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ABSTRACT: COVID-19 represents a multi-system infectious disease with broad-spectrum Sov, ooy cov-

manifestations, including changes in host metabolic processes connected to the disease S o
pathogenesis. Understanding biochemical dysregulation patterns as a consequence of COVID- Iﬁ“
19 illness promises to be crucial for tracking disease course and clinical outcomes. Surface- |
enhanced Raman scattering (SERS) has attracted considerable interest in biomedical diagnostics

for the sensitive detection of intrinsic profiles of unique fingerprints of serum biomolecules ﬁmm;‘
indicative of SARS-CoV-2 infection in a label-free format. Here, we applied label-free SERS and

0 |

e A
chemometrics for rapid interrogation of temporal metabolic dynamics in longitudinal sera of ! 8l é‘;&
mildly infected non-hospitalized patients (n = 22), at 4 and 16 weeks post PCR-positive diagnosis, !
and compared them with negative controls (n = 8). SERS spectral markers revealed distinct N .
. . . . . : . L o X-data 0 Visualisation
metabolic profiles in patient sera that significantly deviated from the healthy metabolic state at the 80 tanstomstion|> 3
two sampling time intervals. Multivariate and univariate analyses of the spectral data identified oS

abundance dynamics in amino acids, lipids, and protein vibrations as the key spectral features

underlying the metabolic differences detected in convalescent samples and perhaps associated with patient recovery progression. A
validation study performed using spontaneous Raman spectroscopy yielded spectral data results that corroborated SERS spectral
findings and confirmed the detected disease-specific molecular phenotypes in clinical samples. Label-free SERS promises to be a
valuable analytical technique for rapid screening of the metabolic phenotype induced by SARS-CoV-2 infection to allow appropriate
healthcare intervention.

H INTRODUCTION standard diagnostic and screening tools for the SARS-CoV-2.

COVID-19 infection caused by the coronavirus SARS-CoV-2 Howev.er, the presence of the SARS_COV_Z_ genome and/ or
led to a global pandemic starting from the late 2019 stretching protective antlbod%es i reﬂect holistic b10chem1ca31
through 2022 and onward, posing a serious threat to healthcare chan.ges as properties of pthogenesm and def?nce. response,
systems. SARS-CoV-2 invades the respiratory tract, causing a nor 1nff)rm on Whét set of bllomole.cular dyflamlcs., in the wake
systemic infection that may subsequently induce multi-organ of waning aratlbodles, are directly linked with patient recovery
inflammation or dysfunction in the host." COVID-19 patients or mortality.

. . . Current studies have established a connection between
can be broadly classified from mild to severe cases depending COVID-19 and host taboli ih this infl
on the clinical characteristics of COVID-19, with mild-to- ~17 and host metabolism and how this INTUences

moderate cases representing the vast majority of patients. pathology over time. It is clear that infection-induced immune

Among patients who develop a mild illness, non-hospitalized respons el st(;ess exerts n;u;tlplle chan1ge§ n meta.bohc biop ro-f

subjects were often inadequately monitored post-infection, cesses, ‘eading to metabolic dysregulation at various sta?ges N

since the foremost aim of most studies was to unravel the disease course and recovery phases. Increasing evidence

N . .

diagnostic and prognostic markers in severe and hospitalized shows that nearly 30% of patients experience d dela)'red

patient cases who needed urgent attention. Given that most recovery back to the healthy state after infection,” presenting
. . . ' . tunity t ine the biochemical dri f COVID-

patients recover from the illness while a subset of patients an opportunity to examine the biochemical drivers o

develops severe disease, there is a strong interest in identifying 19 pathogenesis and recovery. Commonly dysregulated

biomarkers in COVID-19 patients that can predict disease

severity and course, especially amidst increasing cases of long- Received: October 13, 2022
COVID,” to guide healthcare decisions. Accepted:  January 31, 2023
Molecular tests such as the PCR target the SARS-CoV-2 in Published: February 10, 2023

active cases, while serological assays target immunoglobulins
(IgG, IgM, and IgA) as biomarkers of current or past exposure
to the virus, and these have been extensively used as gold
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biomolecules implicated in COVID-19 which are detectable in
patient biofluids (e.g., serum) include amino acids, lip-
oproteins, and lipids.”® In this context, there is a paradigm
shift toward measuring the “metabolic fingerprints” of patients
as a platform for monitoring biochemical dysregulation profiles
underlying pathophysiology and the immune response to
SARS-CoV-2 infection.

Metabolomics based on mass spectrometry (MS) and NMR
spectroscopy is well-suited for unravelling metabolic pheno-
types, which can differentiate COVID-19 patients from healthy
controls,” and identify potential molecular markers and
mechanisms suggestive of COVID-19 course.”'’ This is
because the metabolome offers a holistic and functional
snapshot of molecular profiles as the downstream product of
the genome, transcriptome, and proteome influenced by the
COVID-19 illness."" Several researchers have applied MS-
based metabolomics to probe COVID-19 by monitoring
circulating serum biomolecules. Roberts et al. used metabolic
profiles and machine learning tools to predict COVID-19
severity and clinical outcomes based on the disease-modified
levels of serum metabolites, including kynurenine, arginine,
and uracil.'”” Similarly, Valdés et al. reported altered
tryptophan, lipids, and purine metabolic pathways in patients
3 months post-infection with SARS-CoV-2 and classified early
and end-stage COVID-19, including in patients with a mild
infection."”

Although metabolomics studies have been demonstrated to
provide valuable insights into the biomolecular mechanisms
involved in COVID-19, sample preparation is time consuming
and technically demanding. Ideally, initial screening of
metabolic changes requires rapid, non-destructive, and less
costly analytical tools that can quickly identify patient
populations exhibiting molecular alterations in a biofluid
such as plasma, which could then be further explored via
metabolomics to identify differential metabolites."* There is
also a need to develop a serum screening regimen that can
confirm as well as complement MS to allow a comprehensive
description of the metabolic properties of the SARS-CoV-2
infection. To this end, the aim of this study was to develop
label-free surface-enhanced Raman scattering (SERS) as a
metabolic fingerprinting technique for rapid analysis and
differentiation of temporal metabolic changes in patients with
mild COVID-19. This is especially desirable in cases, such as in
the present study, where the volume of available clinical
samples is too low (ca. 2—10 yL) for an MS-based omics study
but adequately amenable to SERS clinical analysis.

Label-free SERS has attracted increasing attention in
biomedical research as it can potentially fulfil the need to
screen evolving disease states such as COVID-19,"” in a rapid
and reagent-free format with little or no sample handling. By
combining molecularly specific information and intensified
signals from molecules located within the electric fields
generated by the surface plasmon on metallic nanoparticle
(NP) surfaces,'® SERS can achieve ultrasensitive detection of
disease markers in the metabolome and other biopolymers
with significantly reduced screening times.'” A SERS spectrum
of a liquid biopsy, such as serum, reveals distinct information-
rich biomolecular fingerprints which, in the context of COVID-
19 pathology and host response, represent the intrinsic
metabolic states of interrogated patients. Any disease-specific
perturbation in amino acids, carbohydrates, lipids, and proteins
can be elucidated by SERS, with a view to being able to stratify
between diseased patients and healthy controls.'*">"®
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In the present study, for the first time, we used SERS and
multivariate analysis for rapid characterization of biochemical
composition and changes at 4 and 16 weeks post infection in
PCR-verified non-hospitalized subjects with mild COVID-19.
To complement and confirm SERS metabolic phenotypes, we
applied spontaneous Raman spectroscopy to validate disease-
specific changes in serum molecules, as shown previously for
COVID-19 screening.lg’Ig Raman spectroscopy extracts
molecular information directly from polarizable chemical
bonds of molecules without the need for extrinsic signal
boosts such as NPs employed for SERS. In this regard, SERS
and Raman spectroscopy can be considered complementary
tools, providing confirmatory metabolic fingerprints associated
with the disease course. Our conflated SERS and Raman
platforms took advantage of simple sample handling steps, and
rapid and non-invasive biosensing strategies, which are ideal
for probing chemical trends in clinical samples. Significantly,
spectral datasets revealed altered serum metabolic signatures in
patients compared to the healthy controls. The detected
biochemical shifts from the normal state led to the differ-
entiation of patient sera collected longitudinally at weeks 4 and
16 post-infection, from healthy subjects, as revealed by
multivariate analyses of spectral data.

B EXPERIMENTAL METHODS

Synthesis of Silver NPs. All glassware used for metallic
NP synthesis was thoroughly cleaned using aqua regia (3:1
hydrochloric acid/nitric acid) and copious amount of distilled
water.

Silver NPs (AgNPs) were prepared via the reduction
synthetic strategy reported previously.”’ Briefly, a 180 mL
aqueous solution of 1.1 mM AgNO; was prepared in a 250 mL
flask and uniformly mixed using a magnetic stirrer plate at
room temperature in a fume hood. Next, 19 mL of an aqueous
solution containing 1.88 mM hydroxylamine hydrochloride
(NH,OH-HCI) and 3.33 mM NaOH was added dropwise to
the AgNOj; solution, resulting in color changes from a clear
solution to a brown/orange color, indicating successful NP
production. The colloid was stirred for a further 20 min before
it was removed from the plate and stored at 4 °C. AgNP sol
was characterized with UV-—visible spectroscopy yielded a
single surface plasmon band with an absorption maximum
(Amax) at 424 nm, while transmission emission microscopy
(TEM) showed spherical AgNPs with an average diameter of
~85 nm (Figure S1). AgNPs were concentrated 8X by
centrifugation of the as-prepared colloid in 2 mL sterile vials at
11,000 rpm for 10 min. After discarding the supernatant, the
pellets were reconstituted to the appropriate volume.

Clinical Samples. Participants with mild COVID-19 were
randomly selected from the same cohort described previ-
ously.”"** All the volunteers were 18 years or older and had
received a PCR-confirmed positive test for SARS-CoV-2
between 2 and 3 weeks prior to enrolment. Serum sampling
was done at 4 and 16 weeks post-diagnosis. The mean age for
patients (n = 22; 12 females, 10 males) and negative controls
(n = 8; 7 females, 1 male) included in this study were 52.8
years (range: 20—78 years old) and 45.9 years (range: 20—5$
years old), respectively. Negative controls were collected in
June 2020 from subjects who had never received a COVID-
positive test.

Sample Preparation. Thawed sera were aliquoted in
triplicates and kept on ice throughout sample preparation
protocols in a biosafety level 2 (BSL2) laboratory. Raw sera
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Figure 1. Illustration of the experimental design of the study: sample preparation and data acquisition protocols for label-free SERS and Raman
analysis of sera. SERS spectral data were generated from sera incubated with AgNPs, while Raman signals were measured directly from samples
after the drying step. Multivariate analysis was used to probe metabolic changes in sera.

were used without any sample processing to avoid losing (PCA) was applied. PCA was used to reduce the
important differential molecular markers in the samples, since dimensionality of the data”® and to explore natural clustering
processing of serum affects the biochemical content of trends arising from COVID-19-specific metabolic changes in
serum.”® For SERS, 10 uL of each sample was added to an patients in comparison to negative controls. Both SERS and
equal volume of 8X concentrated AgNPs in an Eppendorf vial Raman datasets were further examined by a supervised model
and mixed uniformly by vortexing. AgNPs-serum samples were of principal component-canonical variates analysis (PC-
incubated for 30 min, after which 20 yL of each sample was CVA),”” which minimized within-class variance while simulta-
spotted onto aluminum foil-coated microscope slides and air- neously maximizing between-class variance to differentiate
dried at room temperature. Prior to the experiment, a quality samples according to a priori knowledge (patient groups).28
control (QC) sample was prepared by combining equal PC-CVA was validated by generating a training set from 60%
volumes of each of the patient samples, which was then used to of randomly selected spectra from each patient group, which
assess the stability of AgNPs and SERS across 1 month. For was then tested by projecting the remaining unseen 40% of the
spontaneous Raman spectroscopy, 2.5 uL of each clinical data into the subspace generated by the PC-CVA model.”” To
sample was drop-casted onto an aluminum foil-coated further simplify spectral interpretation, hierarchical cluster
microscope slide and air-dried under the same conditions as analysis (HCA) employing the Ward’s linkage30 was
the SERS protocols. conducted on the PC-CVA scores per class to visualize
Spectral Data Acquisition. Both SERS and Raman separation distances among the patient classes. Pair-wise tests
spectra were acquired using an alpha300 confocal Raman of statistical significance were conducted using two-tailed ¢-
microscope (WITec, Germany) equipped with a 633 nm tests at the 95% confidence intervals. All statistical outputs
HeNe excitation laser, a grating of 300 grooves/cm, and a were presented as averages of the spectral measurements, and
CCD camera. A 50X magnifying objective was used to view the the error bars represent the standard deviation of the mean.

samples on aluminum foil-coated microscope glass slides and
to collect the back-scattered photons. For SERS analysis, the B RESULTS AND DISCUSSION

laser power on the AgNPs-serum samples was adjusted to 40

mW with an exposure time of S s per signal. For Raman Figure 1 summarizes sample preparation protocols for SERS
measurements, each dried sample was exposed to 40 mW for and spontaneous Raman spectral analyses, deploying simple
90 s to acquire spectral data of good signal-to-noise ratio while steps amenable to clinical laboratories. The total spectral
preserving the biological integrity of sera. In all cases, three acquisition and data analysis time were S and 90 s per clinical

spectral signals were measured from randomly selected points sample for SERS and Raman spectroscopy, respectively.
of each of the three biological replicates prepared per sample. As can be seen in Figure 1, the experimental designs for
The Control 5 software was deployed for instrument control biomedical analysis of the serum metabolome were optimized
and data capture. for rapid analysis of sera using SERS and Raman spectroscopy.
Data Processing and Chemometrics. Statistical analyses For SERS, serum was mixed in a 1:1 ratio with AgNPs,
were performed in MATLAB software 2021b (The Math- followed by an incubation time of 30 min, which allowed for
Works Inc., Natwick, US) and GraphPad Prism. Spectra with sufficient interaction between serum biomolecules and the
obvious spurious spectral artefacts were considered outliers plasmonic particle surfaces. Reproducibility tests for AgNPs
and removed from the dataset. All SERS and Raman spectral and SERS measured from a QC sample exhibited high stability
data were baseline corrected using the asymmetric least and repeatability, as evidenced by the low relative standard
squares,”* and scaled with the extended multiplicative signal deviations of 6.7% (0 weeks) and 5.6% (4 weeks), respectively
correction,” before unsupervised principal component analysis (Figure S2). SERS and Raman spectral analyses were
3640 https://doi.org/10.1021/acs.analchem.2c04514
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Figure 2. Averaged spectra for (a) SERS and (b) Raman spectroscopy measured from sera of negative controls (COV—, blue trace) and patients
previously infected with SARS-CoV-2 (COV+) whose serum samples were collected after 4 weeks (COV+ W4, green trace) and 16 weeks (COV+
W16, red trace) post-diagnosis with SARS-CoV-2. Abbreviations; W4: 4 weeks, and W16: 16 weeks post-diagnosis. Annotated peaks highlight

dominant discriminatory Raman shifts for respective serum samples.

(a)400

(b)

® COV- ¢ ® COv-
300 Y COV+W4 800| v cov+wa
¥ COV+WIi6 % ¥ COV+WI6
200 ° RN "v 600 f v
¢ (3 o
100 - ¢ v 400 -
~ ®e 0 Vg ~ e Yoo VYvyv VYV V
> 0f $ vV > ° °
2 .0 [} vy D20e % o% v'a"
100 F ®w%e ° '! v ° T Vv
B [ ] 0or @ 1'. () ‘r. Q® V. Wy
° v '3 v v
2200 ° ° oV v o Bg ¢
e o PS -200 ( 1) ’0 ¢ v
300t @
-400 *
400 =300 200 -100 0 100 200 300 800 -600 -400 200 0 200 400 600
CVl1 CV1

Figure 3. PC-CVA score biplots obtained by (a) SERS and (b) Raman spectral analysis of the sera from patients. Colored symbols represent
different patient samples: blue spheres for negative controls (COV—), green triangles, and red diamonds for sera collected longitudinally at 4 weeks

(COV+ W4) and 16 weeks (COV+ W16) post-infection.

performed on dried clinical samples under room temperature.
It should also be noted that spectral data were processed in the
same way and analyzed by unsupervised and supervised
machine learning to guide fair comparison and validation of
COVID-19-induced molecular dynamics unraveled by SERS
and Raman spectral data, as illustrated in Figure 2.

Mean SERS and Raman spectra of sera from 22 non-
hospitalized patients with mild COVID-19 (COV+), con-
firmed by PCR-positive nasopharyngeal swabs, and 8 negative
control subjects who had never been diagnosed with COVID-
19 (COV—-) are shown in Figure 2. COV+ sera were collected
longitudinally at weeks 4 (COV+ W4) and 16 (COV+ W16)
post COVID-19 diagnosis had confirmed seroconversion of
IgG at the tested time points, as we reported recently.””
Sampling intervals of 4 and 16 weeks post-diagnosis were
investigated, as they represent an estimate of peak immune
response and recovery time points, respectively, following the
onset of SARS-CoV-2 infection.’’ The spectra for COV+ and
COV— sera exhibited a high degree of similarity; however,
closer inspection and statistical analysis of the spectra revealed
metabolite peaks of varying abundances in clinical samples.
The next step was therefore to determine whether the SERS
and Raman fingerprints for the COV+ and COV— sera were
sufficient to differentiate and group the investigated subjects
according to their expected clinical states [i.e, COV+
(longitudinal sera at week 4 and week 16 post-diagnosis)
and COV— (sera from negative controls)].

SERS Spectral Analysis. PC-CVA scores of the SERS
spectral data shown in Figure 3a displayed separations between

3641

patient sera collected at weeks 4 and 16 post-diagnosis (COV
+) and negative control sera (COV—) as dominant variables
along the CV1 axis.

Corresponding PCA score biplots are shown in Figure S3a.
Though sera of COV+ patients clustered closely and away
from COV— samples, it appeared that COV+ sera collected at
week 4 clustered further away from COV— samples, while
week 16 sera clustered between the extreme COV— and COV
+ week 4 samples along CV1. This suggests significantly
changed metabolic profiles in COV+ patients 4 weeks post-
diagnosis of SARS-CoV-2 compared to COV-— sera. By
contrast, week 16 patient sera appeared to exhibit intermediate
metabolic alterations between those for week 4 and COV—
subjects, which is also indicative of persistent biochemical
pathophysiology as well as progressive recovery from mild
illness, moving toward the healthy metabolic status. The
differences seen among the three investigated groups
originated mainly from adenine and adenine-related com-
pounds, proteins, lipids, and amino acids. This observation is
consistent with recent findings reported by Valdeés and co-
workers, where longitudinal sera collected 2—3 months apart,
from hospitalized mild COV+, had distinctive metabolic
differences in proteins, lipids and a host of metabolites
unraveled via PCA and PLS-DA."’ Contrary to CV1, CV2
attempted to separate COV+ W16 from the other patient
categories (Figure 3a). PC-CVA was validated by the
projection method that showed congruent clusters of the
training and test spectral datasets used for model validation
(Figure S4), demonstrating reproducible classification solely
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Figure 4. Boxplots generated from peak analysis of prominent spectral biomarkers identified using (a) SERS and (b) Raman spectroscopy showing
chemical trends associated with COVID-19 at weeks 4 (COV+ W4, green trace) and 16 (COV+ W16, red trace) compared to controls (COV—,
blue trace). Number annotations above the boxplots represent Raman shifts for the main spectral intensities at: (a) 630, 722, 1093, and 1331
(hypoxanthine), 1230—1250 (amide IIT), 1440—1451 (lipids/proteins), and 1581 cm™" (proteins), (b) 1001 (phenylalanine), 1150 (proteins), and

1515 ecm ™! (carotenoids). ##**p < 0.0001, ***p < 0.001, **p < 0.01,

*p < 0.05, ns: not significant, based on two-tailed t-tests of each two-group

comparison. The whiskers extend to the most extreme data points which are not considered outliers (shown), defined as no more than 1.5 X IQR

outside of the IQR.

representative of the metabolic changes in the tested sera and
not artefacts from the statistical model. In order to rationalize
the molecular-level origin of the clustering trends detected in
Figure 3, we plotted CVA loadings to be able to identify key
classes of biomolecules and associated abundance dynamics
related to COVID-19.

According to the CV loadings (Figure SSa), the major
explanatory SERS vibrational modes attributed to the
separations observed on CVA scores (Figure 3a) displayed
intensity differences that corresponded to metabolites present
in higher or lower relative levels in patient sera. The dominant
peaks at 722, 1093, and 1331 cm™' (ring modes in
hypoxanthine/purines and analogues),”””*> and bands at
1451 cm™' (CH, deformations in lilz)ids/proteins) and 1581
cm™' (ring modes in amino acids),”®*” as shown in Table S1,
were detected in higher quantities in the sera of COV— than
COV+ patients group (Figure 3a), indicating metabolite
downregulation in response to SARS-CoV-2 infection and
recovery. On the other hand, the main characteristic bands
detected at 630 cm™ (uric acid) and 1250 cm™ (amide III
vibration),***® were present in greater amounts in the sera of
COV+ patients than COV— subjects (Figure 2a), suggesting
upregulation of biomolecules in COV+ groups.

The concentration patterns in major serum metabolites
underlying metabolic changes in COV+ patients (as high-
lighted by CV loadings and CVA score plots) are summarized
in the form of boxplots as shown in Figures 4a and S6. In
general, a V-shaped trajectory of serum metabolite changes is

observed; that is, the intensities of the significantly changing
spectral bands of COV+ sera which initially varied in intensity
(increased or decreased) in COV+ sera at week 4, tended to
shift toward the initial intensity 16 weeks after infection,
suggesting partial reversion of metabolic states back to the
healthy metabolic phenotype. Specifically, the SERS spectral
bands at 722, 1093, and 1451 cm™, which initially decreased
significantly in COV+ sera at week 4, significantly increased in
intensity 16 weeks. The amide III peak at 1250 cm™' showed
an opposite trend, where metabolites increased at week 4
before drifting back to the baseline (COV—) at week 16, again
consistent with the probable phenoreversion of COV+ to a
normal metabolic state.”® V-shaped trends of lesser significance
were similarly observed for the other spectral bands identified
in Figures 4a and S6.

Major metabolites (hypoxanthine, uric acid, and lipids)
assigned to the differential spectral markers are associated with
SARS-CoV-2 infection,>”*® and have been utilized to
discriminate between mild COV+ and healthy adults.**'
Some authors have also explored the evolution of metabolic
features at different time intervals post-symptom onset as
correlates of COVID-19 pathogenesis and immune response.*”
Recently, machine learning-aided metabolomics revealed
COVID-19-specific trends of dysregulation, similar to those
reported in the present work, in various classes of biological
compounds, including lipids (1450 cm™), proteins (1250
cm™!), amino acids (630, 1093 cm™), and adenine and its
derivatives, such as methyladenosine, in mildly infected
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patients.">** The levels of metabolic components decreased in
the longitudinal plasma of the COV+ after ~3 weeks post-
symptom onset, before rising gradually, reaching a similar
metabolic state to that detected for the COV— subjects 14
weeks post-infection,43 which is in agreement with the
probable metabolic healing process of COV+ patients observed
in our results presented in Figure 4a. Recent studies show that
SARS-CoV-2 infection alters several metabolic pathways, such
as the kynurenine, lipid, and tryptophan pathway,12 which
explains the upregulation and downregulation of amino acids,
lipids, and proteins spectral modes associated with clustering
trends in CVA scores. Among the discriminating compounds
detected previously, and also reported in this study, were
biomolecular dynamics (e.g, uric acid) that are known to be
indicative of dysregulated purine,'” and lipid,”” metabolic
pathways induced by COVID-19 persisting for up to 10
months in some patients post-infection. Hence, the dominant
SERS spectral markers detected in this study highlighted both
time-dependent systematic metabolic trends in COV+ and
recovery in patients who had mild COVID-19 illness relative to
negative control sera. This offers clinically vital molecular
information that may predict patient outcomes.

To explore serum molecular phenotypes even further, HCA
plots were constructed from mean PC-CVA scores. Figure S7a
shows a dendrogram for HCA of SERS data identifying two
metabolically distinct classes of clinical samples, where COV—
clustered far away from COV+. It is also evident from HCA
trees that even though the samples from weeks 4 and 16
formed a unique cluster by virtue of exhibiting similar
metabolic trends (both are COV+), week 16 serum samples
clustered in the middle, closer to both COV— and COV+ week
4 groups than do the COV— and COV+ week 4 groups
(Figure S7a). This observation was also consistent with the
PC-CVA finding of the SERS data (Figure 3a) discussed
above.

Raman Spectral Analysis. Unsupervised analysis of the
Raman spectral data by PC-CVA (Figure 3b) and PCA (Figure
S3b) scores exhibited similar clustering trends to those
observed for the SERS data (Figure 3a). According to CV1
in Figure 3b, COV— samples clustered far left from the COV+
week 4 samples located on the far right, with COV+ week 16
sera positioned between COV— and COV+ week 4. Clear
overlaps seen among the scores for COV— and COV+ (weeks
4 and 16) are thought to reflect progressive recovery and
reversion of metabolic phenotypes in the patients 16 weeks
after the SARS-CoV-2 diagnosis detected by SERS. Like the
SERS data, CV2 of the Raman data attempted to differentiate
COV+ W4 from the rest of the clinical samples.

Inspection of the CV1 loadings (Figure SSb) of the Raman
data indicated nearly identical spectral trends for COV+ and
COV—, except mainly for the vibrational modes at 1150 cm™
(C—N stretch in proteins) and 1515 cm™ (carotenoids),***
(Figure 2b), that were the salient spectral features associated
with PC-CVA scores in Figure 3b. Further analysis of CV
loadings plots characteristic bands unraveled serum biochem-
ical dysregulation dynamics similar to the SERS bands (Figure
2a), where the spectral features (mainly proteins and amino
acids, Table $2)* exhibited higher relative amounts in COV—
than COV+ sera (Figure 2b), in line with molecular trends
observed recently in COVID-19 patients via Raman spectros-
copy.*® This finding was further supported by proteomics
studies that also reported significantly raised protein levels in
mild-to-moderately infected COV+ patients relative to healthy

3643

controls.” In addition, COV+ displayed major variations in
proteins at week 16, following a dip in these molecules at week
4, as indicated on Figure 4b. In contrast, phenylalanine and
tryptophan*® were downregulated in COV+ as shown by the
phenylalanine/tryptophan Raman biomarker band detected at
1001 cm™" (Figure 4b), whose intensity decreased in COV+
compared to COV— sera.***” These observations complement
and confirm SERS spectral findings, illustrating the robustness
and reproducibility of our SERS protocol.

The HCA dendrogram computed from PC-CVA scores of
Raman data also revealed clustering profiles of the samples
where the COV— were separated from COV+ sera (Figure
S7b), reflecting differentially expressed metabolic responses to
SARS-CoV-2 viral infection in COV+ patients unlike in the
COV- individuals. Despite having altered metabolism, the
COV+ week 16 clustered much closer to the COV— than the
COV+ week 4 samples were to the COV— (Figure 3b), which
again may be indicative of time-course recovery phases post-
infection seen in the SERS data (Figure 3a).

At this stage, it is very clear that the SERS and Raman data
demonstrated very similar metabolic profiles in COV+ and
COV— subjects, though the spectral features dictating the
metabolic trends in the samples originated from different
molecular vibrations (mainly hypoxanthine/amino acids, uric
acid, lipids, and amides for SERS; mainly proteins for Raman).
This finding is perhaps not surprising given that the two
metabolic fingerprinting tools yield confirmatory and comple-
mentary serum molecular information, as shown previously for
cancer diagnostics/screening.”’’ More importantly, SERS and
Raman spectral data reported in the present study have
demonstrated consistent differential metabolic patterns of
acceptable reproducibility for COV+ and COV— individuals. It
should also be emphasized that the patients tested in this study
were infected early in the COVID-19 pandemic before SARS-
CoV-2 variants emerged and infected humans,”” such that the
variabilities in metabolic phenotypes detected by SERS and
Raman spectroscopic tools were unlikely to be influenced by
infection with different SARS-CoV-2 variants.

While the results discussed above have offered informative
insights into metabolic changes related to COVID-19 and
corresponding time course recovery post infection, there are
some limitations in this study. First of all, the small sample size
(n = 30) and few sampling points limited the extrapolation of
our results to a larger population. Expanding the spectral
datasets by enrolling more patients would not only lead to a
better representation of the findings but would also boost the
statistical power of machine learning tools. Second, patient
health records, such as lifestyle and comorbidities, that can
influence variability in the data were not available at the time of
serum sampling. Nonetheless, the investigated longitudinal
sera were collected from the same patient cohort (n = 22) at
weeks 4 and 16 time points, and this may have reduced
spurious spectral variations. In addition, the difference in
average age for the COV+ (52.8 years old) and the COV—
(45.9 years old) was not statistically significant (p = 0.3179)
(Figure S8), indicating matched patient age, and this reduced
age-related chemical trends. We also noted that, unlike in COV
+ groups where patient gender was fairly paired, COV—
category was dominated by females, reflecting a dispropor-
tionate and partial representation of COVID-19-specific
metabolic changes. Efforts to acquire metadata for COV+
patients and to balance gender in the COV— group proved
futile, as this was beyond the scope of the study. However,
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given that this is the first study to demonstrate the applicability
of SERS and Raman spectroscopy combined with chemo-
metrics to investigate SARS-CoV-2-induced chemical pheno-
type, the reported spectroscopic profiles from mildly infected
COVID-19 patients will act as a foundation upon which future
studies will be built.

Bl CONCLUSIONS

We have demonstrated that COVID-19-induced metabolic
changes measured by SERS combined with chemometrics can
rapidly differentiate convalescent patients from negative
controls. The SERS spectral fingerprints revealed that non-
hospitalized patients with mild COVID-19 exhibited altered
metabolic profiles at weeks 4 and 16 post SARS-CoV-2
diagnosis that were significantly different from healthy negative
controls. Interestingly, the metabolic changes of week 16 sera
suggested progressive recovery of patients detected inter-
mediate between the COV+ week 4 and COV— sera, with
main differential molecular changes identified in amino acids,
lipids, and proteins. Raman spectroscopic analysis of the
molecular profiles of patients validated the differential SERS
spectral markers, that provided further evidence that COVID-
19 affected the levels of circulating metabolites and
biopolymers in patient samples. We envisage that when
structural resolution and elucidation of spectral marker
metabolites are achieved and validated via MS or NMR
metabolomics strategies, targeted SERS may play an important
role in absolute quantitative detection of single and multiple
COVID-19 molecular markers,'* aimed at predicting quanti-
tative severity (mild or severe) and clinical outcomes of SARS-
CoV-2 viral infection potentially at the point of use. It also
remains to be seen if these changes are specific to the SARS-
CoV-2 infection or if they represent a nonspecific metabolic
response than could also apply to other infection processes.
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