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A B S T R A C T

Coronavirus disease 2019 (COVID-19) is one of the worst pandemics to have hit the humanity. The manifestations
are quite varied, ranging from severe lung infections to being asymptomatic. Hence, there is an urgent need to
champion new tools to accelerate the end of this pandemic. Compromised immunity is a primary feature of
COVID-19. Allium sativum (AS) is an effective dietary supplement known for its immune-modulatory, antibacte-
rial, anti-inflammatory, anticancer, antifungal, and anti-viral properties. In this paper, it is hypothesized that
carbon dots (CDs) derived from AS (AS-CDs) may possess the potential to downregulate the expression of pro-
inflammatory cytokines and revert the immunological aberrations to normal in case of COVID-19. CDs have
already been explored in the world of nanobiomedicine as a promising theranostic candidates for bioimaging and
drug/gene delivery. The antifibrotic and antioxidant effects of AS are elaborated, as demonstrated in several
studies. It is found that the most active constituent of AS, allicin has a highly potent antioxidant and reactive
oxygen species (ROS) scavenging effect. The antibacterial, antifungal, and anti-viral effects along with their
capability of negating inflammatory effects and cytokine storm are discussed. The synthesis of theranostic CDs
from AS may provide a novel weapon in the therapeutic armamentarium for the management of COVID-19
infection and, at the same time, could act as a diagnostic agent for COVID-19.
1. Introduction

Coronavirus disease 2019 or COVID-19 caused by the severe acute
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compromised the human civilization and became one of the most deadly
diseases globally [1–4]. Further, the treatment of COVID-19 with
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corticosteroids in its wake has brought other superinfections to the fore
thus, emphasizing the need for novel strategies. Pharmacologic or
non-pharmacologic interventions and their combinations have emerged
for the interruption of its spread [5]. Recently, mRNA-based two vaccines
of Pfizer-BioNTech and Moderna have been given emergency authori-
zation for use in many countries [6]. Moreover, other vaccines like
Sputnik V, Covaxin, Covishield, Sinovac, and others are also being used
in various countries to curb the spread of COVID-19 infection. The gap
between the demand to supply is widening and is hampered by slower
production rate in contrast to the world population. So, there is a dire
need to explore more therapeutic options which can aid in the manage-
ment of COVID-19 [7–10]. A large number of established drugs,
including chloroquine, hydroxychloroquine, remdesivir, faviparavir,
ivermectin, and others, have been tried as the immediate option for
short-term prophylaxis [11]. However, it has been reported that
hydroxychloroquine failed as a promising therapeutic drug for
SARS-CoV-2 because of lack of efficacy and severe side effects [12]. In
contrast, other pharmacological interventions still need more assessment
before being considered as potential treatment option [13]. As a matter
of fact, early diagnosis and treatment of SARS-CoV-2 have become a
crucial step in preventing the further spread of the virus. The develop-
ment of a promising theranostic agent, which is safe and of natural origin
with diagnostic capability, might be advantageous [14–16]. Over the last
decade, different biosensing platforms accompanied by functional ma-
terials have been developed for various infectious and non-infectious
diseases [9,17–23]. Among different functional materials, carbon dots
(CDs) have gained enormous scientific attention in view of their unique
physiochemical properties.

CDs are extremely important among the newly emerging class of
fluorescent nanomaterials tested in nanomedicine and biomedical ap-
plications [24]. In recent years, CDs have emerged as a promising
theranostic agent with broad biological applications including bio-
therapy, biosensing, biolabeling, bioimaging, drug/gene delivery owing
to their exciting properties such as ease of synthesis, tunable fluorescence
emission, and excitation, good photochemical stability, excellent
biocompatibility, surface tenability, high water solubility and low cyto-
toxicity [25–28]. Interestingly, CDs are helpful for cell labeling, tracking
cellular events, targeting specific cells due to their intrinsic fluorescent
properties, and a vehicle for intracellular transport of drugs/genes [29,
30]. Different nanomaterials such as graphene quantum dots (GQDs),
carbon quantum dots (CQDs), CDs partially graphitized core-shell carbon
nanoparticles, and amorphous carbon nanoparticles are included in the
family of fluorescent carbonmaterials [29,31–34]. The surface functional
groups of CDs provide easy conjugation with numerous therapeutic
agents, prevailing in anti-viral applications [35–37]. In addition, the
surface engineering of CDs helps in providing low cytotoxicity and spe-
cific anti-viral properties [38]. These fluorescent materials have emerged
as efficient and predominant candidates to modulate the viral infection
cycle. The virus attaches with host cells through multivalent interactions;
therefore CDs treatment might prevent viral entry into the host cells [39].
The CDs possess low cytotoxicity and indicate specific anti-viral activities
due to the surface functional groups via different mechanisms, making
their spectrum broad [40]. Additionally, the ease of surface functional-
ization and their small size helps in providing easy passage through the
cell membrane and subsequent delivery of the anti-viral drug [41]. Since
the origin of CDs by Xu et al., different methods have been employed for
synthesizing CDs using abundant, inexpensive green precursors including
sugarcane juice, onion peel, milk, pomelo peel, bamboo leaves, honey,
flowers, apple juice, potatoes, sweet and green tea etc. [42–44].

Allium sativum L. (AS) has been widely used as a prophylactic and
therapeutic agent all over the world [45]. AS possesses strong antimi-
crobial, anticancer, antifungal, antibacterial, antioxidant, and anti-viral
properties [46–49], used in various diseases such as common cold,
influenza, and cardiac diseases, smallpox, etc., since ages [47,50–53]. AS
possesses an anti-inflammatory effect by restricting the activation of
nuclear factor-kappa B (NFκB) in enzymes, namely cyclooxygenase-II
2

(COX-II) and inducible nitric oxide synthase (iNOS) [54].
Angiotensin-converting enzyme 2 (ACE2) is a functional glycoprotein
found in the heart, lungs, endothelium, and kidneys and is shared by
SARS as well as SARS-CoV-2 as the host-cell receptor [55–58]. The in-
hibition of ACE2 protein can help in reducing the complications associ-
ated with SARS-CoV-2 infection [59]. Organosulfur compound allicin is
obtained from AS and was first studied by Bailey and Cavallito in 1944
[60]. Yang et al., probed the anti-inflammatory and antioxidant proper-
ties of AS-CDs in vitro in lipopolysaccharide (LPS) stimulated Raw 264.7
macrophages. Induction of macrophages with LPS caused the release of
pro-inflammatory cytokines and increased the expression of inflamma-
tory transcription factor NFκB. Moreover, it leads to an increase in iNOS
activity which generates free radicals causing nitrosative damage in the
tissues. In contrast, incubation of LPS induced macrophages with AS-CDs
abrogated these changes and showed their remarkable anti-inflammatory
and anti-oxidant potential [61]. Furthermore, in a significant number of
studies, it has been demonstrated that AS attenuated the inflammation by
downregulating the expression of pro-inflammatory cytokines like
interleukin (IL)-1, IL-6, IL-17 and tumor necrosis factor-alpha (TNF-α)
[62,63]. It has been anticipated that allicin has strong interactions with
the amino acids of the ACE2 protein and could serve as a dual strategy
theranostic agent if formulated in the form of CDs.

AS is one of the highly efficient naturally occurring antimicrobial
agent against a wide array of viruses and bacterias. Beside allicin, other
organosulfur constituents, S-allyl-L-cysteine (SAC), caffeic acid (CA),
uracil, diallyltrisulfide (DATS), diallyl disulfide (DADS) and flavonoids
such as quercetin are responsible phytoconstituents of AS for their potent
immunomodulatory and anti-inflammatory effects. It may attenuate
immune system-related dysfunctions seen in patients with COVID-19
infection [64]. Aqueous extracts and essential oils of AS showed inter-
action with Mpro protease of SARS-CoV-2 and reduced the rate of viral
infection caused by SARS-CoV-2 [65,66]. The encapsulation of these
active constituents by using different methods can improve their oxida-
tive stability and bio-functionality and may offer targeted drug delivery.
The consumption of these encapsulated/free bioactive compounds of AS
may help in reducing the incidence rate of COVID-19 [67].

2. Hypothesis

We hypothesize AS-derived carbon dots (AS-CDs) as a potential
theranostic agent to combat the COVID-19 crisis. By virtue of its versatile
therapeutic potential to modulate the activity of NF-κB, MAPKinase,
scavenging ROS species, and capability to activate the nuclear factor
erythroid 2-related factor 2 (Nrf2) protein expression, AS-CDs may be
helpful to abrogate the coronavirus liaised inflammation and cytokine
storm (Fig. 1). Moreover, AS-based carbon dots can be used as a prom-
ising theranostic agent.

3. Justification of hypothesis

3.1. Allium sativum derived carbon dots (AS-CDs) and their significance

Fluorescent nanoparticles, especially CDs, are getting increased in-
terest for various biomedical applications because of their exciting
properties, including ease of functionalization, low cytotoxicity, high
biocompatibility, and exceptional cell membrane permeability. CDs have
been utilized as a theranostic agent for chemiluminescence, in vitro as
well as in vivo bioimaging, anti-viral agent, and drug delivery applica-
tions in view of their biocompatibility and no cell toxicity. In line with
this, Das et al. [68], utilized the AS peel (garlic husk) toward the syn-
thesis of sulphur and nitrogen co-doped CDs through a one-step pyrolysis
method. The obtained CDs exhibited negative surface charge (~-2.0mV),
low cytotoxicity, high water dispersibility and good photostability. It was
observed that increasing the concentration of CDs does not cause a
decrease in cell viability. The cell viability was found to be more than
90% for the concentration of these CDs varying from 0 to 0.6 mgmL�1.



Fig. 1. Acute Immune Responses to Coronaviruses: To infect the cell, coronavirus gets entry inside the cell by binding to the ACE2 receptor. After entry, they
sensitize the MMAVS & TLR3/7 receptors that upregulate the replication of pro-inflammatory genes (NF-κB), leading to increased cytokines and interferon production.
Dendritic cells recognize the antigen and transfer to the lymphoid tissues to prime adaptive immunity. After recognizing the antigen on DCs or infected cells surface,
CD8-T cells stimulate apoptosis. This mechanistic figure illustrates different steps where AS-CDs might produce theranostic activity. 1. Entry of coronavirus into the
cell through binding ACE2 receptor. 2. Coronavirus initiate replication cycle inside the host cell. 3. Triggers the cytokine regulatory proteins (NF-κB, IRFs). 4. Induced
protein incites the production of inflammatory cytokines. 5. Release of inflammatory cytokines. 6. Degradation of the cellular receptor. 7. Induction of cell apoptosis.
The figure was created with BioRender.com.
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Further, the bio-labeling potential was investigated through the
two-photon imaging by treating the mesenchymal stem cells (ADMSCs)
with these CDs and injecting to rabbit ear skin. A stable and bright green
fluorescent signal was exhibited by ADMSCs under the excitation of
800 nm, indicating the photo-theranostic capability of these CDs. In a
similar manner, Zhao et al. [69], reported the green synthesis of
bifunctional CDs via the hydrothermal method using garlic as the pre-
cursor material. The blue fluorescent CDs were found resistant to a high
ionic strength environment, the addition of biomolecules, andmetal ions.
The cytotoxicity of these garlic CDs was explored on A549 cell lines via
MTT assay. These CDs revealed around 100% cell viability up to 0.5 mg
mL�1concentration. Besides, multicolor cellular imaging potential was
also demonstrated by utilizing these CDs as a fluorescent probe.
Furthermore, the radical scavenging activity against 1,1-diphenyl-2-pi-
crylhydrazyl (DPPH) free radicals was estimated by determining the
reduction of DPPH caused by these CDs. A dose-dependent scavenging
was observed for the concentration of CDs varying from 0 to 200 μg/mL.
On the other hand, Yang et al. [61], revealed a microwave-assisted
method for the synthesis of multi-colored bioactive garlic CDs for ther-
apeutic applications. The cell viability was measured by incubating
macrophage cells with different concentrations of garlic CDs for a
duration of 24 h. Even at the highest concentration of 2mgmL�1, there
was no decrease in cell viability, revealing low cytotoxicity and higher
biocompatibility of these CDs. Further, it was observed that CDs were
present in the cytoplasmic regions of the cells indicated by red, green,
and blue fluorescent images of the treated cells. Besides, the
anti-oxidative effect of garlic CDs toward macrophages was explored.
The pre-incubation of LPS activated macrophages with garlic CDs
considerably reduced LPS-induced nitric oxide (NO) production, whereas
macrophages treated with LPS alone indicated increased NO production.
Zhang et al. [70], reported the synthesis of nitrogen (N) doped CDs using
ethylenediamine as the N dopant and garlic as the green precursor for
Fe3þ ions detection. The obtained CDs revealed excellent optical prop-
erties along with remarkable stability in high NaCl concentrations and
wide pH ranges. In another study, Lee et al. [71], reported the microwave
synthesis of garlic-derived CDs for exploring their potential as
3

antiplatelet agent. The obtained CDs inhibited p38 mitogen-activated
protein kinase (MAPK) phosphorylation, c-Jun N-terminal kinase
(JNK), Akt (protein kinase B), and collagen-activated protein kinase C
(PKC) activation. Besides, CDs revealed an effective inhibition in
collagen-stimulated human platelet aggregation.

3.2. AS-CDs as antifibrotic and antioxidant

Whole AS and its aqueous extract exhibits potent antioxidant effects
& raise the levels of glutathione peroxidase and catalase in the serum [72,
73]. AS and its major active constituent allicin efficiently scavenge the
free radicals in a dose-dependent manner. Other active constituents, such
as SAC, also showed remarkable antioxidant potential in the in-vitro
experimental model [74]. In various animal models, AS has been re-
ported to protect the tissue against oxidative stress-mediated damage and
improves organ performance. Treatment with AS extract for 21 days in
male Wistar rats showed increased glutathione levels and decreased
malondialdehyde activity in the heart, aorta kidney, and urinary bladder
[75]. The aqueous extract of AS protected the tissues against the
nicotine-stimulated oxidative injury and improved renal function. DATS
present in the AS is an efficient antioxidant at (10mmol/kg) and exten-
sively increases the activities of quinone reductase and GST [76,77]. AS
as an anti-oxidative and antifibrotic agent has been reported in L-arginine
induced chronic pancreatitis rat model, with increased GSH activity and
decreased lipid peroxidation. It also reduced the mRNA expression of
TGF-β1, collagen-α1, and fibronectin, resulting in reduced inflammation
and fibrosis [78,79]. A herbal composite containing AS, with other herbal
drugs like white horehound, boneset, aniseed, fennel, licorice, and
thyme, reduced the clinical symptoms of recurrent airway obstruction
[80]. Besides these research postulates, the synthesis of theranostic CDs
from AS could provide a solution [61,69]. These CDs also possess strong
cationic surface charge characteristics, making them viable to interact
with the negative RNA strand of SARS-CoV-2, resulting in ROS genera-
tion and disable the S-protein in the virus [41,81]. Further, the replica-
tion of the virus could be suppressed by inducing interferon-α (IFN-α),
and the genomic replication in SARS-CoV-2 can be significantly altered
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by functionalizing the CDs with required surface functional groups [82].

3.3. 3AS-CDs as an antimicrobial and anti-viral agent

AS oil and its allyl alcohol constituent significantly halts the growth of
yeast [83]. AS also inhibited the diarrhoeagenic Gram-negative patho-
gens, as observed in stool samples [84]. In vitro study of AS exhibited
antimicrobial properties towards streptococci bacteria and anti-
cariogenic activity against oral microorganisms [85]. A broad category of
organosulfur compounds, whether natural or synthetic, exhibits anti-
bacterial properties. Interestingly, AS contains organosulfur groups that
react as strong nucleophiles, electrophiles, and potent metal chelates
based on the surrounding milieu wherein a specific reaction takes place
[86]. AS is also known as ‘Russian penicillin’ for its prevalent use as a
systemic antimicrobial and topical agent [87]. At room temperature,
crude extracts of AS revealed antimicrobial activity towards the
Gram-negative as well as Gram-positive bacteria. Aged AS extract
showed a dose-dependent antimicrobial action against three different
strains of H. pylori at concentration ranges of 2-5 mgmL�1; though, heat
treatment diminished the anti-bacterial activity [88]. AS with a proton
pump inhibitor has been reported to be synergistic against H. pylori
infection [89]. AS subdued the augmentation of twenty different kinds of
intracellular Mycobacterium avium strains in patients having no AIDS
[90]. In the pre-clinical rabbit model, aqueous AS extract and its active
constituent allicin had potent antibacterial activity against Shigella flex-
neri [91].

In conjunction with the above, the anti-viral effect of AS and its
sulphur derivatives have been identified in a number of infectious viruses
which cause respiratory and flu infections covering adenovirus, New-
castle disease virus (NDV), measles virus (MeV), porcine reproductive
and respiratory syndrome virus (PRRSV), pseudorabies virus (PRV),
influenza, rhinovirus, parainfluenza, SARS-CoV, and coronavirus
through pre-clinical studies [49]. The recalcitrant multiple common
warts (RMCW), infection of human papillomavirus (HPV), have no
treatment that could eradicate RMCW, except for intralesional immu-
notherapy. In 2014, Kenawy et al., probed the lipid garlic extract (LGE)
role to purge the RMCW [92].

CDs have emerged as a potential theranostic agent against different
stages of viral infection in view of their unique physiochemical proper-
ties. Besides, heteroatom doping can impart advantageous properties in
CDs, reinforcing their antiviral potential. Moreover, surface functionali-
zation also provides multifarious peculiarities, enabling them to perturb
virus-host cell interaction [93]. Generally, viral infection includes four
critical stages, viz. attachment, penetration, replication, and, lastly
budding [94]. The foremost step of viral infection is attachment to the
host cells. Therefore, the inhibition of virus attachment by altering their
surface protein might be an efficient approach for managing the viral
infection. In this context, Huang et al. [35], reported the anti-viral ability
of benzoxazine monomer derived carbon dots (BZM-CDs) inhibiting the
entry of the adeno-associated virus (AAV), porcine parvovirus (PPV) as
well as different flaviviruses such as dengue viruses, Zika, and Japanese
encephalitis virus. The hydrothermally synthesized BZM-CDs were found
to restrain the viral entry in a concentration-dependent manner, inves-
tigated through transmission electron microscopy (TEM) and plaque
reduction assay. Similarly, Barras et al. [95], reported the entry inhibi-
tion potential of 4-aminophenylboronic acid hydrochloride functional-
ized CDs against herpes simplex type 1 virus (HSV-1). It was observed
that functionalized CDs specifically interact with the HSV-1 virus at the
early stage, inhibiting their entry into the cells. In another work, Ting
et al., reported the hydrothermal synthesis of highly stable and uniform
cationic carbon dots (CCM-CDs) using curcumin and citric acid as pre-
cursors. These CDs were utilized to study the anti-viral effect of the
porcine epidemic diarrhea virus (PEDV) as the coronavirus model, and
entry of virus was found to be restrained by CCM-CDs altering the
structure of surface proteins in viruses, leading to virus aggregation. This
results in subsequent suppression of the negative-strand RNA synthesis
4

and reactive oxygen species (ROS) accumulation. Moreover, the
CCM-CDs stimulate the production of pro-inflammatory cytokines and
interferon-stimulating genes (ISGs), thereby inhibit viral replication
(Fig. 2) [41]. Similarly, CDs helped in restricting the viral interaction to
RD cell membranes, and the ROS could be scavenged by inhibiting the
production of PGE2 [40]. Moreover, according to the most recent studies,
it has been analyzed that the CDs either synthesized from the boronic
acid as a precursor or functionalized with boronic acid can lead to the
prohibition of human coronaviruses (HCoV) and impede their attach-
ment [40,96]. In another study, Tong and co-workers [97], demonstrated
the hydrothermal synthesis of highly biocompatible CDs named
Gly@CDs using Chinese herbal medicine to investigate their antiviral
activity against PRRSV. The Gly@CDs inhibited the propagation of
intracellular ROS induced by PRRSV infection. Besides, the replication
and invasion of PRRSV were also inhibited by stimulating cells for
regulating the expression of anti-viral genes (NOS3 and DDX53). More-
over, the anti-viral potential of Gly@CDs was investigated against PEDV
(a coronavirus model) through immunofluorescence assay.

However, suppose the virus invades the host cell by interacting with
specific cell membrane receptors. In that case, the viral infection can only
be managed either by inhibiting the virus replication or by preventing
budding. The replication of the virus might be inhibited by tailoring the
enzymes required for replicating the viral genetic material. In line with
this, Ting et al., reported that CCM-CDs result in suppressing the
negative-strand RNA synthesis. Compared to the control group, the
replication of PEDV in CCM-CDs treated Vero cells indicated reduced
virus titers and decreased plaque numbers [41]. In another study, Du
et al. [36], demonstrated the potential of CDs in inhibiting the replication
of both RNA (PRRSV) and DNA (PSV) viruses, validated by the results of
viral protein expression and virus titers. Besides, it was mentioned that
CDs treatment induces the production of IFN as well as IFN stimulated
genes (ISGs), leading to the inhibition of viral replication. Compared to
untreated controls, the expressions of ISG-54, ISG-15, IP-10, and IFN-α,
were 4.6, 11.8, 24.8, and 5 fold higher, respectively. Loczechin et al.
[39], reported the synthesis of seven different functional CQDs and
investigated their anti-viral activity against human coronavirus
(HCoV-229E). These CQDs were divided into two different generations
depending upon the precursors and functional groups. First-generation
includes CQDs 1-4, synthesized utilizing citric acid and ethylenedi-
amine as precursors. These CQDs were further functionalized with
different boronic acid ligands and exhibited concentration-dependent
virus inactivation behavior. On the other hand, second-generation in-
cludes CQDs 5-7, synthesized utilizing 4-aminophenyl boronic acid.
Interestingly, both viral replication, as well as HCoV-229E entry inhibi-
tion, were observed with these CQDs. Recently, Garg et al. [93], reported
the anti-viral potential of heteroatom co-doped and triazole functional-
ized CQDs against human coronaviruses. The authors proposed that these
CDs might help in blocking the viral entry by disturbing the virus-host
cell interaction. Additionally, viral enzymes like 3CLpro and helicase
required for viral replication might be blocked, thereby controlling the
viral infection. Therefore, it can be envisaged that CDs may be an effi-
cient anti-viral agent. Complying with the study of CDs, functional
AS-CDs can also be synthesized as a dual-purpose therapeutic agent.
Altogether different pre-clinical and clinical trials revealed the anti-viral
property of AS against viral fever, cold and flu infections, which strongly
appraise its use in clinical settings.

3.4. AS-CDs abrogates inflammation and cytokine storm

Cytokine storm is the main culprit in making the COVID-19 more
complicated and dreadful [98]. Reducing the expression of cytokines is a
challenging task [99]. It can be very constructive to consider the appli-
cation of phytotherapy-based approaches in the modulation of cytokine
storms [100]. Numerous reports support the use of CDs as an
anti-inflammatory agent and their capability to modulate the cytokine
levels. In line with this, Zhang et al. [101], demonstrated the green



Fig. 2. CCM CDs viral infection mechanism. Reprinted with permission from Ref. [41] Copyright (2018) American Chemical Society.

Fig. 3. The pharmacological effects of AS-CDs on different immune system-related cells and biomolecules.
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synthesis of CDs through the pyrolysis method using Phellodendri chi-
nensis Cortex (PCC) as the starting material for investigating acute kidney
injury. The obtained CDs were found to be efficient in reducing the levels
of anti-inflammatory cytokine (IL-10) and inflammatory cytokines
(IL-1β). The proposed AS-based CDs can be used to tackle
coronavirus-mediated inflammation and cytokine storms and as an im-
aging agent for diagnosis. In recent times, Fabi�an et al., assessed the ef-
fects of allicin in LPS stimulated (100 ng/mL) 3T3-L1 adipocytes, where
it prevented the rise in the expression of pro-inflammatory cytokine
genes such as IL-6, MCP-1, and Egr-1. It also reduced the phosphorylation
of ERK1/2 protein, and gene expression profiling through microarray
shows upregulation of genes involved in immunological responses and
downregulation of cancer-associated genes. In fact, SAC, CA, uracil,
DATS, DADS, and other AS compounds can restrain the activity of
cellular transcription factor NFκB, which is a master regulator of cytokine
related genes. Thus, inhibiting the transcription of numerous cytokine
genes such as, IL-1β, IL-6, IL-12, TNF-α, and MCP-1 which are implicated
in pro-inflammatory responses [102]. Thus, employing AS-CDs in the
COVID-19 could reduce the burden of cytokine storm.
3.5. AS-CDs as a potent immunomodulator

AS is a potent immunomodulator, and reports suggest that dietary
meals having AS can modulate immunity. Recently in a clinical trial, it
was reported that meal or diet having aged AS extract can strongly alter
adult inflammatory status and immune system with obesity. Nantz et al.,
performed a double-blinded randomized clinical trial. Diminution of the
severity of cold & flu, duration of symptoms, antioxidant levels, defined
innate-like lymphocytes (γδ-T cell and NK cell), number of incidences,
and work/school missed were assessed. AS capsule daily showed a
remarkable reduction in the above parameters (Fig. 3). The findings
showed significant proliferation of NK cells and γδ-T cells, antioxidant
levels in serum, cytosolic GSH, and drop in the secretion of inflammatory
cytokines in AS consuming cohort [49,64,103].
3.6. AS-CDs as a diagnostic agent

The employability of CDs as a diagnostic agent relies on their rapid
and easy traceability at a particular wavelength. The inherent fluores-
cence imaging capability of CDs allows them to be utilized as an imaging
probe in studying the lifecycle and structures of different microorganisms
including viruses in a variety of biosensors and chemosensors. In this
context, the visual and rapid detection of influenza A virus, including the
H3N2 and H1N1 strains, has been reported through carbon nanoparticles
(CNPs) when incorporated with lateral flow immunoassay. The CNPs
have been utilized as reporters, which accumulate in the test zone
because of sandwich immunocomplex formation (antibody-antigen-
CNPs-antibody), resulting in the direct visual of analytical signals [104].
In another work by Liu et al., different colored CDs (blue and cyan) were
obtained from young barley leaves as precursors to utilize them in se-
lective cell imaging. The blue-colored CDs were found to enter selectively
into the cytoplasm of PK-15 cells and indicated the anti-viral activity
towards the pseudorabies virus. However, the cyan-colored CDs were
found to disperse all over the cells, including the nucleus [105]. Apart
from that, few research groups have also addressed the role of CDs
derived from AS in a significant way for cellular imaging through its
distinct characteristics [61,69]. Interestingly, the shape and size of these
AS-CDs can be controlled to a great extent during synthesis to provide
unique features to the targeted CDs, which might help eradicate the in-
fectious viruses, including SARS-CoV-2. In general, different top-down
and bottom-up methods can be employed for synthesizing the CDs.
Among them, hydrothermal carbonization method is widely utilized
because of nontoxic, low temperature environmentally friendly process
with minimal cost.
6

4. Implications of the hypothesis

The theranostic outcome of any reliable disease management system
relies on the formulation of a suitable dosage form and its administration
route. With the advent of nanotechnology, the development of an
effective theranostic agent could be scoped to curb the menace of in-
fectious diseases. Considering the case of COVID-19, that spreads rapidly
through the respiratory tract (biofluids, droplets, cough, etc.) and pri-
marily targets the human lungs. This crisis could be managed by adopting
the following measures; (a) impeding the dissemination of COVID-19 by
decontaminating the surrounding surfaces and, (b) developing a prom-
ising theranostic agent with known safety and of natural origin with an
imaging modality. In this context, the proposed AS-CDs could be
employed as an agent that has the capabilities to damage the viral
membrane as well as decompose the constituent organic components.
Another postulate of the study is the targeted delivery of the anti-viral
drug to the lungs along with the diagnostic capability for the effective
treatment of COVID-19. In this progression, AS-CDs could be suggested as
a theranostic agent owing to their anti-viral and inherent bioimaging
properties. The bioimaging capability of AS-CDs might be helpful in
providing diagnostic utilities by fluorescing the SARS-CoV-2 virus inside
the lungs. The delivery of these theranostic CDs can be practiced in the
form of colloidal dispersions through nebulization, or a solid powdered
form of AS-CDs can be inhaled by means of pressurized metered-dose
inhalers. Such practices might be helpful in providing the direct de-
livery of AS-CDs to the lungs and capable enough to suppress the pro-
gression of COVID-19 infection.

5. Conclusions

AS has been known to be a potent antimicrobial agent for a very long
time. The recent studies contributed to the additional anti-inflammatory
and immune-modulatory effects of AS to the list. AS extracted com-
pounds have participated in cytokine secretion modulation, which is the
primary basis of its therapeutic modulatory effects. While the two main
concerns for the introduction of nanobiomedicine in food science are
biocompatibility and safety, it also has been studied that the AS-derived
nanocompounds or AS-derived CDs may be highly cytocompatible. Be-
sides, the CDs are considered for their higher suitability for bioimaging.
They may effectively be taken up by the macrophages, where they may
be able to monitor and reduce the inflammation concurrently. In a
nutshell, the proposed hypothesis could be practiced as a pre-clinical
measure for the deterrence of COVID-19 infection. The AS-CDs can act
as an efficient theranostic agent and capable of attenuating the pro-
gressive symptoms of COVID-19 by enhancing the respiratory function-
alities. Based on the above discussion, it might be suggested that AS-CDs
may be helpful in providing prevention measures by blocking the
transmission of infection. The proposed hypothesis can be utilized as a
futuristic approach in providing a stepping-stone towards the develop-
ment of a novel theranostic tool that might be highly efficient in man-
aging the ongoing crisis of COVID-19.
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