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Rapid screening, detection and monitoring of viral infection is of critical importance, as exemplified by the rapid
spread of SARS-CoV-2, leading to the worldwide pandemic of COVID-19. This is equally the case for the stages of
patient convalescence as for the initial stages of infection, to understand the medium and long terms effects, as

gooxg_elszn well as the efficacy of therapeutic interventions. Optical spectroscopic techniques potentially offer an alternative
Glutathioneg to currently employed techniques of screening for the presence, or the response to infection. In this study, the

ability of Raman spectroscopy to distinguish between samples of the serum of convalescent COVID-19 positive
patients and COVID-19 negative serum samples, and to further analyse and quantify systemic responses, was
explored. The study included serum samples of patients who had been tested for SARS-CoV-2 specific IgG and
IgM responses between 25 and 134 days after the infection was identified. Both COVID-19 positive and negative
groups included males and females who ranged in age from 21 to 81 years old. No correlation was apparent
between the specified SARS-CoV-2 specific IgG and IgM immunoglobulin levels of the positive group, their sex, or
age. Raman spectroscopic measurements were performed at 785 nm, in liquid serum, thawed from frozen, and
spectra were pre-processed to remove the contribution of water, normalising to the water content. Principal
components analysis of the spectral dataset over the range 400-1800 em™ provided no clear indication of a
difference between normal serum and SARS-CoV-2 positive serum. A selection of 5 of the samples, which were
available in sufficient volume, were fractionated by centrifugal filtration, and the 100 kDa, 50 kDa, 30 kDa, and
10 kDa concentrates similarly analysed by Raman spectroscopy. Partial least squares regression analysis revealed
a negative correlation between the spectral profile of the 30 kDa fractions and SARS-CoV-2 specific IgG antibody
levels, potentially indicating an association with depleted glutathione levels. The study supports a potential role
of Raman screening of blood serum for monitoring of SARS-CoV-2 infection, but also in longitudinal studies of
disease progression, long term effects, and therapeutic interventions.

1. Introduction human lives, negative economic effects, and rising levels of poverty [2].
Although, at the time of writing, the worldwide spread of the virus ap-

A pneumonia outbreak of unknown origin was reported in Wuhan, pears to have subsided, the outbreak highlighted that there remain many

China, in December 2019. Injection of respiratory samples into Vero E6
and Huh7 cell lines of human airway epithelial cells resulted in the
isolation of a novel respiratory virus that was later identified by genome
analysis as a novel coronavirus related to SARS-CoV and given the name
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) [1]. The
World Health Organization declared a pandemic on March 12, 2020,
due to the global spread of the SARS-CoV-2 virus and the rapidly esca-
lating number of reported deaths brought on by COVID-19. The world
has already paid a significant price for this pandemic, in terms of loss of

* Corresponding author.
E-mail address: Naomi.Jackson@TUDublin.ie (N. Jackson).

https://doi.org/10.1016/j.clispe.2023.100028

knowledge gaps in our understanding of the mechanisms of viral
infection, replication and host repsonse, and shortcomings in method-
ologies available to analyse and characterise them. The development of
rapid, automated, cost effective and reliable screening methods for vi-
ruses 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 [3,4].
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Spectroscopic techniques such as Raman scattering and Infrared (IR)
absorption are powerful analytical tools and their potential role in
medical diagnostics is being increasingly explored [5-7]. These tech-
niques provide a fingerprint of the biochemical composition of samples
and can differentiate between healthy and diseased samples, as several
studies have demonstrated [8-11]. Sampling of patient bodily fluids is
minimally invasive and has a high compliance rate in patients. Recent
studies using Raman and IR have demonstrated great potential for their
use with liquid biopsy samples [12-15]. Not only can Raman and IR
techniques be utilised for cancer diagnostics, they have also shown the
ability for detection of viral infection. The presence of the human im-
munodeficiency, human papilloma, hepatitis and dengue virus have all
been observed with Raman and/or IR spectroscopy [16-21], and
quantitative prediction of viral loads has been demonstrated for the
blood borne virus hepatitis C [22].

Recently, the potential role of spectroscopy in the global response to
the COVID-19 pandemic has been discussed extensively [23-29], and it
has been demonstrated that Surface Enhanced Raman Spectroscopy can
be employed for the detection of the SARS-CoV-2 virus in environmental
samples [30]. Barauna et al. demonstrated the potential to establish
COVID-19 positivity using IR spectroscopic screening of saliva samples
[31], and more recently, Wood et al. demonstrated a specificity of 82 %
and sensitivity of 93 % for COVID-19 detection based on IR screening of
the saliva [32]. Notably, although the diagnostic performances are
comparable, the authors have commented on the validity of the results
obtained by Barauna et al. [33]. The potential 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 [34,35]. Although not a blood borne virus [36], the
COVID-19 immuno response resulting from SARS-CoV-2 infection is
manifested in the bloodstream [37,38], and Yin et al. have recently
presented a study of 177 blood serum samples, collected from 63
confirmed COVID-19 patients, 59 suspected cases, and 55 healthy in-
dividuals, reporting a classification accuracy of 0.87 for COVID-19
positive versus the suspected cases, and an accuracy of 0.90 for the
COVID-19 positive cases and the healthy controls [39]. Although not
explicitly discussed, the typical turn around time for such a spectro-
scopic screening and analysis is < 1lhr, and this study clearly

Table 1
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demonstrates the potential of Raman spectroscopy as a rapid and
effective COVID-19 screening protocol. The study employed (machine
learning) support-vector machine based approaches to analysis and
classification, but notably, no further analysis of the spectral profiles, or
correlation with other potential biomarkers was undertaken.

This study seeks to further explore the potential of Raman spec-
troscopy to contribute to the continuing global effort to better under-
stand the effects of the SARS-CoV-2 virus and the associated COVID-19
disease, by analysis of blood serum samples of convalescing COVID-19
positive patients, to explore whether spectroscopic signatures of prior
infection are identifiable. The analysis will attempt to correlate any
identifiable spectroscopic signatures with established systemic response
biomarkers, in whole and fractionated serum samples. Potential appli-
cations in the detection and monitoring of infection, disease progression
and therapeutic interventions are discussed.

2. Materials and methods
2.1. Serum and protein samples

Blood serum from 10 normal (negative for COVID-19) and 25
COVID-19 positive patients with varying SARS-CoV-2 specific IgG and
IgM antibody levels were available for study. The 10 normal and 20
samples (Samples #1-20, Table 1) were purchased from RayBiotech,
USA (https://www.raybiotech.com/covid-19-patient-samples/) and 5
(Samples #21-25, Table 1) from Cambridge bioscience, UK (https://
www.bioscience.co.uk/cpl/covid-19-human-serum-plasma).
Throughout the manuscript, when they need to be differentiated, they
will be referred to as SET A (Samples #1-20) and SET B (Samples
#21-25), respectively. The blood samples were drawn from the patients
between 28 January and 21 August 2020, 25-134 days post confirma-
tion of infection by a COVID-19 positive RT-PCR, antigen, and/or anti-
body serology test, and the SARS CoV-2 specific IgG and IgM levels of
these samples were measured by the supplier. Samples from COVID-19
patients had been inactivated with 0.5 % Triton X-100, and supplied
in an EDTA treated test tube. The negative samples were taken pre
COVID-19 and included 7 males and 3 females ranging in age from 18 to
65 years. Post collection, the negative samples were treated in the same

Details of COVID-19 positive serum samples (n = 25) available to this study, as provided by the supplier (SET A, Samples 1-20 Supplied by Raybiotech) (SET B, Samples
21-25 supplied by Cambridge Bioscience). SARS-CoV-2 specific IgG cut off values = 15, IgM cut off values = 2 (SET A). LIASON® DiaSorin method used for IgG and

IgM values of SET B.

SAMPLE # GENDER AGE SARS-CoV-2 specific IgG SARS-CoV-2 specific IgM COVID TEST TECHNIQUE DELAYED DAYS
1 M 52 23.3 53.05 Antibody (IgG+, IgM-) 37
2 F 21 30.4 52.19 Antibody (IgG+, IgM-) 30
3 M 59 32.84 752.304 PCR 33
4 F 71 34.58 1079.7 PCR 34
5 F 81 42.4 447.948 PCR 33
6 M 75 45.88 679.963 PCR 33
7 M 57 64.98 100.663 PCR 34
8 M 35 86.28 41.89 PCR/Antibody 32
9 F 52 89.89 1250.42 PCR 33
10 F 64 92.04 149.853 PCR 33
11 M 44 120.9 474.17 Antigen 25
12 F 56 150.28 1735.77 PCR 33
13 M 62 153.76 195.8 PCR 34
14 M 67 157.96 1625.08 PCR 33
15 M 50 188.81 259.827 PCR 34
16 F 69 209.44 63.4312 PCR 34
17 F 60 213.12 304.063 PCR 33
18 F 76 232.8 564.567 PCR 34
19 M 55 275.39 236.77 PCR 33
20 F 68 370.76 672.697 PCR 34
21 F 50 134 0.18 PCR 134
22 F 38 37.4 3.08 PCR 44
23 F 53 275 0.81 PCR 27
24 M 59 216 0.45 PCR 134
25 M 59 576 NA PCR 24
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way as the COVID-19 positive samples, with the exception of the Triton
X-100 treatment. The samples were purchased in November 2020,
delivered and stored as frozen. Raman spectroscopy was performed in
March 2021 and in June 2021, after thawing. Note, it has previously
been reported that IgG and IgM response levels to a range of antigens are
stable even after 30 freeze-thaw cycles [40,41].

This study was approved by the Human Research Ethics Committee,
University College Dublin.

Normal pooled serum samples were purchased from Fischer Scien-
tific, Dublin, Ireland, and were measured using the same method as
positive samples. Albumin, C-reactive protein (CRP) and glutathione
were purchased from Sigma Aldrich (Arklow, Ireland) and measured as
high concentration, wet pastes on glass slides.

SET B was selected for sequential fractionation, as 1 ml volumes of
each sample were received, compared to 5 pL of SET A. Varying sizes of
100 kDa, 50 kDa, 30 kDa and 10 kDa Amicon Ultra centrifuge tubes were
used in order to fractionate and concentrate differing molecular size
ranges within the SARS-CoV-2 positive samples. Prior to fractionation,
the filters were washed following the method outlined by Bonnier et al.,
2014 [42]. The washing procedure involved a cleansing of the 0.5 ml
filters using 0.1 M of NaOH and centrifugation at 14,000 g for 530 min,
followed by rinsing with water at the same force for 5 min, three times.
When completed, the filters were centrifuged upside down to remove
excess water, and were then ready to use. Fractionation was performed
by adding 0.5 ml of the serum to each filter, centrifugation at 14,000 g
for 30 min (allowing the filtrate to pass through, containing molecules
with lower molecular weight), followed by an upside down spin at 1000
g for 2 min, to collect the concentrate. The filtrate was subsequently
utilised for a further fractionation by the next filter size (from 100 kDa to
50 kDa, 30 kDa and 10 kDa). The sequential fractionation therefore
resulted in samples > 100 kDa, > 50 kDa, > 30 kDa, and > 10 kDa.

2.2. Raman microspectroscopy

A Horiba Jobin-Yvon LabRam HR800 spectrometer with a 16-bit
dynamic range Peltier cooled CCD detector was used to record the
Raman spectra throughout this work. The spectrometer was coupled to a
Olympus 1X71 inverted microscope and a x60 water immersion objec-
tive (LUMPlanF1, Olympus) was employed, following the previously
described measurement protocol [43-45]. A 785 nm laser line was
employed as source, yielding ~50 mW at the sample. 5 pL of each
sample was measured in the inverted geometry through a 96 well-plate
with glass coverslip bottom (Thermo Fisher number 1, 0.17 mm thick-
ness) The Raman signal was integrated for 3 x 15 s over the spectral
range from 400 to 3500 cm™.

2.3. Data Preprocessing and Analysis

A general overview of multivariate pre-processing and statistical
analysis techniques can be found in [46]. The raw spectra underwent
pre-processing using established protocols (Matlab 2021a) before
further analysis. Spectra were smoothed using a Savitzky-Golay filter of
order 5, to reduce the noise, before being subjected to a background
correction protocol based on Extended Multiplicative Signal Correction
(EMSC [47]), specifically to remove the contributions of scattering [48]
and the water of the aqueous environment [49]. Using the EMSC water
subtraction protocol of Kerr et al. [50], the weighted sum of the refer-
ence water spectrum and the fitted polynomial (N = 10) was subtracted
from the spectra in the fingerprint region (400 — 1700 cm™), and, as
described by Parachalil et al., the weighting co-efficient of the water was
used to normalise the remaining spectral profile to the subtracted water
content, to account for measurement variability due to sample reposi-
tioning and refocussing [45]. The data was not further normalised for
either PCA or PLSR.

The preprocessed spectral data was analysed by Principal Compo-
nents Analysis (PCA) and Partial Least Squares Regression (PLSR)
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analysis, using a combination of in house scripts (Matlab 2021a) and the
PLS Toolbox (Eigenvector Research, Inc., USA).

In the case of PCA, the negative and positive datasets were better
balanced by including the negative samples twice in the dataset [51].
The combined datasets were mean centred, and the first 3 PCs were
analysed, as they were seen to explain >95 % of the variance of the
dataset.

PLSR was applied to the spectra of the SET B COVID-19 positive
samples only, and regression was performed against the target variables
of IgG, as listed in Table 1. Models were constructed using the specified
number of LVs, chosen as the minimum number for which the Cumu-
lative %Variance was maximised, as determined using a Leave One
(Patient) Out Cross Validation.

3. Results
3.1. Demographic characteristics of patient cohort

Twenty-five serum samples from patients who were convalescing
after COVID infection, and ten from pre-COVID healthy controls, were
included in the study. Table 1 outlines the characteristics of the COVID
positive patient group. Serum samples from 12 males ranging in age
from 35 to 71 years and 13 females ranging in age from 18 to 81 years
were studied. The blood samples were taken 25-134 days post infection.
In the case of SET A, the levels of IgG and IgM specific for the SARS-CoV-
2 spike receptor binding domain region indicate a positive antibody
response if a unit number greater than cut-off values of 15 for SARS-CoV-
2 specific IgG and 2 for IgM was obtained. As shown in Fig. 1(a), no
correlation is observed between the specified levels of SARS-CoV-2
specific IgG and IgM, and there is no differentiation of SARS-CoV-2
specific IgG and IgM levels based on gender, and no correlation with
age (Fig. 1(b)). Set B were supplied with values of SARS-CoV-2 specific
IgG and IgM as measured using the LIASON® DiaSorin method, and so
were not directly comparable to those of Set A.

3.2. Raman spectroscopic analysis of whole serum

The total protein content in human serum typically varies from 60 to
80 g/L [52]. The density of water, on the other hand is ~1000 g/L, and
so the variations in protein content are not expected to significantly
affect the water content of the serum. It is observed that the serum
samples are visibly, but variably, tinted with a yellow hue, largely due to
the carotenoid content, which can dominate the Raman spectrum at near
resonant wavelengths such as 532 nm [53,54], and cloudy, which gives
rise to a broad scattering background to the Raman spectra [55]. The
EMSC protocol effectively removes the background scattering, as a
polynomial, of order N = 10, as well as the specific spectrum of water,
which has a peak at ~1640 cm'l, due to H-O-H scissoring vibration [56].

The Raman spectra of the COVID-19 positive serum samples are
shown in Fig. 2, before (a), and after (b) preprocessing (according to
protocols of Section 2.3). Note, 2 samples (#11 and #17, Table 1)
yielded spectra which were obvious outliers, having significantly larger
backgrounds, and were excluded from the study, reducing the number of
SET A, COVID-19 positive serum samples to n = 18. No outliers were
observed in the COVID-19 negative dataset.

Principal components analysis of the preprocessed spectra of the
COVID-19 negative and COVID-19 positive samples (including SET A
and SET B) indicates no clear differentiation between the serum samples,
according to either the first (PC1 88.5 % of the observed variance),
second (PC2 4.7 % of the observed variance) or third (PC3 2.7 % of the
observed variance) principal components, which might be indicative of
the prior infection, identified 25-134 days earlier, depending on the
patient (Fig. 3(a) and (b)). The gender bias between male and female
COVID-19 patient samples was examined and no differentiation be-
tween them was found, and there was no significant difference accord-
ing to age, categorised as < (n = 8) or > (n = 10) 60 years (data not
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Fig. 1. Analysis of SET A serum samples; (a) SARS CoV-2 Specific IgM versus SARS CoV-2 Specific IgG (Male & Female) (b) SARS CoV-2 Specific IgG versus age.
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Fig. 2. (a) Raw and (b) preprocessed spectra of COVID-19 positive (n = 23) samples.

shown). It is interesting to note, however, that, while the COVID-19
negative group is relatively tightly clustered, a significantly greater
variance is observed among the spectra of the COVID-19 positive group.
In this context, a similar degree of variance is observed for SET A and
SET B samples. In the case of PC1, this variance has origin largely in the
protein content, as shown in Fig. 3(c), in which the loading of PC1 is
compared to the spectrum of albumin.

3.3. Raman spectroscopic analysis of fractionated serum

The intrinsic variance of the Raman spectroscopic response of the
serum samples is dominated by that of the high molecular weight pro-
teins, particularly in the case of the COVID-19 positive samples, and may
potentially mask pathologically significant variances of lower molecular
weight constituents, which can be revealed by fractionating the serum
samples for more detailed analysis [34]. As only 5 pL of each SET A and
normal sample were available, only SET B was centrifugally fraction-
ated, as described in Section 2.1, and the mean spectra of the respective
fractions are compared to similar fractions of human pooled serum, as a
negative control, in Fig. 4.

In the case of the 100 kDa (Fig. 4(a)) and 50 kDa (Fig. 4(b)) fractions,
there is little or no obvious difference between the spectra of the COVID-
19 positive samples and the corresponding fractions of pooled serum.
However, marked differences can be seen between the mean spectra of
both the 30 kDa and 10 kDa samples, as shown in Fig. 4(c)&(d), and this
was further examined by exploring any systematic correlation of the
respective 10 kDa and 30 kDa spectra and the SARS-CoV-2 specific IgG
antibody levels, for the 5 samples of SET B, as listed in Table 1. Although
no clear correlation was observed for the spectra of the 10 kDa samples,
PLSR did indicate a correlation of the spectra of the 30 kDa fraction with
the COVID-19 specific IgG levels of Table 1.

Fig. 5(a) shows the spectra of the 30 kDa fractions of the 5 SET B
samples, which were used to construct a PLSR model, initially with 4
LVs. Based on the percentage variance explained (Fig. 5(b)), the opti-
mum number of Latent Variables was determined to be 2, and the model
was reconstructed, producing a linear prediction model of R? = 1 (Fig. 5
(c)). The PLSR loading plot of the first Latent Variable (Fig. 5(d)) in-
dicates a spectrum which is negatively correlated with increasing IgG
levels in the SET B COVID-19 patient serum samples, indicative of a
deficiency of one or more constituents in the range 50-30 kDa.
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compared to the spectra of Albumin (green) and C-Reactive Protein (blue), both offset.

In Fig. 5(d), a spectrum of glutathione (inverted for ease of com-
parison) is overlaid on the PLSR Co-efficient. The degree of similarity
suggests that glutathione may be a candidate biomarker giving rise to
the systematic correlation of the 30 kDa spectral profile with patient IgG
levels in the serum of convalescent patients of SET B, consistent with
reports associating COVID-19 with a glutathione deficiency [57], mer-
iting further investigation.

4. Discussion and conclusions

The World Health Organisation (WHO) Global Research Roadmap to
promote a co-ordinated approach to address the emerging global crisis
associated with the COVID pandemic [58] highlighted that there are
major gaps in our understanding of many key aspects of the evolution,
transmission, and effects of viruses, and emphasised the importance of
improved fundamental understanding of the processes associated with
viral infection and the development of new tools to monitor viral
infection, not just in the context of the SARS-CoV-2 outbreak, but to
support responses to other ongoing or future outbreaks across the world.
In this context, vibrational spectroscopy has emerged as a potential
candidate [59], and in particular, Raman spectroscopy has been

demonstrated as a potential tools for screening human serum, in its
liquid form, and fractionated to analyse selected molecular weight
ranges [60,61].

To further explore its potential to contribute to the understanding of
the effects of COVID-19, this study used Raman spectroscopy to analyse
commercially available samples of blood serum of convalescing COVID-
19 patients. The available set of serum patient samples were drawn up to
25-37 days (SET A) or 27-134 (SET B) after a positive test for SARS-2-
CoV infection. It should be noted, therefore, that this timescale is long
compared to the estimated virus replication time (~10 min), and incu-
bation period (~5 days) [62,63]. Antibodies are reportedly detectable in
the blood serum 6 days after diagnosis, but begin to fade during
convalescence on a varied timescale of weeks to months [4,64].
Nevertheless, the Raman spectroscopic analysis of this study, as a label
free bioanalytical technique, sheds light on the variability of the
biochemical constitution of the serum samples of the convalescing
COVID-19 positive patients.

The meta data from the suppliers provides information on the patient
age, sex, time between positive PCR test and blood draw, SARS-CoV-2
specific IgG and IgM levels. As an initial analysis of this meta-data, it
is worth noting that:
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Fig. 4. Comparisons of the mean spectra of COVID-19 positive (blue) and negative (red) serum fractions; (a) 100 kDa, (b) 50 kDa and (c) 30 kDa and (d) 10 kDa.

e There is no correlation between the SARS-CoV-2 specific IgG and IgM
levels across the samples.

e There is no differentiation of SARS-CoV-2 specific IgG and IgM levels
based on gender, and no obvious correlation with age.

It has been observed that COVID-19 has a relatively long incubation
period of about 5-10 days, during which time the infection is detectable
by levels of SARS-CoV-2 RNA and antigens [65]. The acute phase of the
systemic response begins with early increases in SARS-CoV-2 specific
IgM antibodies, peaking within ~ 7-10 days, and this is followed by the
manifestation of SARS-CoV-2 specific IgG antibodies, which peak within
~ 2 weeks, but persist beyond 4 weeks after infection, potentially
providing long term immunity to the patient. The absence of any
quantitative correlation between SARS-CoV-2 specific IgG and IgM
levels in the whole serum samples measured ~ 4-5 weeks after a posi-
tive test for infection is therefore not unexpected.

Furthermore, based on the Raman spectroscopic analysis:

e COVID-19 negative patients have much lower variance in their
spectroscopic profiles (biochemical content) than COVID-19 positive
samples

e COVID-19 negative and positive patients are not differentiated by
principal components analysis of the Raman spectral signatures.

e The Raman spectroscopic analysis shows no differentiation accord-
ing to gender, or correlation with age profile

e The primary variance of the Raman spectroscopic response of

COVID-19 positive patient samples is due to the high molecular

weight protein content.

The primary variance of the Raman spectroscopic response of patient

samples is not correlated with specific IgG or IgM

The metadata of the suppliers indicate that the SARS-CoV-2 specific
IgG and IgM levels of the patient samples are elevated by factors as high
as 20 and 1000 fold compared to the cut-offs for COVID-19 negative
samples, respectively (Table 1). It is important to emphasise, however,
that the IgG and IgM levels reported, measured and provided by the
supplier (in arbitrary units), relate to IgG and IgM specific for the SARS-
CoV-2 spike receptor binding domain. Although the levels of SARS CoV-
2 specific IgM and IgG can vary considerably between patients, as seen
in the samples in this study, the quantitative levels are generally in the
ng/ml range. However, the total serum levels of IgM and IgG are in the
mg/ml range, and are therefore not significantly affected by these spe-
cific changes [66]. It may not therefore be surprising that the variations
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Fig. 5. (a) EMSC corrected Raman spectra of 30 kDa fraction from SET B COVID-19 positive patient serum samples, recorded using the 785 nm laser (b) Cumulative
percentage variance explained by the PLS components (c) PLSR prediction model (d) Plot of PLSR loadings.

of the Raman do not correlate with the specific IgG/IgM levels, and that
the spectral profile of the PC describing the majority of the variance
bears more similarity with that of albumin (Fig. 3(c)), which normally
constitutes ~50 % of blood protein. It should be noted that, although no
further patient details were made available by the commercial suppliers,
additional aspects such as cardio vascular health status, hepatic health
status, history of alcoholism are potential confounding factors [67].
Critically, the spectral responses of the two sample sets A and B are not
differentiated by PCA, indicating that there is no influence of different
collection methods, storage, etc. It is, however, notable that the
COVID-19 samples show considerably higher variability in the protein
levels than the COVID-19 negative samples. Elevated levels of albumin,
hyperalbuminaemia, are commonly associated with acute dehydration
[68], whereas decreased levels of albumin, hypoalbuminaemia, are
normally associated with, for example, sepsis, liver or kidney disease
[69]. In the context of COVID-19, there has been several studies relating
higher blood albumin levels in patients with improved prognosis [70],
while low levels have been associated with poor prognosis and higher
mortality rates [71,72]. Notably, in the study of Kheir et al., 60.2 % of
patients were found to be hypoalbuminaemic, rather than hyper-
albuminaemic [70]. The samples measured in the current study are of

convalescent patients, which may be consistent with elevated levels of
albumin, although it is worth considering other potential protein
candidates.

Elevated levels of C reactive protein (CRP) have been reported in
some studies [73] and have also been implicated as potential markers of
disease severity [74,75]. It is noted, however, that the spectral profile of
the loading of the first PC of the comparison of SET A COVID 19 positive
and negative samples does not match well that of CRP (Fig. 3(c)).
Although the monomer unit of CRP has a molecular mass of ~25 kDa, in
serum it is present as a pentameric structure of molecular mass
~120 kDa [76]. There is no specific evidence of elevated levels of CRP in
the spectrum of the > 100 kDa fraction of SET B, shown in Fig. 4(a),
however. Amongst the established clinical features of COVID-19 are
thromboinflammation and coagulopathy, associated with acute pulmo-
nary injury and inflammation [77,78]. COVID-19 has been associated
with increased levels of coagulant factors such as thrombin [79], which
could also contribute to increased levels of serum protein content, as
identified by the Raman spectroscopic analysis, and may play an
important role in both acute COVID-19 infection as well as the chronic
problems affecting a subset of infected individuals [80].

The large variance of the high molecular weight protein content of
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the COVID-19 positive serum samples potentially mask underlying
variances of low molecular weight components which may potentially
be more valuable in the context of longitudinal studies, disease prog-
nosis and therapeutic intervention, for example with the different forms
of vaccines. Fractionation, particularly by centrifugal filtration, is a
technique commonly used in proteomics [81-83], and has been previ-
ously used in the IR [84,85] and Raman [42,86]analysis of human
serum. In the case of Raman analysis, analysis of the concentrated
fraction has been shown to be particularly advantageous as it provides
enhanced signals, which retain the relative concentrations of constituent
components, enabling quantitative analysis of clinically relevant high
and low molecular biomolecules in blood such as immunoglobulins,
albumin, glucose and urea [35,60,87], as well as saliva [88]. COVID-19
has, in particular, been associated with depleted levels of the antioxidant
glutathione (GSH), due to increased oxidative stress [89]. GSH is syn-
thesised in cells, particularly in the liver, and low levels have been
associated with a range of chronic conditions [90-92], multimorbidity
[93] and aging [94]. Glutathione deficiency has previously been asso-
ciated with viral infection [95], and was quickly identified as a symptom
of adults hospitalised with COVID-19 [96]. Similarly, oxidative stress as
a result of excessive production of reactive oxygen species (ROS) has
been reported to be associated with high COVID-19 mortality [97].
Glutathione has been observed to play a role in prevention of COVID-19
immunothrombosis [98], and glutathione supplementation has been
proposed as an adjunct therapy for treatment of COVID-19 patients [95,
99]. Furthermore, oxidative damage and diminished antioxidant levels
have been identified amongst the extended symptoms of COVID-19,
indicating that glutathione deficiency may be an important clinical
factor in monitoring patient recovery [100].

The spectral profile of the PLSR of the 30 kDa fraction of the SET B
convalescing COVID-19 patients bears a striking resemblance to the
spectrum of glutathione. Notably, the Raman spectrum of glutathione
has been shown to be highly dependent on pH and concentration [101],
and thus an inexact match to the spectral signature of a deficiency in the
complex medium of human serum may not be surprising. In blood,
glutathione binds to proteins through S-glutathionylation [102-104], to
protect the thiol groups of proteins against over-oxidation to sulfonic
acid [105], and S-glutathionylated proteins (PSSG) are considered to be
reliable biomarkers of oxidative stress [106]. Although albumin is the
most abundant thiol containing serum protein [107], a number of
studies have indicated important roles of S-glutathionylation of lower
molecular weight serum proteins, in, for example, carotid artery stenosis
[108], arteriosclerosis [109] and more generally in cardiac disorders,
therapies, and diagnosis [110]. While such studies indicate elevated
levels of PSSGs as diagnostic indicators, the negative correlation of the
PLSR analysis of the 30 kDa fraction may be indicative of reduced levels
of PSSGs in the range 50-30 kDa in convalescing COVID-19 patients,
due to the reduced levels of GSH, correlated with CIVID-19 specific IgG
levels, as an indication of disease severity.

Therefore, although the analysis of the whole serum samples of
convalescent COVID-19 patients did not yield anything of immediately
evident value, the study has demonstrated the potential of Raman
spectroscopy as an analytical tool to monitor and potentially further the
understanding of the manifestation of persistent biomarkers of disease in
convalescent patients. Further studies are required on larger cohorts,
also potentially including vaccinated and “long COVID” sufferers, to
confirm and elaborate our findings.
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