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In the past 25 years, the world has witnessed outbreaks of illnesses in humans
from three different coronaviruses. Both the SARS-CoV outbreak of 2003 and the
MERS-CoV outbreak of 2013 resulted in overall low fatalities in part due to
inefficient human-to-human spread of each virus. In contrast, SARS-CoV-2,
which emerged in 2019, was highly efficient at human-to-human spread and
caused a global pandemic resulting in millions of casualties. Zoonotic
transmission of viruses, including the three coronaviruses, poses an ongoing
threat that cannot be ignored. In this review, we have focused on the diagnostics
and therapeutics fronts using SARS-CoV-2 as a model. Specifically, we have
selected proteins associated with the virus particles as targets and discussed
various platform technologies. These insights hold the potential to inform the
development of more effective therapeutics and vaccines not only for SARS-
CoV-2 but also for future viral pandemics, thus contributing to global health on a
broader scale.

KEYWORDS
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Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), the etiological cause of
coronavirus disease 2019 (COVID-19), is highly transmissible, and while most clinical
symptoms overlap with many respiratory illnesses, it can lead to adverse effects in certain
groups including the elderly and those who suffer from certain chronic diseases (1, 2). In
comparison to SARS-CoV-1 and MERS-CoV, the high transmission capability of SARS-CoV-2
has resulted in a much higher incidence and number of deaths with a far greater number of
countries being affected (3-5). Disease outcomes from SARS-CoV-2 infection have also
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demonstrated the importance of early diagnosis; greater time between
symptom onset and confirmed diagnosis has been linked with worse
prognosis for SARS-CoV-2 patients. The need for accurate diagnosis at
early-stage infection remains a persistent challenge.

Various diagnostic assays have been created to detect SARS-
CoV-2, including nucleic acid-based assays that detect the viral
genome and protein-based assays that detect antibodies specific to
various viral antigens. The nucleic acid-based assays (RT-PCR etc.)
exhibit high sensitivity and specificity (6-10). However, their
availability in resource-poor settings is limited. Antigen assays
can detect viral proteins and can be conducted at point-of-care
settings providing information about SARS-CoV-2 infection,
usually with faster results than for RT-PCR, albeit with a reduced
sensitivity. Thus, there is still a need for rapid, sensitive, and
accessible diagnostic tests to address this issue.

The development of improved diagnostic antigen assays,
antibody therapeutics and vaccines against SARS-CoV-2 depends
on a comprehensive understanding of proteins present in viral
particles. While technologies such as cryo-electron microscopy and
tomography have provided information on the architecture of the
spike envelope protein present on the surface of virus particles,
there is a relative lack of data regarding other structural proteins
such as membrane (M) and envelope (E) proteins, as well as the
nucleocapsid (N) protein of SARS-CoV-2 (11-14). The goal of this
review is to summarize the available data regarding the
quantification and structure of the proteins present in the virus
particles. This information is discussed in the context of diagnostic
assays currently in the market and potential avenues for enhancing
the sensitivity and specificity of such assays. Structural studies
showed striking alterations in the spike protein from inactivated
viruses in comparison to the wild type virus with respect to the
number and the conformation status of viral protein molecules. The
efficacy noted in the range of 51-79% for inactivated virus vaccines
could be due to these alterations (15, 16). Hence, the information
generated on SARS-CoV-2 by investigators will serve as a useful
guide for enhancing the sensitivity and specificity of diagnostic
antigen assays as well as development of inactivated virus vaccines
and other novel therapeutics for combating likely future pandemics.
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Overview of SARS-CoV-2
viral proteins

SARS-CoV-2 has a positive-sense single-stranded RNA (ssRNA)
genome of around 29.8-29.9 kb, that encodes a total of 27 proteins
(Figure 1). These proteins consist of nonstructural proteins (nspl-
16), accessory proteins (ORF 3a, ORF 3b, p6, ORF 7a, ORF 7b, ORF
8b, ORF 9b, and ORF 14) and structural proteins [nucleocapsid (N),
membrane (M), Envelope (E) and spike (S)] (14, 17-21). Viral
particles and their proteins are subject to various structural
alterations during the processes of infection, genomic replication,
and the formation of new viral particles (22). The readers may take
advantage of several recent reviews available on this topic (14, 23-29).
The virus particle exhibits a spherical or oval structure with a
diameter ranging from 60 to 140 nm. The assembly of virus
particles has been observed in various intracellular locations,
including endosomes, the rough endoplasmic reticulum, double-
membrane vesicles, intermediate vesicles, and exosomes (30, 31).
Five of the SARS-CoV-2 accessory proteins (p3a, p6, p7a, p7b, and
pob) have been shown to be incorporated into mature virions as
summarized in Table 1 and Figure 2.

Structural features and functions of
the spike protein of SARS-CoV-2

The S protein, a critical constituent weighing 180-200 kDa, is
integral to the SARS-CoV-2 viral life cycle (35). It consists of an
extracellular N-terminus, a transmembrane domain anchored in the
viral membrane, and a short intracellular C-terminal segment.
Comprising 1273 amino acids, the S protein is divided into two
subunits: the S1 subunit (14-685aa) and the S2 subunit (686-1273aa).
The S1 subunit contains the N-terminal domain (14-305aa), receptor-
binding domain (RBDj; 319-541aa), and receptor binding motif (RBM;
437-508aa). The N-terminal domain of the SI subunit participates in
receptor binding, with the receptor-binding domain (RBD) and
receptor binding motif contributing to high-affinity interactions with
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Visual representation of (A) major structural proteins in a SARS-CoV-2 virion and (B) map illustrating layout of SARS-CoV-2 genome. Created with

BioRender.com.
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TABLE 1 Localization of SARS-CoV-2 proteins within the host cell or
virus particle and their major functions.

Viral protein(s) Localization

Spike (S) Viral membrane anchored and localized within the

Golgi complex in cells. (19, 31, 32)

Membrane (M) Viral membrane anchored and localized at the S1-
S2 junction, localized within the Golgi complex in

cells. (19, 27)

Viral membrane anchored and localized within or
near the endoplasmic reticulum. (14, 19)

Envelope (E)

Nucleocapsid (N) Lumen of virus particle and localized within the

cytoplasm and nucleolus during infection. (31-33)

p3a (ORF3a) Lumen of virus particle and localized within
plasma membrane, as well as in cytosolic
compartments. Promotes virus release and is
required for maximal replication and virulence.

(20, 21)

p6 (ORF6) Lumen of virus particle, localized within ER,
membrane of vesicles, and Golgi. Suppresses IFN

responses. (13)

p7a (ORF7a) Lumen of virus particle, localized within ER and
ER-Golgi intermediate compartment. Role includes
decreasing antigen-presenting ability and the
induction of proinflammatory cytokines. (17,

19, 34)

p7b (ORF7b) Lumen of virus particle and localized within Golgi
compartment. Roles in modulation of the host

immune response. (17, 19)

p9b (ORFIb) Within the nucleocapsid (N) protein and localized

within the mitochondrial membrane. Activation of
inflammasome to evade immune responses and
facilitate viral replication. (17, 19)

OREF, open reading frames coding for accessory proteins; ER, endoplasmic reticulum.

host cell receptors. The S2 subunit includes the fusion peptide domain
(788-806 aa), heptapeptide repeat sequences 1 and 2 (912-984 aa and
1163-1213 aa), transmembrane domain (1213-1237aa), and
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cytoplasmic tail (1238-1273aa) (36). The S2 subunit is responsible for
membrane fusion, structural stability, and anchoring the S protein in
the viral membrane. Employing cryo-electron microscopy (EM) and
X-ray crystallography, the examination of over 300 S protein structures
has provided insights into the mechanisms governing S protein
receptor binding (37). The metastable prefusion conformation of the
S protein undergoes substantial structural rearrangement upon
interaction with the host cell. Notably, a permanent transition occurs
from the “pre-fusion” state, characterized by noncovalent bonding of
S1 and S2 subunits to a “post-fusion” state involving cleavage of the N-
terminal S1 subunit, followed by the refolding of the remaining S2
subunit (25, 38-41). The Spike (S) protein RBD exhibits diverse
conformations, including both down and up forms. Given that S
protein on viral surfaces exists in a homotrimeric form, S trimers
conformations may be referred to as one-up, two-up, or three-up.
ACE2 receptor binding is facilitated by RBD in up conformations,
while the down conformation precludes such binding, in part through
shielding from antibody recognition with a bulky glycan coat (41).
Asan RNA virus, SARS-CoV-2 evolves rapidly. It is estimated that
the mutation rate is in the range of 1x10°-2x10° per nucleotide per
replication cycle, resulting in the generation of variant viruses (29). The
S protein, present in smaller numbers per viral particle, is particularly
susceptible to mutations which can give rise to new variants. As
mentioned earlier, virulence can be enhanced or diminished based
on the specific interaction energies between different spike and ACE2
variants (42, 43). Furthermore, mutations in S protein can result in
immune evasion and resistance to treatment (44). Hence, the genetic
alterations in the spike protein can impact the efficacy of vaccine and
antibody therapeutics targeting spike protein-receptor interactions.

SARS-CoV-2 nucleocapsid protein

The nucleocapsid protein of SARS-CoV-2 plays a crucial role in
viral genome packaging and regulation of RNA synthesis during
replication (45). N protein is highly conserved among SARS-CoV-2
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FIGURE 2

Visual representation of spike glycoprotein of SARS-CoV-2 and depiction of cell entry and early events of SARS-CoV-2 lifecycle. Created with BioRender.com.
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variants, making it an attractive therapeutic target (33) and it is also
considered highly immunogenic. (45) The SARS-CoV-2 N protein
consists of 419 amino acids (aa) with five domains: the N-terminal
domain (NTD: 1-50 aa), RNA binding domain (51-174aa), linker
domain (LINK: 175-246aa), dimerization domain (247-365aa), and
C-terminal domain (CTD: 366-419aa). While the NTD, LINK, and
CTD regions are highly dynamic and disordered, the RNA binding
domain and dimerization domain possess well-defined structures.
All five domains are predicted to engage in RNA binding, and
higher-ordered oligomerization may also occur in an RNA-
independent manner (33, 46).

The disordered regions of the N protein harbor sites for protein-
protein and protein-RNA interactions. Notably, intra-protein
interactions between the arginine-rich C terminus of the NTD and
the basic beta strand from the RNA binding domain have been
observed. However, minimal interactions have been reported between
the RNA binding domain and dimerization domain. Additionally,
potential N-linked and O-linked glycosylation sites within the N
protein may influence protein folding and stability (33, 47).

Envelope protein of SARS-CoV-2

The E protein of SARS-CoV-2, the smallest among the major
structural proteins, plays diverse roles in the virus life cycle. It is
involved in virus particle assembly, budding from the cell membrane,
and envelope formation. The E protein consists of a hydrophilic N-
terminus, a transmembrane domain, and a long hydrophilic C-
terminus. It is primarily located within the intracellular trafficking
network, including the endoplasmic reticulum (ER), Golgi apparatus,
and ER-Golgi intermediate compartment (ERGIC). Computational
and biochemical studies suggest that the E protein can form dimers,
trimers, or pentamers, with a native pentameric structure proposed as a
voltage-gated channel (14, 31). Moreover, the E protein functions as an
ion channeling viroporin, facilitating ion transport across membranes.
It interacts with various host proteins, including those associated with
the host cell membrane, Golgi apparatus, and endoplasmic reticulum
(14, 48). The E protein of SARS-CoV-2, with its distinct structural
characteristics and functional roles, holds great promise as a target for
antiviral therapy.

SARS-CoV-2 membrane protein

The M protein of SARS-CoV-2 is the most abundant protein
found in the viral membrane. It consists of approximately 230
amino acids and possesses a short N-terminal domain, three
transmembrane domains, and a carboxy-terminal domain located
inside the viral particle. Dimeric complexes of the M protein are
present within the virion envelope. The protein further assembles
into higher order oligomers (27). Notably, an amphipathic region at
the end of the third transmembrane domain is a characteristic
feature shared by M proteins (27, 47).

The M protein plays crucial roles in maintaining virion size and
shape, as well as facilitating the assembly of other structural
proteins, including S, E, and N proteins (49). It also engages in
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interactions with accessory and non-structural proteins, which are
essential for viral structural protein processing, modification, and
trafficking contributing to viral particle assembly and egress,
impacting the overall virus life cycle (50). Due to its critical
functions and interactions, the M protein represents a potential
target for therapeutic interventions against SARS-CoV-2.

Non-structural proteins associated
with virus particles: ORF3a and
ORF7a proteins

The ORF3a protein of SARS-CoV-2 is a viroporin ion channel
that exerts various effects on the virus life cycle, playing a significant
role in modulating autophagy, viral replication, and viral release
(21, 32). ORF3a is a 275-amino acid protein with three
transmembrane domains, an N-terminal region, and a C-terminal
region. It forms dimers and exhibits a distinctive structure that
contributes to its functional properties

The SARS-CoV-2 ORF7a protein, comprising 121 amino acid,
is a type-I transmembrane protein involved in immunomodulation,
particularly in CD14 monocytes (34, 51). It consists of an N-
terminal signaling region, an Ig-like ectodomain, a hydrophobic
transmembrane domain, and an ER retention motif. The Ig-like
domain, known for its diverse actions in intercellular adhesion,
identification, and binding, exhibits a conserved beta-sandwich fold
with seven beta-strands, organized into two beta sheets. The beta
sheet structure is stabilized by two disulfide bonds (34).

Quantification of protein molecules in
SARS-CoV-2 virus particles

While several studies have characterized the biochemical properties
of structural and non-structural proteins encoded by SARS-CoV-2, the
precise number of each protein in virus particles remains unclear. Bar-
On et al. (18) estimated the number of molecules of S, N, M, and E
proteins based on data from SARS-CoV and related viruses (18). 100
trimers are estimated of the spike protein per virus particle, translating
to 300 monomers of Spike on the surface of each virion. The number of
N, M, and E proteins was estimated to be around 1000, 2000, and
below 20, respectively. However, cryo-electron microscopy studies by
Laue et al. (52) and Ogando et al. (53) revealed differences in the
number of spike molecules between SARS-CoV and SARS-CoV-2
(52, 53). The median number of spike proteins was found to be 25 on
SARS-CoV-2 virions and 32 on SARS-CoV virions. Previous reports
for SARS-CoV indicated a higher number of around 65 spikes per
virion though this was with a different isolate.

Bezstarosti et al. (54) employing mass spectrometry approaches
proposed that 90% of the SARS-CoV-2 proteome consists of N
protein (54). Furthermore, it is known that the N protein forms
complexes with genomic RNA, designated as ribonucleoprotein
(RNP) complexes, with approximately 30-35 RNPs per virion.
However, the exact quantification of RNPs in SARS-CoV-2 virus
particles requires further investigation. It should be noted that
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currently there is no information available regarding the number of
molecules of accessory proteins present in the virus particles.

In summary, while several studies have provided estimates of
protein molecules within SARS-CoV-2 virus particles, there are
discrepancies and uncertainties regarding the precise numbers.
Comparative studies with related coronaviruses and advanced
techniques such as cryo-electron microscopy and mass spectrometry
contribute to our understanding of protein quantification in SARS-
CoV-2, providing valuable insights into visual structure and biology.

Enhancing the sensitivity of rapid
antigen tests for SARS-CoV-
2 detection

The containment of SARS-CoV-2 transmission relies on the timely
identification of infection status in the individuals through rapid
screening tests. Initially, diagnostic tests predominantly utilized RT-
PCR targeting specific genes (N, E, S, and RNA-dependent RNA
polymerase (Rd-Rp) of the viral genome (55, 56). However, the
requirement for technical expertise, long waiting times, high costs,
and necessary infrastructure limited the accessibility of these nucleic
acid-based molecular tests. To address this gap, point-of-care (POC)
rapid antigen tests (RATS) targeting viral antigens were developed,
offering flexibility in testing locations without the need for specialized
skills. These tests rely on the detection of viral protein(s) in patient
specimens through antibody interactions. Despite their advantages,
antigen tests have been reported to exhibit lower sensitivity compared
to nucleic acid-based tests (6, 7). To enhance the sensitivity of antigen
tests, monoclonal antibodies with high affinity binding to target
proteins may provide a better strategy and has already been shown
to have potential for success (10, 57-60).

Optimizing antigen targets for
effective detection of SARS-CoV-2

Rapid antigen tests (RATs) have become pivotal in the timely
detection of SARS-CoV-2 infection. Currently, available RATs target
the N protein, while in some cases, both N and S proteins are targeted.
The N protein, with its high abundance in SARS-CoV-2 viral particles,
is an ideal target for detecting the virus (43, 46, 61-63). Additionally,
the conserved nature of the N protein within the coronavirus family
suggests its potential utility in detecting newly emerging variants. Test
utilizing a combination of monoclonal and polyclonal antibodies as
capturing and detection reagents showed a higher sensitivity than tests
using only monoclonal antibodies. In contrast, the S protein as a target
antigen for virus detection may present disadvantages due to its lower
abundance in viral particles as well as the high rate of genetic variations
in the S protein, which can compromise its interaction with diagnostic
antibodies used for detection. A strategy involving protein-protein
interactions between the S protein and ACE2 has been considered for
developing robust diagnostic tests (9). While current vaccines such as
mRNA vaccines (BNT162b2 and mRNA-1273), and adenoviral vector
vaccines (ChAdOx1 nCoV-19), are designed for spike protein
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expression in cells of vaccinees, the low-level expression for a
limited-time allows for S protein to remain a viable antigen for virus
detection (23).

Exploring the potential of M protein as
an antigen target for enhanced
detection of SARS-CoV-2

The M protein exhibits the highest number of molecules in the
envelope of virus particles, which may make it a promising candidate for
detection assays along with N protein (27). Hence, M protein may serve
as an additional antigen target for SARS-CoV-2 detection. Given that the
antigen assays are unable to rely on signal amplification as occurs with
nucleic acid-based detection, targeting high expression antigens within
virions may be necessary for improved sensitivity. Therefore, a
combination of N and M proteins as targets may offer improved
sensitivity due to their abundance in virus particles, as summarized in
Table 2. As noted earlier, M protein consists of multiple membrane
spanning domains. This feature may pose problems in the expression
and purification of protein for antigen assays. Alternatively, the amino
acids representing the loop region between the transmembrane
domains, which are exposed outside the particle, could be tested for
their potential as antigen in the assays. The utilization of a RAT based on
combined N and M proteins could improve the accuracy and efficiency
of viral infection detection, contributing to better management and
control of diseases in addition to proving valuable in the detection of
emerging coronaviruses in the future.

Insights into platform technologies
and antibody interactions for COVID-
19 immunotherapy and

vaccine development

The development of COVID-19 vaccines has relied on various
platform technologies to combat the Covid pandemic. These

TABLE 2 Antigen tests targeting various viral structural proteins
as analytes.

Designation of Target Number of
antigen tests viral Molecules available
proteins as analytes per virion
1. Commercial antigen tests N ~1000 (8)
(Nucleocapsid-N)
2. Antigen Test M ~2000 (8)
(Membrane-M)
3. Antigen Test-NM N, M ~3000 (8)
(Nucleocapsid+ Membrane)
4. Antigen Test-NME N, M, E ~3100 (8)
(Nucleocapsid + Membrane
+ Envelope)
5. Antigen Test (Spike-S) S ~300 (8, 32)
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include inactivated SARS-CoV-2 vaccines, nucleic acid vaccines
(DNA and mRNA) (64-67), vectored virus vaccines engineered to
express the spike protein, and virus-like particle vaccines displaying
the S protein on their outer surface. Inactivated virus vaccines have
been widely used in the development of vaccines for viral diseases
such as flu, yellow fever, and rabies, employing inactivation agents
like formaldehyde or B-propiolactone (68-72). Figure 3 outlines the
various vaccine technologies for SARS-CoV-2 virus.

Antibody neutralization challenges
with SARS-CoV-2 variants in
vaccinated individuals: insights from a
study on Pfizer and

AstraZeneca vaccines

The emergence of the Delta variant of COVID-19 has presented
new challenges in terms of antibody neutralization, particularly for
individuals who have received COVID-19 vaccinations. A study
conducted on a group of 59 vaccinated individuals aimed to assess
the neutralizing antibody levels against the Delta variant at different
timepoints (73). The study participants were divided into two
cohorts based on the vaccine they received: BNT162b2 (Pfizer), a
nucleoside-modified mRNA expressing a prefusion-stabilized spike
protein (16 individuals) and AZD1222 (AstraZeneca) a non-
replicating ChAdOx1 Vector Vaccine expressing spike protein (43
individuals) (24). The neutralizing antibody levels were measured

10.3389/fviro.2024.1399993

after a single dose and multiple time intervals following the second
dose. The results showed that after a single dose, a relatively small
proportion of the BNT162b2- cohort (13%) and AZD1222 cohort
(9%) were able to neutralize the Delta variant (74, 75). However, five
weeks after the administration of the second dose, both groups
exhibited high levels of neutralization. Specifically, the BNT162b2
group demonstrated 94% neutralization, while the AZD1222 group
showed 95% neutralization. It is worth noting that only the
BNT162b2 group was monitored up to 13 weeks after the second
dose, and their neutralization efficacy against the Delta variant
decreased to 85%. This finding suggests a potential decline in
neutralizing antibody levels over time, emphasizing the
importance of ongoing monitoring and potential need for
booster doses.

Furthermore, the study also examined the neutralization
efficacy against the Beta variant. After the first dose, both
the BNT162b2 and AZDI1222 groups displayed low levels
of neutralization against the Beta variant, with only 4% and 6%
efficacy, respectively. Even after the second dose, the neutralization
efficacy against the Beta variant remained significantly lower
compared to the Delta variant. The BNT162b2 group showed
46% efficacy against the Beta variant 13 weeks after the second
dose (73). These findings underscore the importance of considering
the impact of emerging variants on vaccine efficacy. The study
highlights the need for two doses to achieve high levels of
neutralization against the Delta variant for both BNT162b2r and
AZD1222 vaccines. Additionally, it suggests that the new variants
may pose challenges in terms of neutralization, even after the

Vaccine Technologies
for SARS-CoV-2
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administration of two or three doses. The study emphasizes the
importance of considering the impact of emerging variants on
vaccine efficacy and highlights the need for two or three doses to
achieve high levels of neutralization against the variant for both
BNT162b2 and AZD1222 vaccines. The findings suggest potential
challenges in neutralizing the Beta variant, indicating the need for
continued research and surveillance to address the neutralization of
emerging variants. As the COVID-19 landscape continues to evolve,
ongoing research and surveillance will be essential to monitor the
effectiveness of existing vaccines and develop strategies, such as
booster doses, to address emerging variants and maintain optimal
protection against the virus.

Status of viral structural proteins in
inactivated viruses

It has been reported that inactivated virus vaccines efficacy rates
are different with different viruses. In the case of SARS-CoV-2, the
efficacy of inactivated virus vaccines is reported to be at a reduced
level in comparison to mRNA vaccines. Inactivated virus vaccines,
such as Sinovac and Sinopharm, have reported efficacy rates of 51%
and 79%, respectively. These lower rates may be attributed to
alterations in viral proteins resulting from purification and
inactivation methods. Liu et al. (11) analyzed inactivated viruses
upon treatment with B-propiolactone and the virus particles were
found to be in spherical to pleomorphic shape (11). Furthermore, it
was shown that majority of spike protein existed in the post-fusion
state, indicating the release of S1 from S2. The prefusion
conformation state of the spike protein is characterized by a club-
like structure with RBD on the top and sequestering of S2. RBD in
the open conformation binds to ACE2 and the club shaped
structure changes to a thin and long nail-like structure. The post-
fusion conformation of the spike protein is achieved only once it has
engaged with the ACE2 receptor on the host cell and interacted with
host cell derived proteases. Both cryo-EM and tomography studies
of inactivated SARS-CoV-2 vaccine revealed that around 74% of
spike proteins were in a post-fusion state on virus particles (11).
Based on imaging of intact SARS-CoV-2 viral particles, Ke et al.
(76) noted predominant prefusion conformation and a minority of
spike protein in a post-fusion conformation (76). The changes in
spike protein on the surface of virus particles, likely the result of the
inactivation and/or virus purification process, are of concern
because the vaccine generated immune responses may not confer
protection against infection.

Developments in
antibody therapeutics

In the ongoing pursuit of effective therapeutic strategies against
SARS-CoV-2, numerous monoclonal antibodies and nanobodies have
been developed to target the spike protein. These antibodies were
meticulously characterized for their interactions with the spike
protein, specifically aiming to disrupt the binding between the RBD
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and ACE?2, thereby impeding virus entry into host cells (77, 78). A recent
study conducted by Tragni et al. (79) employed a computational
approach to assess the interaction energies of 14 antibodies and 5
nanobodies (79). Among the antibodies, five were derived from SARS-
CoV-2 convalescent patients, and a humanized antibody, ADG20,
currently undergoing global clinical trials, was also included (79).
Structural alignment was performed with 3D models of the spike
RBD from seven variants, including the recently crystallized structures
of Omicron B.1.1.529 and BA.4/5, using the Wuhan spike RBD as a
reference. The modeling procedure facilitated the calculation of free
energy of interaction between Spike RBD and antibodies or nanobodies.
Four conformations of the trimeric spike protein were considered (79).
The findings revealed that none of the investigated antibodies could
simultaneously bind to all three RBDs of a spike trimer. Fab antibody
portions exhibited a preference for interacting with an RBD in the up
conformation. Contrary to expectations, only two out of the five
investigated nanobodies demonstrated the ability to bind all three
RBDs simultaneously, specifically when the RBDs were in either all-
up or all-down conformation. These observations provide insights into
the current limitations of antibodies targeting the spike protein and
emphasize the importance of nanobodies in investigational therapeutics,
particularly concerning structural orientation and spike flexibility (79).

Engineered protein and small
molecule as therapeutics for SARS-
CoV-2

Other novel approaches involve the use of soluble or engineered
ACE2, or ACE2 “decoys”, to exploit the high affinity interaction
between viral S protein and ACE2 receptors to inhibit viral entry
and treat infection (25, 80, 81). Monteil et al. (80) was able to show
enhanced binding affinity of SARS-CoV-2 variants Alpha, Gamma,
Delta, and Omicron to recombinant soluble human ACE2 (80). The
significance of their findings was augmented by the demonstrated
neutralization of SARS-CoV-2 infection by soluble ACE2, against
multiple variants of concern in multiple cell lines (80). They found
that the clinical grade soluble ACE2 was highly effective in reducing
viral load, and that the degree of reduction corresponded with the
Spike RBD/ACE?2 binding affinities revealed earlier through surface
plasmon resonance.

Another study by Torchia et al. (25) describes the effectiveness of
engineered ACE2-Fc decoys in neutralization of SARS-CoV-2 viral
infection in vivo (25). Their findings suggest that neutralization is not
only mediated through competitive inhibition but also through the
structural shift in the viral S protein upon binding to ACE2 decoys —
specifically a permanent transition from the “prefusion” state whereby
S1 and S2 subunits are noncovalently bonded to a “post-fusion”
separation of the S1 and S2 subunits and subsequent “refolding” of
the S2 subunit. Such a change renders the virus particle incapable of
rebinding to ACE2 on host cells and therefore unable to enter and
infect cells (25). It was found that efficacy of viral clearance by the
ACE2-Fc compounds evaluated in this study corresponded with
affinity of each compound for the S protein trimer. Other studies
have demonstrated that further modifications, such as trimerizing the
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engineered ACE2, can enhance binding affinity of the decoys for spike
protein (39). The findings in these papers are highly relevant to the
development of therapeutics against SARS-CoV-2 infection as a
primary concern is identifying and developing therapeutic
approaches which will remain effective against future strains of the
virus. Furthermore, ACE2 decoys as “universal” agents in blocking the
Spike/ACE2 interaction are advantageous as their use is not limited to
SARS-CoV-2 infection; they are effective against any novel
coronaviruses and variants utilizing the highly conserved Spike/
ACE?2 interaction for viral entry (80).

Compared to protein-based therapeutics, there are several
advantages to the small molecule inhibitors against SARS-CoV-2
including ease of production and entry into cells. In addition,
combination therapy approach against multiple targets is also
possible with this system. Based on the number of molecules
present in the virus particles, efforts should be directed using
proteins such as S, N and M as targets for the identification of
small molecule inhibitors.

COVID-19 testing: engineering
solutions and perspectives

Identifying the structure and sequence of the SARS-CoV-2 virus
at an early stage of the pandemic allowed for a quick response
against the disease. A significant part of this response was the ability
to accurately diagnose the disease in patients through rapid testing

RT-PCR test
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programs (82). Furthermore, the review by (78, 83) provides a
comprehensive overview of diagnostic strategies and testing
methodologies for COVID-19. The focus lies on their role in
disease transmission prevention, understanding epidemiology,
case management, and transmission suppression (83). Two
primary approaches dominate COVID-19 testing: nucleic acid-
based assays (RT-PCR) and protein-based antigen assays. This
review serves as a guiding framework for navigating diagnostic
pathways amidst the pandemic’s evolving landscape. While these
methods are well established, several engineering solutions have
been developed to support existing diagnostic procedures. These
novel approaches aim to provide alternative testing platforms that
are user-friendly, fast, accurate, accessible, and most importantly,
cost-effective. This section will highlight some of the methods used
for COVID-19 testing as outlined in Figure 4.

The lateral flow technique

In this technique, capillary forces laterally transport the fluid
test sample through a membrane toward locations where the target
genes, antibodies, or antigens are present (10, 84). In the case of
SARS-CoV-2, S and N proteins are the most valuable biomarkers
for diagnosis of COVID-19 (85). Typically, the targets are
conjugated with visual reporters (nanoparticles or fluorescent
reporters) (10, 84). The test line captures sample bound to targets
while unbound targets are captured on the control line. The
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advantages of this technique are the low cost, high accessibility, and
short duration (15-30 minutes) needed to complete the test (10).
However, commercial test kits developed during the pandemic
(home tests or at the point of care) targeting viral proteins had
low sensitivity and specificity compared to RT-PCR (10).

Current prototypes are designed to target genes and antibodies.
Several new devices developed have shown superior sensitivity and
specificity, reaching up to 100% (60, 86-88). These new devices
include the detection of ORFlab, N, and E genes, as well as SARS-
CoV-2 specific anti-spike IgM and IgG. Common to all prototypes
is the ability to detect multiple biomarkers simultaneously alongside
optimized visual reporters. In addition, some other prototypes are
also employing pre-amplification, filtration, and concentration of
the test samples to enhance detection accuracy (84).

Microfluidic devices

Microfluidic devices have gained significant attraction in recent
decades as they are easy to manufacture and are used in various
applications such as diagnosis, cell culture, and drug delivery as
presented in Figure 4. Due to the channels’ microscale, the flow is
characterized by a low ratio of inertial to viscous forces (Reynolds
number), where the capillary forces are dominant and responsible
for driving the fluid mechanically through the channels (89). This
results in laminar flow, which is highly predictable and can
therefore be readily controlled and modeled. Microfluidic device
prototypes have been developed for COVID testing (82).

Using microfluidic devices as biosensors has demonstrated
potential in COVID testing. Several prototypes used microfluidic
devices to detect antibodies and proteins with electrical/
electrochemical, optical, and fluorescence-based sensors (90). A
significant limitation of such devices is the need for secondary
equipment to electrically or visually amplify the signal (90). In
contrast to the microfluidic devices themselves, these secondary
devices are expensive, limiting the use of microfluidic devices to
POC sites. To tackle such a problem, Li and Lillehaug proposed a
smartphone-based diagnostic tool to detect and analyze data based
on their microfluidic device, which showed high sensitivity and
specificity (91). This approach has the potential to reduce the cost of
secondary equipment needed alongside microfluidic devices while
allowing for rapid and accurate test results. It can also enable
microfluidic devices to be used as home-testing tools in addition
to POC sites.

Conclusion: a blueprint to tackle
future pandemics

The rapid emergence of the SARS-CoV-2 pandemic has
underscored the urgent need for global preparedness against
infectious diseases. Extensive research efforts after the pandemic
started quickly led to an understanding of virus biology that
informed the rapid development of vaccines and other
therapeutics to slow the spread of SARS-CoV-2 and/or reduce the
severity of COVID-19. These efforts saved millions of lives, reopened
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businesses and countries, and now provide a comprehensive blueprint
for effectively combating future outbreaks. Key to this blueprint are two
crucial areas: early detection of infected individuals and the
development of therapeutics and vaccines. By leveraging advanced
technologies such as scanning electron microscopy, cryo-electron
microscopy, mass spectrometry, and sequence analysis, we can gain
valuable insights into the composition and behavior of a virus or other
pathogen. These insights can then pave the way for the development of
assays for rapid detection of viral antigens and nucleic acids, enabling
early identification of infected individuals. Furthermore, these analyses
of viral structural proteins provide useful information to aid the
development of more effective vaccines and therapeutics.

In particular, understanding the dynamic conformational
changes in proteins such as the spike protein of SARS-CoV-2 has
informed the design of mRNA vaccines and highlighted strategies
to enhance the immunogenicity and efficacy of traditional
inactivated virus vaccines. Improved purification and inactivation
methods are paramount to maintaining the consistency and
reliability of vaccine formulations. Moving forward, further
research is warranted to optimize antigen capture strategies,
identify protein modifications to enhance vaccine efficacy, and
innovate novel therapeutic approaches. By building upon the
knowledge gained from the study of SARS-CoV-2, we can
fortify our defenses against future pandemics, whether caused by
coronaviruses or other infectious agents. This summary underscores
the importance of ongoing research and collaboration in safeguarding
global health security.
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