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Abstract
Human coronaviruses (HCoV) are causative agents of mild to severe intestinal and respiratory infections
in humans. In the last 15 years, we have witnessed the emergence of three zoonotic, highly pathogenic
HCoVs. Thus, early, and accurate detection of these viral pathogens is not only essential for preventing
transmission but also for the timely treatment and monitoring of drug resistance. Herein, we applied
enhanced dark�eld hyperspectral microscopy (EDHM), a novel non-invasive, label-free diagnostic tool for
rapid and accurate identi�cation of two strains of HCoVs, i.e., OC43 and 229E. The EDHM technology
allows collecting the optical image with both spectral and spatial details in a single measurement without
direct contact between the specimen and the sensor. Thus, it can provide the direct mapping of spectral
signatures speci�c for a given viral strain in a complex biological milieu. Our study demonstrated distinct
spectral patterns for HCoV-OC43 and HCoV-229E virions in the solution, which can serve as
distinguishable parameters for their differentiation. Furthermore, spectral signatures for both HCoV
strains in the infected cells displayed a considerable peak wavelength shift compared to the uninfected
cell samples indicating that the EDHM is applicable to detect and differentiate between HCoV infected
and uninfected cells. 

Introduction
Viruses belonging to different families pose a continuous threat to public health and worldwide stability.
The unprecedented outbreaks of severe acute respiratory syndrome-associated coronavirus (SARS-CoV)1,
Middle East respiratory syndrome coronavirus (MERS-CoV)2, and the ongoing pandemic of severe acute
respiratory syndrome-associated coronavirus 2 (SARS-CoV-2)3 poised human coronaviruses to take
prominence on the world stage, highlighting the necessity for readily available, accurate, and fast
diagnostic testing methods.

Coronaviruses are positive-sense single-stranded RNA viruses that belong to the family Coronaviridae,
which includes four genera, several sub-genera, and species. Four human coronaviruses (HCoVs) are
globally endemic, including two Alphacoronavirus (HCoV-229E and HCoV-NL63), and two
Betacoronavirus (HCoV-OC43 and HCoV-HKU1). These HCoVs account for 10–30% of upper respiratory
tract infections in adults4. The emergence of HCoV-229E was estimated to occur about 200 years ago,
and it involved the transfer from bats to alpacas and then to humans. About 120 years ago, HCoV-OC43,
which was considered to have a common ancestor with bovine coronavirus, was transmitted from cattle
to humans5 Subsequently, both HCoV-229E and HCoV-OC43 were isolated from the nasal cavities of
people with the common cold in the 1960s6. In the 1970s, studies that used serology and viral culture
linked HCoVs-229E and -OC43 with 8% of cases of lower respiratory tract infection in hospitalized
infants7. HCoV-NL63 and HCoV-HKU1 were discovered in the early 2000s from persons with bronchiolitis
and pneumonia8,9. In 2002 a Betacoronavirus originating in bats, then spread from civets to humans
causing severe respiratory disease and taking the name SARS-CoV10. In 2012 a Betacoronavirus spread
from camels to humans in Saudi Arabia, causing a similar clinical syndrome as SARS, taking the name
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MERS-CoV11. The latest SARS-CoV-2 is closely related to Betacoronaviruses detected in bats (88%
sequence identity) but is genetically distinct from SARS-CoV (~79% sequence identity)12. It is understood
that a broad host range13, frequent cross-species transmission, stability of the virus in the environment,
and changes in the tissue tropism14, support the emergence of new highly infectious human
coronaviruses.

There is a general lack of adequate clinical characteristics and epidemiological data available on human
coronaviruses. This knowledge gap primarily persists due to the di�culties in developing cellular and
animal model systems to uncover the mechanisms of viral pathogenicity and design adequate
therapeutic strategies15. Also, a critical de�ciency lies in the available diagnostic tests that should allow
for early, rapid, and sensitive detection of coronaviruses. Quantitative reverse transcriptase-polymerase
chain reaction (RT-qPCR) is currently the most frequently used technique to detect viral nucleic acids
present in bodily �uids. Testing facilitates the prevention of spread between persons and communities
that include asymptomatic infected people, whose viral shedding can unintentionally spread the infection
to the elderly and those that are immunocompromised. However, the total turnaround time for RT-qPCR
can exceed two days, can be burden with false-negative results caused by a low viral load or a presence
of genetic variants of the virus16, and false-positive results arising from cross-contamination17.
Serological testing complements virus detection, indicating past infection, which could be harnessed for
therapeutic gain18. Here, antibodies are detected by enzyme-linked immunosorbent assay using a
qualitative detection of IgG or IgM antibodies19. Such tests determine an immune response against the
viral antigen and may be helpful to assess protection against subsequent viral exposure and for contact
tracing purposes. However, serological tests usually detect the antibodies and not the virus itself, and the
effectiveness of these assays during the early stages of infection when adaptive immunity is building is
therefore limited20. Fluorescence and confocal microscopies are widely employed for single-virus
tracking, as they allow visualization of particular specimen in the complex biological environment in a
minimally invasive manner. However, the analyses are time-consuming, require �uorescent labels for
single-virus tracking, and a good portion of the sample is always illuminated leading to photobleaching
of the sample even out of the focal plane21. In response to the limitations of the above-mentioned
diagnostic methods, new platforms are actively being pursued.

In this manuscript, we outline the advantages of using the enhanced dark�eld hyperspectral microscopy
(EDHM) as a novel tool that allows a label-free detection of two HCoV strains, i.e., OC43 and 229E in
infected mammalian cells. The technology (developed by CytoViva, Inc. Auburn, AL, USA) offers the high
contrast visualization of low contrast objects, which are typically not visible by conventional bright�eld
microscopy. These factors are of great interest for the microscopic examination of biological samples, as
the technology does not require the application of contrasting agents. When combined with hyperspectral
imaging, the optical image with both spectral and spatial details can be acquired in a single
measurement without direct contact between the specimen and the sensor22. The integrated system can
provide the direct mapping of spectral signatures speci�c for a given viral strain in a complex biological
milieu based on its unique optical spectrum. Accordingly, this method is sensitive to subtle spectral
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changes, ensuring thorough discrimination of biological entities or changes in tracking agents over
time23,24. As such, EDHM represents a novel alternative to the available diagnostic tools for the detection
of various infectious agents.

Materials And Methods
Cell lines and culture conditions. Human colon adenocarcinoma (HCT-8 cells, ATCC CCL-244) were
seeded in 75 cm2 cell culture �asks at 4.7x106 cells/ml and grown in RPMI-1640 medium (ATCC 30-2001)
supplemented with 10% horse serum (HS) (Fisher scienti�c SH3007403) and 1X
Penicillin/Streptomycin/Glutamine (Gibco 10378016) at 37°C in 5% CO2. Medical research council cells

strain 5 (MRC-5 cells, ATCC CCL-171) were seeded in 75 cm2 cell culture �asks at 1x106 cells/ml and
grown in Eagle’s Minimum Essential Medium (EMEM, ATCC 30-2003) supplemented with 10% fetal
bovine serum (FBS) (ATCC 30-2020), 1X Penicillin/Streptomycin/Glutamine (Gibco, 10378016) at 37°C in
5% CO2. The monolayers of both HCT-8 or MRC-5 cells were washed with 1X Phosphate-Buffered Saline
(PBS, Corning 21-040-CM) and treated with Trypsin-EDTA solution (VWR L0154-0100) for 5 min at 37°C in
5% CO2 to set up subculture every 2-3 days.

Coronavirus Propagation. HCoV-OC43 and HCoV-229E viral stocks were originally obtained from ATCC
(VR-1558 and VR-740 respectively). The 80 - 90% con�uent HCT-8 cells (~6x106 cells/ml) were
transfected with HCoV-OC43 at a viral titer of 1.12x105 PFU/ml (multiplicity of infection, MOI 0.05). The
80 - 90% con�uent MRC-5 cells (~5.4x106 cells/ml) were transfected with HCoV-229E at a viral titer of
1.12x106 PFU/ml (MOI 0.5). The viral adsorption was performed in a minimum volume of serum-free
media to facilitate the e�cient diffusion of viral particles into the target cells. The HCT-8 cells were
incubated for 1 h at 33°C, while MRC-5 cells were incubated for 1 h at 35°C with continuous rocking. Viral
suspensions were aspirated and RPMI-1640 medium containing 2% HS was added to HCoV-OC43
infected cell culture and incubated for 11 days at 33°C in 5% CO2, while HCoV-229E infected cells were
incubated with EMEM medium containing 2% FBS media for 5 days at 35°C in 5% CO2. Cell morphology
was monitored daily to observe for any cytopathic effects by bright-�eld microscopy.

Preparation of viral stocks. Following 11- or 5- days post-infection for HCT-8 and MRC-5 cell lines,
respectively, the cells were harvested, and virions were released by four freeze-thaw cycles in respective
maintenance media (serum-free). The suspensions were clari�ed by centrifugation at 1500 x g for 15 min
at 0°C, and the supernatant was mixed with 8.3% polyethylene glycol (PEG, VWR 97061-102) with rapid
mixing and on ice. The solution was incubated at +4°C overnight, followed by centrifugation at 1800 x g
for 30 min at 0°C. The virus pellets were resuspended in 500 µl NET buffer (0.15 M NaCl, 0.0005M EDTA,
0.02 M Tris, pH 7.2) and stored at -80°C.

Plaque Assays. 1x106 cells (HCT-8 and MRC-5) were seeded in a 6-well cell culture plate to achieve 80 -
90% con�uency after 24 h. The monolayers were washed twice with 1X PBS. Viral samples were diluted
10-fold in respective maintenance media (serum-free) and the appropriate dilution was added to the
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corresponding wells. A single well containing uninfected control cells was maintained for monitoring the
cellular viability and plaque detection. The viral adsorption was carried out for 1 h at 33°C for HCoV-OC43
and 35°C for HCoV-229E in 5% CO2 with intermittent rocking of the plates for 20 min to ensure even
virions adsorption and to prevent the monolayer from drying. The overlay medium was prepared by
combining 0.6% agarose (VWR Life Science, 97062-244) with respective maintenance media. 2 ml of
overlay medium was added to each well, and the plates were incubated for 11 days at 33°C in 5% CO2 for
HCoV-OC43 infected cells or 5 days at 35°C in 5% CO2 for HCoV-229E infected cells (Figure 5).

Fixation and staining. After incubation, 200µl of 4% paraformaldehyde in a 0.1M cacodylate buffer
solution (Fischer Scienti�c 50-190-1157) was applied directly to each well followed by incubation for 1 h
at room temperature. The �xing solution was aspirated, and agarose plugs were removed. The cells were
stained using 1% crystal violet solution (Millipore Sigma V5265) for 10 min with gentle rocking. The
crystal violet solution was removed, and plates were dried to estimate the plaques count. The virus titer
was determined according to the following formula: Virus titer (pfu/ml) = average number of plaques /
(dilution factor * volume of diluted virus added to the well).

Preparation of cell and viral samples for EDHM. 0.17mm glass coverslips (Fischer Scienti�c, 10474379)
were coated with 800 µl gelatin (Millipore sigma, G1393) and incubated for 2 h at room temperature. The
gelatin was aspirated, and coverslips were washed with 1X PBS and dried for 3 h at room temperature.
The 24-well cell culture plate was seeded at ~5x105 cells/ml uninfected or infected cells (MRC-5 or HCT-
8) in the respective maintenance medium. 24 h later, the cells were washed with 1X PBS, �xed with 4%
800 µl paraformaldehyde in 0.1M cacodylate buffer solution, and incubated for 15 min at room
temperature. The cells were washed with 1X PBS twice prior mounting the coverslips on the slides. For
the preparation of the virus samples, 5 µl of the viral stock solution (1.12x105 pfu/ml of HCoV-OC43 or
1.12x106 pfu/ml of HCoV-229E) were incubated with 5 µ 4% formaldehyde in 0.1M cacodylate buffer
solution for 15 min at room temperature and mixed with 6 µl mounting media (50% glycerol, 0.1 M Tris,
pH 8.5). The viral samples were placed on a glass slide (Fischer Scienti�c, 12-549-3) with a coverslip and
directed to dark �eld microscopy analysis.

EDHM Imaging of HCoV viral samples. The stock or PEG precipitated viral samples (HCoV-OC43 or HCoV-
229E) were visualized using CytoViva EDHM imaging system mounted on a standard research-grade
optical microscope with an oil immersion dark�eld illuminator which was adjusted in the X, Y, and Z focal
range using a 10X objective and a condenser. The optical images of viral samples were observed using a
60x oil adjustable iris objective with the numerical aperture (NA) set to 1.2NA and the tungsten halogen
light source adjusted to 150 watts power. The hyperspectral images were captured with 2x binning of the
camera with an exposure of 0.7 seconds for the 229E sample and 0.4 seconds for the OC43 sample
producing a total image pixel resolution of 700 x 300 for each sample. Based on the hyperspectral data
set, the image analysis at each pixel can be obtained using the CytoViva software program (ENVI 4.8). In
this process, the hyperspectral image analysis particle �lter feature was utilized to identify the viral
particles in each sample, and the pixel level spectrum obtained from each of these identi�ed particles
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was then grouped together as a region of interest (ROI). The mean spectral analysis algorithm was then
employed to create a mean spectral response from these ROIs and the mean spectrum was normalized to
a peak intensity of one for comparative analysis using a preset spectral math equation that is built into
the spectral analysis software.

EDHM imaging of mammalian cells infected with HCoV. Similar to the imaging of viral samples, EDHM
images for mammalian cells infected with HCoV-OC43 or HCoV-229E were visualized using a 60x oil iris
objective with the numerical aperture set 1.2 NA and quartz halogen light source adjusted to 150 watts
power. The hyperspectral images were captured with an exposure of 0.25 seconds and 2x binning of the
camera. After scanning the entire area of each cell infected with the virus, different areas with suspected
viral particles were captured with EDHM and hyperspectral data cubes (hyperspectral images which can
be analyzed by spectral angle mapper (SAM)) were captured of the same areas for spectral mapping.
Both uninfected mammalian cells (negative control) and cells infected with HCoV-OC43 or HCoV-229E
were imaged following the same steps.

For hyperspectral mapping analysis, the HCT8 cell samples infected with OC43 virus were scanned for
large areas of individual pixel level spectrum and were grouped together in regions of interest (ROIs).
Each of these ROIs were then converted to spectral libraries representing thousands of individual pixel
spectral data obtained from each pixel of ROI. Individual SLs obtained from the cells infected with
coronavirus were then �ltered against the negative control data cubes using the Filter Spectral Library
algorithm for removing any duplicative spectra and for creating a reference spectral library (RSL). The
RSL was then used to map against all the data cubes obtained from the cells infected with OC43 for
detecting the areas with the same spectral pro�le as the RSL using the SAM function in the ENVI 4.8
software. The mapped areas

were merged in one color and overlaid on the original data cube to observe where the viral particles of
interest were located within each sample. A similar process outlined above was performed on the MRC5
cells exposed to the 229E virus.

Results
The overview of enhanced dark�eld hyperspectral microscopy (EDHM). EDHM is speci�cally designed for
imaging and analysis of a wide range of materials and biological samples in situ. The use of tungsten-
halogen light (Dolan Jenner, Boxborough, MA) as a source of illumination generates a spectral output
from 400 to 2,200 nm. The indirect illumination upon interaction with the sample collects the re�ected or
elastically scattered light25, which permits distinguishable visualization of objects with similar refractive
indexes as the background. The enhanced dark�eld illuminator system consists of an annular cardioid
condenser, which produces highly collimated light at oblique angles. This generates images of samples
with enhanced contrast and 10 times higher signal-to-noise ratio compared to conventional dark�eld
optics23. The image from the scattered light is projected onto a visible and near-infrared (VNIR)
diffraction grating spectrograph (Specim, Oulu, Finland) and captured using a regular charge-coupled
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device (CCD) video camera (PCO, Kelheim, Germany). The hyperspectral image is subsequently analyzed
using ENVI 4.8 hyperspectral image analysis software, which generates unique spectral signatures for
individual pixels of the analyzed sample and saves it as a Reference Spectral Library (RSL). The spectral
response characteristic of the biological sample is subsequently mapped using Spectral Angle Mapper
(SAM), which is a powerful algorithm utilized to determine the spectral resemblance between two spectral
pro�les and to match the pixels to reference spectrum26.

Propagation and quanti�cation of human coronaviruses, HCoV-OC43 and HCoV-229E. To demonstrate
the applicability of EDHM for the differential detection of human coronaviruses, we acquired two
commercially available strains, i.e., HCoV-OC43 and HCoV-229E, that were used to infected HCT-8 and
MRC-5 cell lines at MOIs of 0.05 and 0.5, respectively27. The cytopathic effect (CPE) for HCoV-OC43 was
detectable 11 days post-infection, and involved rounding-up and detachment of cells, while the CPE for
HCoV-229E infected cells was observable following day 5 and involved cell spindling and detachment.
Subsequently, the virions were isolated using freeze-thaw cycles performed in respective maintenance
media, followed by overnight precipitation in the presence of high molecular weight polyethylene glycol
solution (PEG). High molecular weight PEG has been widely used for the isolation of many RNA viruses,
including in�uenza virus28, respiratory syncytial virus29, and DNA viruses, e.g., bacteriophages30 owing to
its simplicity and capability to precipitate viruses at neutral pH and high ionic concentrations31. Following
precipitation, the concentration of viral particles was assessed using plaque assays (Figure 1). The viral
titers were calculated by dividing the average number of plaques by the dilution factor. For HCoV-OC43
the titer was estimated as 7.5x105 PFU/ml, while for HCoV-229E, it was estimated as 6x105 PFU/ml.

EDHM analysis of HCoV-OC43 and HCoV-229E virions. The hyperspectral images of three biological
replicates of commercially obtained and prepared viral stocks of HCoV-OC43 and HCoV-229E were
captured using EDHM with the numerical aperture of the 60X objective set to 1.2NA and hyperspectral
camera exposure time set to 0.4 seconds for HCoV-OC43 and 0.7 seconds for HCoV-229E samples. The
obtained hyperspectral images had the full VNIR spectral data ranging from 400 - 1,000 nm for each pixel
with 2 nm spectral resolution across the full VNIR wavelength range. The use of enhanced dark�eld light
illumination optics improved the scatter properties of the virus particles, which contributed to optimum
visualization of individual viral particles in the hyperspectral image.

The analysis of hyperspectral images of viral particles in solution was performed using the mean spectral
analysis algorithm, which generates mean spectral responses for individual pixels. The mean spectra
were normalized to a peak intensity of 1, and the spectral responses for the stock and precipitated HCoV-
OC43, and HCoV-229E samples were compared within the same graph. The analysis displayed almost
identical spectral pro�les obtained for the commercially acquired and prepared virions of HCoV-OC43 and
HCoV-229E (Figure 2). However, the mean spectral comparisons of the HCoV-OC43 and HCoV-229E
samples demonstrated the different spectral responses with ~30 nm shift of the spectral peaks. This is
an important distinguishable feature that can be used for differential mapping and detection of both
coronavirus strains.
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EDHM analysis of HCT-8 and MRC-5 infected cell lines. We have also performed EDHM analysis of
uninfected and infected mammalian cells (HCT-8 and MRC-5) to measure how the cellular milieu would
affect the spectral pro�les of analyzed coronavirus strains. The images of three independent biological
replicates of uninfected and infected HCT-8 and MRC-5 cells were captured using a hyperspectral camera
with a detection range of 400 – 1000 nm, a 60x microscope objective magni�cation with a 6.4 µm
camera pixel size and 2x pixel binning. In the resulting images, each pixel consists of the spectral pro�le
of the sample at the corresponding spatial position and can be used to detect the viral particles with near-
diffraction-limited resolution (1 µm). The RSL for the infected cells was created by �ltering out the
spectrum obtained for uninfected cells, which was regarded as a background using the Filter Spectral
algorithm. The RSLs were used to map hyperspectral images by employing the SAM function in the ENVI
4.8 software, which allows for the location and identi�cation of viral particles within the infected cell.

The mean spectral pro�les of uninfected HCT-8 and MRC-5 cells, and cells infected with HCoV-OC43 and
HCoV-229E, respectively, revealed unique spectral mappings, which correspond to viral particles detected
within the cellular milieu. The hyperspectral image analysis of HCT-8 cells infected with HCoV-OC43
resulted in a spectral peak of ~575 nm, which is in contrast to uninfected cells that resulted in a spectral
peak of ~525 nm (Figure 3). Also, we observed a signi�cant difference in the optical spectral response for
the mapped areas of HCoV-229E infected MRC-5 cells with a spectral peak at ~650 nm compared to
uninfected MRC5 cells with a spectral peak at ~500 nm (Figure 4). This indicates that the EDHM is
applicable to detect and differentiate between infected and uninfected cells.

Discussion
Recognition of the importance of community diseases caused by human coronaviruses has increased in
recent years; however, detailed information on pathogenesis, immunity, and viral characteristics remains
limited. As such, signi�cant efforts have been made to develop more sensitive diagnostic tools and
molecular detection methods32. In this manuscript, we described the application of a label-free method
for direct visualization and relative quantitative analysis of two human coronaviruses, i.e., HCoV-OC43
and HCoV-229E in a cellular environment by combining the enhanced dark�eld microscopy and
hyperspectral mapping. First, using hyperspectral image analysis we mapped the commercially acquired
and prepared viral samples and compared their spectral pro�les to verify whether the PEG precipitated
virions display the same spectral characteristic as the commercially acquired samples. Here, we found
that their spectral signatures were identical. Next, we compared the mean spectral pro�les of HCoV-OC43
with HCoV-229E virions in the solution and noted a distinct spectral signal for each viral strain. Thus,
these spectral pro�les can be used as a distinguishable parameter for the differentiation of these two
human coronavirus strains. Further, the spectral pro�les of uninfected and infected cells were compared
to understand to what extent the spectral signature of virions would be detectable in the cellular
environment. Here, we noted that the spectral signatures of the infected cells exhibited a considerable
peak shift compared to the uninfected cells. As the spectral pro�les for HCoV-OC43 and HCoV-229E in the
infected cells are distinct from each other, these unique spectral responses from the virions can be further
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mapped in the infected cells and utilized for the generation of the reference libraries for future analysis.
Thus, the application of EDHM analysis allows differentiation between two HCoV strains when present in
the solution or cellular milieu.

EDHM offers a signi�cant advantage over conventional imaging techniques, as it involves minimum and
non-destructive sample preparation, fast image acquisition, and rapid analysis Additionally, it has the
capability to determine the spatial distribution and characterization of samples in complex biological
environments33. Moreover, EDHM can be operated by a relatively inexperienced individual with minimal
training compared to other microscopic techniques, such as transmission electron microscopy (TEM) or
scanning electron microscopy (SEM). EDHM system is also signi�cantly less expensive than alternative
options with estimated costs for the system averaging at approximately $155,000. In comparison, TEM
system costs on average $4.0 million, while SEM system expenses are near $1.0 million24.

EDHM has been applied to deliver real-time images of biomarker information and to examine cell
pathophysiology depending on the spectral resonance characteristics in relevant tissues. For example,
EDHM has been approved for in vitro screening of chemical entities for amyloidogenesis modulatory
activity and for detection of Aβ aggregate in Alzheimer's mouse brain and retina by analyzing unique
signatures for Aβ plaques34. EDHM is also a convenient, noninvasive tool for assessing signs of
hemorrhagic shock (HEM), for example, the quanti�cation of changes in the surface tissue saturation of
oxygen (SHSIO2), wherein the brightness of the oxygen saturation images generated through EDHM is

proportional to the intensity of SHSIO2
35. EDHM in combination with an arti�cial neural network (ANN)

has been used for the diagnosis of urolithiasis recidivism36, which affects 10-20 % of the population in
developed countries37. In this case, EDHM provides rapid characterization and classi�cation of renal
calculi within the urinary tract compared to conventional techniques like stereoscopic microscopy38 and
infrared analysis39.

Previously an electronic biosensor based on single-walled carbon nanotubes (SWCNTs) network was
used for recognition of the dengue virus in infected cells40,41. However, numerous studies have indicated
that SWCNTs have the potential to cause pulmonary injury42–45, and increase the susceptibility of small
airway epithelial cells (SAEC) to in�uenza A virus (IAV)46. EDHM has been used to evaluate the unique
spectral pro�les and cellular localization of SWCNTs and viral particles in �xed SAEC. This analysis
suggested that the co-exposure of the viral particles and SWCNTs to SAEC increased the intracellular
localization of IAV46.

Recently EDHM has been applied to track gold nanoparticles capped with antisense oligonucleotides (Au-
ASOmix) against SARS CoV-2. In the presence of SARS-CoV2 infection, a notable number of agglomerated
gold nanoparticles were detected indicating the speci�c binding of nanoparticles to SARS CoV2 RNA.
Further, a signi�cant hyperspectral shift and broadening of hyperspectral signatures were also observed
for the Au-ASOmix nanoparticles in the presence of viral RNA47.
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Besides, a modi�ed version of the EDHM system including the outlier removal auxiliary classi�er
generative adversarial nets (OR-AC-GAN), has been applied to detect early symptoms of the disease
caused by Tomato Spotted Wilt Virus (TSWV). OR-AC-GAN is a popular neural network architecture in the
deep learning domain48–50, that in combination with EDHM, has been utilized for image segmentation,
feature extraction, and spectrum classi�cation. This modi�ed EDHM system can distinguish the pixels of
healthy plants and plants infected with TSWV at early stages before the symptoms are visible on the
plants, thus facilitating the management and spread of disease51. Thus, there is an upward trend in the
utilization of EDHM for medical diagnostics, as well as for image-guided surgeries.

Although the EDHM confers various advantages over conventional microscopy techniques, in terms of
cost and time reduction, the amount of data generated to form the hypercubes (hyperspectral objects
resulting from the hyperspectral measurements of wavelength information for all the bands in a
hyperspectral image)41 requires substantial processing, large data storage, and accurate analysis to
extract appropriate conclusive information26,52. Occasionally, along with the re�ected/scattered light
from the sample, the out-of-focus light also reaches the objective, reducing the spatial resolution of the
image. Therefore, appropriate instrumental adjustments are required to provide the users with vertical
scanning capabilities53.

In summary, the EDHM offers a novel diagnostic tool that can be utilized to detect and differentiate
infectious agents, e.g., HCoVs in the solution and within infected cells. This technique can also be
modi�ed to obtain the real-time images of biomarkers related to virus-induced pathogenesis, e.g.,
acquired immunode�ciency syndrome (AIDS) which results in dark skin lesions, Eczema herpeticum, and
for analyzing the cell pathophysiology based on the spectral characteristics of relevant tissue. This will
aid in the early detection of the symptoms and e�cient treatment of diseases. Additionally, combining
EDHM with other techniques like Raman spectroscopy will improve the diagnostic applications of this
technique.
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Figures

Figure 1

Plaque assay for assessment of HCoV viral titers. Plaques were observed at 11 days post-infection (dpi)
with (a) HCoV-OC43 on a monolayer of HCT-8 and (b) 5 dpi with HCoV-229E on a monolayer of MRC-5. All
the assays were performed in triplicates in a 6-well plate with a 10-fold serial dilution of viral stocks
(indicated on top). Mock infected cells were included as controls.
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Figure 2

(a) EDHM imaging of commercially acquired viral stock of HCoV-OC43 (top) and HCoV-229E (bottom)
viewed under 60X oil iris objective. (b) EDHM imaging of prepared viral stocks of HCoV-OC43 (top) and
HCoV-229E (bottom). The white spots correspond to the viral particles. (c) The overlapping spectral
pro�les for HCoV-OC43 (top) and HCoV-229E (bottom) obtained commercially (red) and prepared by PEG
precipitation (green). (d) Hyperspectral signal curves generated for HCoV-OC43 (green) and HCoV-229E
(red) viral solution indicating a spectral peak difference of ~30 nm.
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Figure 3

(a) EDHM imaging of uninfected HCT-8 cells and (b) HCT-8 cells infected with HCoV-OC43 visualized
under 60X oil iris objective. (c) Spectral mapping resulted in the identi�cation of pixels (red dots and
indicating arrows) corresponding to viral particles in the infected HCT-8 cells. (d) Hyperspectral signal
curves obtained for uninfected (white), and infected (red) HCT-8 cells show a peak shift of ~50 nm.
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Figure 4

EDHM imaging of (a) uninfected and (b) infected MRC-5 cells with HCoV-229E visualized under 60X oil
iris objective. (c) Spectral mapping of respective virus pixels in the infected MRC-5 cells is indicated by
red dots (red arrows). (d) Hyperspectral signal curves corresponding to uninfected (white), and infected
(red) MRC-5 cells show a peak shift of ~150 nm.
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Figure 5

Schematic representation of plaque assay procedure. The cells were grown to near full con�uency in a 6-
well plate. The viral stocks were serially diluted and added to each well and incubated for 1 h at 33 °C for
HCoV-OC43 and 35 °C for HCoV-229E in 5% CO2. The viral suspensions were aspirated, and overlay
media was added to each well. The plates were incubated for 11 days at 33 °C in 5% CO2 for HCoV-OC43
infected cells or 5 days at 35 °C in 5% CO2 for HCoV-229E infected cells. Post-infection, the cells were
�xed and stained with 1% crystal violet followed by plaque counting.


