functionalisation
of the nanoscale metal surface to bind and measure individual viruses. As an example, Driskell et al.
used monoclonal antibodies as functional agents for the selective extraction of the feline calicivirus
from cell culture media in a chip-scale, sandwich immunoassay, incorporating SERS readout [100].
Effective functionalisation with, for example, specific antibodies [101-103] and glycoproteins [104]
has been demonstrated, while the use of oligonucleotides as recognition elements for SERS sensors
has recently been reviewed [105]. An alternative approach of size selective capture by gold
nanoparticle coated carbon nanotube arrays and detection using SERS has also been demonstrated
[106]. The virus capture with detection and identification (VIRRION) platform was initially
demonstrated to be able to differentiate between two avian influenza virus subtypes (H5N2 and
H7N2) and reovirus, using principal components analysis (PCA) (Figure 3D). It was then validated by
the successful identification of different viruses in clinical nasopharyngeal swabs from patients who
had been diagnosed with rhino-, influenza A, or human parainfluenza type 3 (HPIV 3) virus, with an
accuracy of 93%.
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Figure 3: Characterisation of avian influenza virus captured and detected by VIRRION. (A) A process
flow of VIRRION for avian influenza virus surveillance and discovery. (B) SEM showing H5N2 virus
particles captured by CNXCNT arrays. (C) Raman spectra of HSN2, H7N2, and reovirus collected from
VIRRION. (D) Classification by PCA plot of Raman spectra collected from different avian viruses. (E)
Process flow of virus identification by Raman spectroscopy with algorithm. (F) H5N2 virus
propagated in ECE after viable capture and detection. (G) Ratio of copy number of H5N2 and 18S
rRNA before and after VIRRION enrichment. (Reproduced from [106] under Creative Commons
Attribution License 4.0 (CC BY))



3.2 Virus Cell Interactions

Viruses employ different mechanisms for host cell invasion and establishment of infections inside
the cell. The initial invasion of cells by viruses depends on key interactions between viral envelope
proteins and cell surface proteins, the outcome of which determine the efficiency of infection, viral
loads and transmission rates [107]. In addition to virus specific receptors, the efficient entry of many
viruses into cells depends on interactions with co receptors and accessory cell surface molecules
that aid entry and internalisation. The latter interactions can dramatically increase the efficiency of
entry by concentrating the virus on the cell surface, thereby increasing the probability of interactions
with the fusion receptors. Collectively all these interactions determine pathogenicity, tissue tropism
and host range. The identification of host receptors is therefore essential in understanding viral
infections and pathogenesis [108]. Various methods like monoclonal antibodies, affinity purification
assays and solid phase assays have been extensively exploited in earlier virus-cell interaction studies
[109-112]. Advances in techniques like high throughput screening, targeted gene perturbation, mass
spectrometry and genetic screening have facilitated the identification of receptors in host cells
[113]. These methods are, however, usually based on molecular analyses after cell lysis, and do not
visualise the interactions in situ [108]. No single method reveals the overall picture of virus entry,
and receptors are more commonly identified using a combination of different approaches.

Following membrane penetration, the virus can release its genome into the cytosol or, once again,
make use of cellular machinery such as microtubules and their associated motors, to transfer its
genome to the nucleus. Replication of the viral DNA or RNA can occur in the cytoplasm or nucleus by
transcription followed by translation, after which the virion is reconstructed and released. The rate
of viral replication facilitates viral spread whilst evading the host’s innate antiviral immune
surveillance [114], and viral replication rates have been reported to regulate development of the
specific adaptive immune responses in influenza infection [115]. A component of innate immunity to
restrict viral replication is the production of cytokines to control the viral infection. However,
uncontrolled overproduction of cytokines can lead to the phenomenon of ‘cytokine storm’, which
has been reported in severe COVID-19 patients and influenza infection.

Quantitative polymerase chain reaction is considered to be the principal technique for quantification
of viral replication [116,117], and has been employed, for example, to study the regulatory role of
microRNAs (miRNAs) in host-virus interactions [118]. The PCR reaction works through amplification
and detection of the target gene through a read out process generally based on size and charge, or
fluorescence labelling. These techniques involve the use of agarose gels, acrylamide gels,
electrophoresis or fluorescent detection of the labelled end product. This well-known molecular
technique can be qualitative or qualitative. Real time PCR platforms have been developed to enable
detection of RNA within a sample through the mechanism of reverse transcriptase, which transforms
RNA into cDNA, known as RT-PCR[119]. Notably, however, as a molecular analysis technique, it does
not visualise the virus in situ, and does not characterise the infectivity, or host response. In contrast,
fluorescence microscopy has been demonstrated to be an effective tool to study virus entry and viral
replication inside the host cell, in situ. For this purpose, recombinant viruses are generated encoding
fluorescent markers, and their expression is monitored as an indicator of viral replication. The
technique has been used, for example, to quantify virally infected cells in a monolayer using
fluorescence microscopy [120], and to investigate the function of viral proteins and cellular
receptors in the process of formation of capsid-nucleus complex [121]. Virus replication can be
visualised by using fluorescent probes complementary to the genome of the invading or replicating
virus, and fluorescence in situ hybridisation (FISH) and confocal microscopy have been employed for
the visualisation of the replicating genome [122].

Vibrational spectroscopic techniques offer a more versatile, label free alternative to visualise virus-
cell interactions, in situ. Although highly sensitive and specific when targeted using surface
functionalisation, the SERS effect is limited to a range of ~10nm and so is primarily surface sensitive,



and is limited in its ability to probe virus interactions at a cellular level, to understand mechanisms of
membrane penetration, intracellular viral replication, and cellular responses.

Lu et al. identified Raman spectroscopic signals associated with conformational changes in the
glycoproteins of Nipah virus-like particles (VLPs) [123]. Such conformational changes, as a result of
receptor binding, are required for viral entry and cell-cell fusion and the study demonstrated that
Raman microspectroscopy can simultaneously identify specific glycoprotein signatures and receptor-
induced conformational changes.

Huleihel et al. employed FTIR microscopy in transmission mode to spectroscopically profile mouse
primary fibroblast and kidney cells, infected with the murine sarcoma virus (MuSV-124) [124]. Both
cell types were seen to proliferate much more rapidly once infected, and significant differences were
seen in the spectral profiles of the infected cells, potentially associated with phospholipids and
nucleic acids, indicative of cell metabolism. Salman et al. undertook a similar study to
spectroscopically profile normal monkey kidney (Vero), human and rabbit fibroblast cells in culture
and cells infected with various members of the herpes family of viruses (Herpes simplex (HSV) and
VZV) [125]. Significant spectral differences between normal and infected cells were apparent as early
as 24 h post infection, although the morphological differences and indicators of apoptotic onset
(caspase 3) were only evident after 3 days. It should be noted, however, that the spectra show
potential influences of scattering backgrounds, which may derive from morphological differences
[126,127], and therefore interpretation of the spectral differences is not trivial.

A Nucleus - nucieic acid peaks D Cytooiatm - Nucieic ackd peaks
ooy 0075
o O COCa -DNARNA . A NH s . proters, DNA RNA
1 N . proseias, DA, Fea, 2 go7l © GOC w . DNA ANA
- o
Eoogs) & AmdeR.PG e "'“//M 4 PO, o, wr- DNA ANA /,/-"‘]
e i E 0085} 0 POCw - RNA -
# - § >
5 006 %
- g
2
£ ///‘ :
00%
% 100 150 200 250 300 350 00435 5 7
£ 0 85 70 75 &0 8 ] [
B HPV copy number Fluorescence intergity (au )
Nucieus - Ipad peaks Cytoplasm - dpad po ks
oo? 006 E o
- o CH sr - lpde ¢ Chys or - lpids
: 006 CH, & oir - Ipids CH » o - ipds =
2z 4 CHoa w - ipde S 005
foos _——y Z
> 4
§ 004 é 004
i 00l \ §
s \ = 003
2
é 002 \ s o M o lpun
5 on2k x O4 s o  lpds
z 00 o § ¢ Ot s o - igids
e i W Crt » o - ipuds
c T ; 0o .
U] SG 00 150 200 250 200 2350 ks B85 70 75 80 85 80 [3
HPV copy rarber Fluorescercs internsity (s u )
C Nucleus - Prosein pesks 007 F Cytopiasm - proten peaks
oor o X O NHw - ety
- > e CCw . pnwm
3 008 //’F’—’ﬂ—: 2 006) & Amded
b3 — ~ £
& oosy £
= - ] & o00s
€ o4 —_— x
- 8
-
S 3 004
§ an § ¢ CO0C a o - peotewrn
op2le cew = O 5 def - proterw ~
g NH o - prsteine ® Cn 3 dol - proteire §,UL‘] Cr, 2 dot - provees
Z oo CH e def -pateing  * Amidel S Md:ll
© Amece it Amide 002
0 o L1 70 % 0 8% 80 85

<

o0 100 160 200 250 300 350

Fluorescence mensity (au
HPY copy rumber y (au)

Figure 4: Peak intensity analysis for FTIR spectra of nuclear and cytoplasmic regions of cervical
cancer cells. Dependence of peak intensities vs.HPV copy number was fit

with y = a + bVx + cx function, while peak intensities vs. fluorescence intensities (p16
level) was fit with a linear function, y = a + bx. (Reproduced with permission from [128])
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The kinetics of the development of herpes simplex virus (HSV) infection were studied using FTIR
microscopy by Erukhimovitch et al. [129]. Cultures of Vero cells, infected with HSV types 1 and 2
(HSV-1, HSV-2) and VZV, were monitored spectroscopically over a period of 100 hrs post infection. A
change in the cellular shape, from spindle to circular, was observed, as the infection evolves within
the cells. Significant increases for infected compared to control cells were observed in the intensities
of bands in the region 1200-1400 cm™, in which the authors identify potential contributions of
asymmetric phosphate vibrations at 1235 cm™. Loss of intensity (1023 cm™), and continuous shifting
(862 cm™) of bands attributed to carbohydrates were observed only in the infected cells, although
there did not appear to be significant differences between the effects of the two viruses. The
spectral changes are predominantly ascribed to the increased proliferation of the cells. The spectral
regions in which differences are identified are quite broad, however, and alternative band
assignments may be more appropriate [130]. A further study of the same system indicated a return
of the biochemical profile of infected cells towards that of uninfected at the later stages of infection
(24h) [131]. The study of Hastings et al. similarly used FTIR microscopy to examine Vero cells
infected with HSV-1, as well as human adenovirus type 5 (Ad-5) [132]. Notably, they highlight the
potential impact of morphological changes associated with the infection on the spectra recorded,
and urge caution in the interpretation of subtle spectral changes. They employed multivariate
techniques to demonstrate that it is possible to distinguish infected from uninfected cells, as well as
different types of viral infections, with a high degree of accuracy. There have been several reports of
IR spectroscopic investigations of human papilloma virus (HPV) infection, particularly relevant for
cervical cancer screening [133,134]. Spectra of cell lines infected with different HPV copy number
could be well differentiated using multivariate principal components analysis, and a semi-
guantitative correlation was drawn between expression of the protein pl6 and level of viral
infection (Figure 4), and a predictive partial least squares regression (PLSR) model was developed,
based on the FTIR signatures [128]. Lee- Montiel et al. used a similar regression approach to argue
that the cell culture itself, monitored by FTIR microscopy, can act as a sensitive and quantitative
biosensor for detection of the polio virus [135], while classification models were developed based on
ATR-FTIR to classify cervical cytology according to HPV infection [136]. While the limited spatial
resolution of the mid-infrared wavelengths (~3-10 pum) restricts the capacity for analysis of
biochemical composition at an individual or sub- cellular level, the higher intrinsic resolution of
Raman microspectroscopy, commonly performed with visible or near infrared (400-800 nm) sources,
more naturally lends itself to such studies. Hamden et al. utilised Raman tweezers to examine
Kaposi’s sarcoma-associated herpes virus (KS-HSV) infected hematopoietic cells (BCBL-1 and BC-1
cells) [137]. PCA indicated that the spectra of the nuclei of infected cells could be differentiated from
those of uninfected cells with a high degree of accuracy, largely based on a significant increase in the
intensities of bands corresponding to proteins and nucleic acids. Dyson et al. demonstrated that
Raman tweezers could also differentiate latent and lytic phases of KS-HSV replication, in
hematopoietic cells at different stages of infection, sorted by flow cytometry [138]. Salman et al.
demonstrated the potential of Raman microspectroscopy to differentiate Vero cells infected with
HSV-1, achieving ~100% sensitivity [139]. The differentiating spectral features were generically
assigned to proteins, lipids and nucleic acids, which were seen to be by reduced in infected cells, it
was speculated due to reduced metabolic activity of the lytic virus infected cells. Huleihel et al. [140]
took a similar approach for the rapid identification of virus infected cells. HSV-1, HSV-2 and VZV
were used for the inoculation of Vero cells. Raman spectra of virus infected cell cultures were then
classified using PCA-LDA, achieving 97% classification accuracy. Odintsova et al. employed Raman
microspectroscopy to identify herpes-like virus infection in haemocytes of the red king crab
Paralithodes camtschaticus [141], characterised by a change in pigmentation, associated with strong
melanin features in the 532nm Raman spectra of the cells. Although limited in spatial sensitivity, Lim
et al. demonstrated that SERS could be employed to differentiate between different emerging
influenza virus strains based on the analysis of infected Human embryonic kidney (HEK) 293T cells
[142].



A number of studies have employed Raman microspectroscopy in a time lapse fashion to monitor
the evolution of viral infection, at a cellular level. Moor et al. used Raman microspectroscopy to
detect adenovirus infection in live HEK 293 cells and to monitor the evolution of the nuclear spectra
at 12, 24,and 48 h after initiation of the infection [143]. Infected cells were clearly differentiated
from non-infected, based on their spectroscopic profiles, although the temporal evolution of the
spectral features was not well elucidated. In a further study, Moor et al. demonstrated that Raman
microspectroscopy could detect adenovirus virus infection in live HEK 293 cells within 3 h of
invagination [144]. The Raman signatures were monitored at 3, 6, 9, 12, 18, and 24 h, showing a
clearer evolution of the spectral features. A significant change was seen between 6 and 9 hrs,
indicating an abrupt reduction in the proteinic content of infected cells. Pezzotti et al. monitored the
evolution of Influenza A virus infection in a model Madin—Darby canine kidney (MDCK) cell line [145].
Spectra (using 532 nm s source) were recorded from the live MDCK cells as well as of the virus, and
of the inoculated cells after 48 and 72 hr. The spectral profiles at the later stages of evolution could
not be described by a simple weighted sum of the cellular and virus spectral profiles. Deconvolution
of the spectral profiles using Gaussian-Lorentzian bands enabled tracking of the evolution of specific
features associated with the metabolic evolution of the cell and virus. The evolution was seen to be
consistent, for example, with an increase in viral RNA at the expense of host cellular DNA replication,
and indicated important roles of glucose and lipidic components in the replication process. The study
of Tiwari et al. [146] monitored the temporal evolution (2, 4, 6, 12, 24, 36, and 48 h) of the Raman
microspectroscopic signatures associated with the replication of Epstein—Barr virus Infection in the
nuclei and peripheral regions of human glial cells, HMC-3 (microglia) and U-87 MG (astrocytes).
Spectral features of, amongst others, cholesterol (548cm™), glucose (540, 117 cm™), the amino acids
phenylalanine, tyrosine and tryptophan (1600-1628 cm™) and phosphatidylinositol (776 cm™) are
identified, associated by the authors with cellular processes such as lipid transport, cell proliferation,
differentiation, and apoptosis in the cells. A pathway analysis of selected biomolecules was
undertaken, projecting potential links with systemic responses to viral infection, including
neuropathologies such as Alzheimer’s disease and multiple sclerosis.

3.3 Monitoring viral infection

The current, clinically approved, gold standard for screening and identification of viral infections is
reverse transcription polymerase chain reaction (RT-PCR), which directly measures and quantifies
the viral DNA/RNA [147,148]. As a screening test, it has high sensitivity, high specificity, and is
inherently quantitative in nature. However, as a molecular test, it requires significant processing to
extract, amplify and detect the relevant nucleic acid sample, making it relatively time consuming,
laborious and costly. Recent events have demonstrated that the development of rapid, field
deployable, automated, cost effective and reliable screening methods for viruses is paramount in the
fight against disease. This is crucial to enable monitoring of disease outbreaks, and patient prognosis
and treatment. Analysis of the viral load and systemic biochemical responses is also vital for
monitoring disease progression and the impacts of therapeutic interventions [3,149].

As an alternative to PCR testing, antigen tests are cheap and rapid in comparison, they can be self
administered, and results may be obtained within 15 minutes of the sample being acquired. This
chromatographic immunoassay detects specific antigens directed against the specified virus.
Although a recent study has estimated that the lateral flow antigen test for SARS-CoV-2 has an 83-
91% accuracy for detection of positive samples [150], it is less sensitive than the gold standard PCR
test and can fail to identify infection in individuals with a lower viral load [151].

Serological antibody testing may be carried out to determine whether an individual has contracted
an infection in the recent past, or to monitor the systemic response to viral infection. If an individual
is infected with a virus, the body’s immune system will recognise viral antigens such as the spike
protein and nucleocapsid protein and thus initiate an immune response [152]. This response triggers
T-cell activation and leads to virus specific immunoglobulin (Ig) antibody production. Antibodies are
reportedly detectable in the blood serum days after initial infection, but begin to fade during



convalescence on a varied timescale of weeks to months [149,153,154]. Differential analysis of
antibodies can be an important aspect of diagnosis, as, for example, acute, early stage infection can
be confirmed by the presence of IgM (immunoglobulin M), whereas elevated IgG levels can indicate
late stage or previous infection [155,156]. Antibody tests are based on ELISA, chemiluminescent
immunoassays and other techniques and, although useful for epidemiological studies and also
healthcare workers, are not recommended as a diagnostic test for acute infections.

The potential of spectroscopic analysis to detect the presence of blood borne viral infection has
been extensively explored. In blood based analysis, very notable and eye-catching translational work
by the group from Monash University, based on the use of ATR —FTIR spectroscopy for the
determination of malaria parasitemia in whole blood samples, has been recently demonstrated in
field trials in austere environments, proving the robustness and capability of serum biofluid [12]. Roy
et al. also demonstrated the use of the technique for the detection of HBV and HCV infection in
human serum [157]. The sensitivity and specificity of the technique was seen to be significantly
enhanced by fractionation of the serum samples into high and low molecular weight components.
Using Partial Least Squares-Discriminative Analysis (PLS-DA), sensitivities and specificities of 87.5 %
and 94.9 %, respectively for HBV vs control, and 81.6 % and 89.6 %, respectively for HCV vs control
were achieved, in both cases for the high molecular weight fractions. Another example of the
practicality of ATR-FTIR as a diagnostic tool for viruses in human bodily fluids was demonstrated by
the detection of HIV in the study conducted by Silva et al. [158]. Based on a patient cohort of 40 HIV
positive pregnant women and 80 uninfected controls, they received a classification accuracy of 89%
using a DA algorithm. In another study, it was shown how FTIR can detect HPV in cervical fluid
samples with a classification of 100% efficiency within the spectral ranges 1400-1800 cm™ [159] and
furthermore could differentiate between low risk HPV and high risk HPV with 71-75% efficiency.
ATR-FTIR has thus proven to be a very useful method for viral diagnosis, not only is it rapid and cost
effective technique and coupled with only a minuscule amount of body fluid is needed for accurate
results, making this method a good candidate to translate to the clinical benchtop [33].

The advantages of Raman spectroscopic screening of liquid serum samples over IR screening of dried
serum samples have recently been demonstrated for the case of glucose monitoring [42]. Saade et
al. [14], demonstrated the potential of Raman spectroscopic analysis of liquid sera samples to
discriminate between normal and HCV patient samples. Ditta et al. [160] used a similar approach to
differentiate spectral markers of low, medium and high HCV loads. Saleem et al. [161] reported a
Raman spectroscopic analysis of dengue virus infection in (dried) human blood serum samples using
Raman spectroscopy, and although a PLSR model was constructed, with a reported root mean
squared error (RMSE) of prediction of 0.0099 and correlation coefficient (R%) of 0.9998, it was based
only on normal/infected, rather than a continuous variation of viral load. Khan et al. [162] used
Raman spectroscopy, coupled with support vector machine analysis, to diagnose dengue infection
based on positive IgM status, in samples of human serum dried on glass slides, with a high degree of
accuracy (85%) and precision (90%), and corresponding sensitivity and specificity of 73% and 93%,
respectively.

In a more quantitative approach, Bilal et al. [163] performed a Raman spectroscopic analysis of
dengue infected human serum samples in liquid form, and, based on PLSR analysis of data of IgM
positive and normal human serum samples, established a prediction model with a correlation co-
efficient R? of 0.929 and RMSE of cross validation for the entire predicted values of ~10%. Using the
receiver operating characteristic curve (ROC) approach, an accuracy of 96.67%, a sensitivity of 90%
and a specificity of 100% were reported. In a similar approach, using Raman spectroscopy coupled
with PLSR analysis, Nawaz et al. [164] reported a RMSE of prediction of 0.2%, for HCV load in liquid
samples of human blood plasma, as measured by the current clinical gold standard, PCR. Although
the study was only performed on a patient cohort of 10, and the methodology optimisation not
explored extensively, the result justifies further exploration of the technique for clinical translation.



It is notable, however, that in the analysis of blood serum, no signatures of the virus itself have been
unambiguously identified. However, El-Said and Choi developed a spectroelectrochemical biosensor
to detect the RNA extracted from human serum of HCV positive patients [165]. Immobilising a
specific peptide nucleic acid on a gold nanoparticle surface as a highly selective bio-receptor, Raman
spectroscopy and Square wave voltammetry was employed for the detection of HCV — RNA with a
sensitivity of ~ 1 x 10° IU/mL. Furthermore, Batool et al. used a non selective SERS approach to
measure the PCR extracted DNA products from the blood serum of HBV positive patients [166], and
Nasir et al. used a similar methodology for analysis of the blood of HCV positive patients [167].

More generally, spectroscopic analysis of bodily fluids, particularly blood, have registered the
systemic response to infection by viruses, both blood borne and otherwise. The most prominent of
these is the immunoglobulin response, as indicated by Roy et al. [157], correlation with which was
used to build a quantitative model for prediction of HCV load by Nawaz et al. [164].

4. SARS-CoV-2 and COVID 19: Contributions to date and Future perspectives

The potential role of spectroscopy in the global response to the COVID-19 pandemic has been
discussed extensively [168-171]. A range of different potential applications have been considered, in
environmental and patient screening for the presence of SARS-CoV-2, clinical diagnosis of COVID 19,
and long term monitoring of convalescing patients and the effects of vaccination. Previous studies
have demonstrated that the techniques are rapid, relatively non-invasive, require minimal sample
preparation, and are field deployable [12,172].

It has been demonstrated that SERS can be employed for the detection of the SARS-CoV-2 virus in
environmental samples, using a silver-nanorod SERS array functionalised with the cellular receptor
angiotensin-converting enzyme 2 (ACE-2) [173]. The developed ACE2@SN-SERS assay provides good
accuracy and satisfactory performance for the rapid and onsite diagnosis of SARS-CoV-2 in
environmental specimens from rivers, hospitals and pipe networks in Wuhan (China), consistent
with the results of Quantitative reverse transcription PCR (RT-qPCR [174]). Compared with RT-qPCR
and ELISA assays, this ACE2@SN-SERS assay has three advantages, as (1) it does not rely on RNA
extraction or immune biomarker, simplifying the sample preparation procedure and shortening the
measurement time, (2) the spike protein is more stable than RNA as the biomarker for SARS-CoV-2,
suggesting a more stable and sensitive assay particularly, for environmental specimens, (3) it was
demonstrated that portable Raman spectrometers can provide satisfactory signals with the
ACE2@SN-SERS assay, potentially enabling rapid and specific interrogation of SARS-CoV-2 on site.

More recently, Wood et al. purified SARS-CoV-2 virion particles from the supernatant of Vero cells,
deactivated them by fixation with 4 % formalin, and characterised them using Raman, synchrotron IR
and AFM-IR spectroscopies (Figure 5) [175]. The ~120nm in diameter virus particles exhibited
characteristic spectral features of spike, envelope, membrane and nucleocapsid proteins (1657,
1547, 1517 em™), lipids of the bilayer surrounding the nucleocapsid (1740, 1464, 1382 and 1341
cm'l) and multiple bands associated with RNA in both IR (1690, 1235, 1124, 1089, 996, 967 and 934
cm'l) and Raman (1242, 1110, 807, 782, 723 and 670 cm'l) spectra.

In terms of clinical applications, Schorer et al. explored the use of ATR-IR for diagnosis of infection in
a direct face mask sampling approach, differentiating water, proteins, and virus-like particles
sampled on the mask [176]. On the basis of their characteristic spectral signatures, Barauna et al.
argued the potential to establish COVID-19 positivity in human saliva samples using IR spectroscopic
screening [177]. Using saliva samples spiked with inactivated COVID-19 virus particles, they
demonstrated that, for low copy numbers, the IR spectral signature of the spiked saliva could be
differentiated by discriminating features primarily associated with RNA. Analysis of pharyngeal
swabs from patients (n= 111 negative and 70 positive) by ATR-IR indicated that a diagnostic
sensitivity of 95% and specificity of 89% could be achieved, based on a genetic algorithm-
discriminant analysis. A further study conducted by Nogueira et al. sought to verify the use of ATR
FTIR as a potential method for screening for SARS-CoV-2 infection. Utilising oropharyngeal swabs of



243 individuals coupled with PLS-DA, it was shown to have an 84-87% sensitivity and 64-66%
specificity, when compared to the standard PCR method [178], somewhat lower than the results
reported by Barauna et al. [177]. Wood et al. followed an alternative route of optimising the
sampling geometry for improved signal to noise ratio compared to ATR-IR, to demonstrate the
potential of transflection based IR spectroscopy for rapid point-of-care detection of SARS-CoV-2
markers in saliva. Based on a patient cohort of 29 positive and 28 negative for SARS-CoV-2 by RT-
gPCR, diagnostic sensitivities and specificities of 93 % and 82 %, respectively were achieved. Notably,
although the diagnostic performances are comparable, the authors have commented on the validity
of the results obtained by Barauna et al. [177,179]. Nevertheless, the studies demonstrate the
potential of ATR-IR as an efficient, field deployable method for populations screening for SARS-CoV-2
infection. In a follow up study, Kazmer et al. undertook a study to examine the pathophysiological
response underpinning the differentiating IR spectroscopy signature of SARS-CoV-2 infection [180].
FTIR studies of the supernatant of Vero E6 cells in vitro and oral lavage samples of K18-hACE2 mice
which had been treated with active of UV-inactivated SARS-CoV-2, indicated that booth treatments
resulted in spectroscopic signatures which were different to untreated controls, although the active
virus treatment resulted in specific spectral changes to the amide I/1l bands (1700-1470 cm™) and
fingerprint region (1450-600 cm™), notably the symmetric stretching of phosphodiester linkages of
RNA (vsPO2-) at 1124 cm™, which were attributed to aggregated proteins and RNA. A predictive
model for COVID-19 using PLS-DA based on spectroscopic analysis of saliva from a cohort of human
participants (n= 104) produced a sensitivity of 93.48%, and it was noted that COVID-19 vaccination
did not lead to the misclassification of COVID-19 negatives. A meta-analysis of the results of the
study, and other cohort studies indicated that altered beta-sheet structures in secreted proteins,
resulting in changes in the amide Il band may be considered a spectral marker for SARS-CoV-2
infection.
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Figure 5: AFM, TEM, synchrotron FTIR and Raman characterization of SARS-CoV-2 virus. A—E) A) TEM
image of SARS-CoV-2 sample with single virion marked by black square. B) Magnification of the area
marked by the black square in (A), showing a single SARS-CoV-2 particle with its characteristic
morphological appearance. C) AFM height and D) AFM deflection images of SARS-CoV-2 sample,
demonstrating multiple round structures. E) Synchrotron FTIR spectrum and its 2™ derivative
transform with the most prominent bands marked. The bands are color-coded as follows: lipids
(blue), proteins (green) and nucleic acids (orange). F) Raman spectrum (532 nm) of SARS-CoV-2
virions (red) compared to spectrum of purified RNA (black) with labelled bands. (Reproduced with
permission from [175])

Zhang et al. conducted a study of dried human blood serum samples to show that ATR-FTIR can be
used as a clinical diagnostic tool for COVID-19 [181]. In the study of 20 healthy donors and 76
patients, including 41 which were confirmed COVID-19 positive, 15 which had respiratory viral
infections caused by influenza A/B or respiratory syncytial virus (RSV), and 20 which had
inflammation-related diseases, they found that the FTIR method was able to distinguish between
other common respiratory viruses versus COVID-19 with a specificity of 98% and sensitivity of 83.1%.

Yin et al. have recently presented a Raman spectroscopic study of 177 blood serum samples,
collected from 63 confirmed COVID-19 patients, 59 suspected cases, and 55 healthy individuals,
reporting a classification accuracy of 87% for COVID-19 positive versus the suspected cases, and an
accuracy of 90% for the COVID-19 positive cases and the healthy controls [182]. For the
measurement, ~0.5 ml of the serum was sealed in polypropylene cryopreservation tubes, to
minimise exposure. However, the spectrum of the polypropylene itself contributes significantly to
the measured serum spectrum. Although there has been no direct comparison of Raman and ATR-
FTIR techniques for monitoring COVID-19 in blood, studies of glucose in blood serum have indicated
comparable accuracies of the techniques [42] and the requirement for sample drying for ATR-FTIR
may favour the use of Raman analysis of liquid serum samples for COVID-19 monitoring [40]. More
recent studies have demonstrated the efficacy of a silver nanoparticle based SERS assay to detect,
spectrally characterise and differentiate the viruses SARS-CoV-2, human adenovirus 3, and HIN1
influenza virus at a concentration of 100 copies/test (PFU/test) in PBS, or spiked in human serum of
saliva [183].

IR absorption and Raman spectroscopies have therefore been demonstrated to hold significant
potential for high sensitivity/specificity, rapid, field deployable screening technologies, as well as
clinical diagnostic techniques. Notably, in this context, it has been reported that, although low levels
of SARS-CoV-2 RNA have been detected in the serum of COVID-19 patients, they are not associated
with infectious virus, suggesting that reduced biosafety precautions are required for investigations
of blood samples of COVID-19 positive or previously positive patients [184]. Pending the availability
of samples, of particular interest would be longitudinal studies of patient responses, which may
support a better understanding of the recovery and convalescence process, long term effects of
COVID, immune responses and vaccine efficacies. As an example, the FTIR microspectroscopic study
of Bandeira et al. analysed dried serum samples from healthy and COVID-19 positive individuals,
exhibiting mild or more severe symptoms indicated that the carbonyl C=0 vibration (1702-1785
cm™) is a spectral marker of the degree of IgG glycosylation, enabling the classification of
sub-populations of COVID-19 patients, depending on the degree of disease severity [185].

Understanding the process of viral attachment to, entry into, replication within, and release from
cells is a critical aspect of infection control, understanding the mechanism of action of emerging
viruses, and monitoring their mutation to new strains. The requirements for Biological Safety Level 3
(BCL-3) laboratory conditions has largely precluded the in situ study of SARS-CoV-2 attachment to,
invasion of and replication in cells, although Akdeniz et al. have recently developed a virus-infected
HEK293 cell model, transfected with plasmids encoding the nucleocapsid, membrane and envelope
proteins of SARS-CoV-2 [186]. Gold nanoparticle SERS combined with PCA identified largely protein



markers which differentiated transfected and nontransfected cells although the process of
transfection was not explicitely studied. In this context, pseudoviruses have been demonstrated to
be useful to study viral attachment and cellular entry processes, as well as antibody neutralisation
assays [187], or simply viral detection strategies [188]. Such pseudoviruses are relatively easily
generated using retro/lentivirus templates [189], and can be tailored to express different surface
spike protein configurations to mimic and study the behaviours of emerging mutations. Fluorescence
labelling is often employed to monitor the attachment and entry processes under BCL-2 conditions,
but in situ, label free vibrational spectroscopic analysis could provide a more holistic picture of the
processes. Raman microspectroscopy lends itself more naturally to such analysis of processes in live
cells [190], and, although they do not facilitate the study of the replication process, pseudovirus
studies can contribute to the development of the microspectroscopic methodology, and particularly
data mining approaches. The study of non- or mildly pathogenic viruses, such as the murine
respirovirus (Sendai) [191], or the circulating human CoV-NL63 strain [192], can be similarly
employed to study viral replication processes in cells, towards optimisation of the methods.

An aspect of virology which has not yet been explored by spectroscopy is that of the viral release
process. Enveloped viruses are typically secreted from the host cell by budding. It is this process that
results in the acquisition of the viral phospholipid envelope. In the process, the cell can also secrete
numerous other species, such as molecular cytokines, which can also be enveloped in lipidic vesicles.
The role of extracellular particles in viral infection and responses has been discussed [193,194], and
released virus particles have even been considered as exosomes [195]. Limited spectroscopic studies
have been undertaken to address the release of viral particles and other factors from cells, although
vibrational spectroscopy has been successfully employed to characterise exosomes and extracellular
vesicles in a number of biological systems [196—198)]. Raman spectroscopy was used to study the
chemical composition of single exosomes from 8 cell lines [199], and a high degree of variance was
seen between the mean spectral signatures of the cell lines, as well as individual exosomes from the
same cell type. The results indicated that the spectral signatures represented characteristic and
distinct exosomal protein, lipid, genetic, and cytosolic content, reflecting the cellular response
mechanism, and could be employed to differentiate cancer from non-cancer cells based on their
relative expression of cholesterol and phospholipids. While the higher spatial resolution of Raman
microspectroscopy approaches the dimensions of exosomes, and Raman tweezers measurements
have been shown to be capable of addressing individual particles [200], IR spectroscopy has been
demonstrated to be effective in characterising separated populations of exosomes, for which Amide
and C H stretching band intensity ratios calculated from IR bands, characteristic of protein and lipid
components, proved to be distinctive for the different extracellular vesicle subpopulations [201].
Spectropscopic anlysis of purified exosomal samples extracted at different timepoints of the life
cycle of the virus, using infrared absorption and/or Raman microspectroscopy may therefore add
considerably to the understanding of the processes, and the contributions of the techniques to the
field.
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