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ABSTRACT

Preventing the trajectory of human coronaviruses including the severe acute respiratory syndrome coro-
navirus 2 (SARS-CoV-2) pandemic could rely on the sprint to design a rational roadmap using breakneck
strategies to counter its prime challenges. Recently, carbon quantum dots (CQDs), zero-dimensional (0D)
carbon-based nanomaterials, have emerged as a fresh antiviral agent owing to their unique physico-
chemical properties. Additionally, doping instils beneficial properties in CQDs, augmenting their antiviral
potential. The antiviral properties of CQDs can be reinforced by heteroatom doping. Bestowed with mul-
tifaceted features, functionalized CQDs can interact with the spike protein of the human coronaviruses
and perturb the virus-host cell recognition. Recently, triazole derivatives have been explored as potent
inhibitors of human coronaviruses by blocking the viral enzymes such as 3-chymotrypsin-like protease
(3CLpro) and helicase, important for viral replication. Moreover, they offer a better aromatic hetero-
cyclic core for therapeutics owing to their higher thermodynamic stability. To curb the current outbreak,
triazole functionalized heteroatom co-doped carbon quantum dots (TFH-CQDs) interacting with viral
cells spanning the gamut of complexity can be utilized for deciphering the mystery of its inhibitory
mechanism against human coronaviruses. In this quest to unlock the potential of antiviral carbon-based
nanomaterials, CQDs and triazole conjugated CQDs template comprising a series of bioisosteres, CQDs-1
to CQDs-9, can extend the arsenal of functional antiviral materials at the forefront of the war against
human coronaviruses.

© 2020 Elsevier Ltd. All rights reserved.

Introduction

tum dots (GQDs) are bestowed with superior properties such as
excellent biocompatibility, resistance to photobleaching, solubility,

The world is facing the potential catastrophe of a global pan-
demic due to the rapid surge in the number of people being infected
with the novel human coronavirus i.e. SARS-CoV-2, leaving the
world in dire need of possible cure regimens and effective ther-
apies [1,2]. In the pursuit of finding effective therapeutics, viral
entry, mode of attachment, and replication play a pivotal role in
intervention strategies. Due to their unique physicochemical prop-
erties and inexpensive nature, CQDs have emerged as arising starin
the arena of antiviral materials. The cousin members in the family
of fluorescent carbon nanomaterials, i.e. CQDs and graphene quan-
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and chemical inertness [3,4]. CQDs and GQDs are OD materials pos-
sessing sp? clusters, predominant quantum confinement, and small
size. They share several common properties such as excellent pho-
toluminescence, fluorescence, solubility in water [5]; whereas they
can sometimes be distinguished in other properties such as surface
to volume ratio, hydrodynamic diameter, crystalline structure, and
their excitation/emission wavelengths. The PL bandwidth of CQDs
is much wider than that of GQDs. Intriguing, GQDs are mainly com-
posed of sp? hybridized carbon while CQDs possess both sp? and
sp? hybridized carbon. GQDs are usually found in crystalline nature
whereas CQDs can be crystalline/semi-crystalline/amorphous in
nature [3,6]. The graphene lattices inside the GQDs are produced
from graphene-based starting materials or the rigid synthetic
chemistry of graphene-like smaller polycyclic aromatic hydrocar-
bon molecules [5]. Unlike the discrete and quasi-spherical CQDs
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Fig. 1. Structure of SARS-CoV-2.

(sizes below 10 nm), GQDs are disks with a diameter across less
than 20 nm as graphene sheets with lateral dimensions less than
100 nm in single, double and few (3-10) layers [7-9]. Generally,
surface modifications are different in both cases. The antiviral prop-
erties of CQDs can be reinforced by heteroatom doping [10]. The
properties arising from co-doping of CQDs [11] can be used in
synergy with surface-functionalized triazole derivatives for gen-
erating potential antiviral candidates that may act either via signal
transduction or cytosolic protein interaction. Taking into account
the promising properties of CQDs, they can be further investigated
to combat human coronaviruses (e.g. SARS-CoV-2). Understanding
the receptor recognition mechanism of human coronaviruses and
their binding with the substrate pocket of the host cell is impera-
tive to elucidate the inhibitory mechanism of TFH-CQDs, which is
a key factor to control their infection. Herein, cracking the antivi-
ral potential of CQDs can extend the armament of these materials
against human coronaviruses.

Human coronaviruses are positive-sense, single-stranded,
enveloped RNA viruses, armed with four structural proteins,
namely the heavily glycosylated spike (S), envelope (E), nucle-
ocapsid (N), and membrane (M) proteins (Fig. 1), wherein the
transmembrane S and M proteins are responsible for the viral asso-
ciation during replication [12,13]. They bind to cell surface proteins
on target cells, followed by proteinase priming of S proteins on
the viral surface leading to viral internalization either via endo-
somal fractions, which are subsequently acidified, or accumulated
through a non-endosomal route. The S protein of the recent human
coronavirus e.g. SARS-CoV-2 encompasses two subunits (S1 and S2)
wherein receptor-binding-domain (RBD) within S1 subunit joins
to the human angiotensin-converting enzyme 2 (hACE2) receptor
(dimer) [14]. SARS-CoV and SARS-CoV-2 identify the same receptor
hACE2. Addressing the increased pathogenicity and high transmis-
sion efficiency of the recent SARS-CoV-2, the following factors are
taken into account: (i) Several residue changes in the SARS-CoV-
2 RBD are responsible for stabilizing two virus-binding hotspots
at the RBD-hACE2 interface. This, in conjunction with the more
compact conformation of the hACE2-binding ridge, is responsible
for enhancing the SARS-CoV-2 RBD’s hACE2 binding affinity. The
modifications in the amino acid (Aa) residues of the SARS-CoV-2
RBD can lead to enhanced hydrophobic interactions and salt bridge
formations, contributing to increased pathogenicity in contrast to
SARS-CoV [15]. (ii) In contrast to SARS-CoV, a specific furin-like
protease recognition pattern present in the vicinity of one of the
maturation sites of the SARS-CoV-2 S protein contributes towards
its enhanced pathogenicity and replication cycle [16]. (iii) Contrary
to SARS-CoV S protein, SARS-CoV-2 S protein holds the ability to
undergo a conformational change by decreasing its energy bar-
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rier enabled via a reduction in its thermostability [17]. Plausibly,
these aforementioned factors contribute to the high transmission
efficiency of SARS-CoV-2 with respect to SARS-CoV.

Bequeathed with a robust and multifunctional nature, CQDs-
based bioisosteres (bioisosteres are considered chemical groups
having similar physical and chemical properties with broadly sim-
ilar type of biological activity) can inhibit various interactions
between the viruses and the host cells. This is underpinned by
the large surface-to-volume ratio of CQDs that serve as a plat-
form for binding of ligand molecules, adding to their ability to
intervene in the viral-host cell attachment [18], thereby blocking
the cellular entry. In an interesting study, the response of het-
eroatom doping in the carbon framework of CQDs was evaluated.
Two groups of CQDs were synthesized via hydrothermal route using
4-aminophenylboronic acid and phenylboronic acid as precursors
for inhibiting human coronavirus 229E (HCoV-229E). The underly-
ing inhibitory mechanism of the viral entry was plausibly due to the
interactions of CQDs and virus entry receptors. Surprisingly, sub-
stantial inhibition was also observed at the viral replication step
[10].

Entry of human coronaviruses into the host cell

Upon internalization into the host cell, the virus releases
its genetic content to specific sites for replication. The cargo
transport in the cytosol occurs through major cytoskeletons
i.e. actin filaments and microtubules. Moreover, the virus takes
over cellular transport systems to target replication sites and
protein-making machinery of the host cell. For instance, to gain
entry into the host cells, spike (S) protein of the SARS-CoV-2
binds to its receptor hACE2 in the human cells via its RBD and is
proteolytically triggered. Polar interactions mediate the contact
between hACE2 and SARS-CoV-2 [13]. The RBD of S1 binds to
the peptidase domain of the hACE2, while the membrane fusion
occurs with the help of S2 [19,20]. Previous reports reveal that the
primary cell entry mechanism of SARS-CoV-2 inside the human
host cell plays a crucial role in eluding immune surveillance via
strong hACE2 binding affinity of the RBD, hidden RBD in the S
protein, and furin pre-activation of the S protein. The two types
of coronaviruses, SARS-CoV and the human coronavirus NL63
(HCoV-NL63), are known to utilize hACE2 as a receptor for cellular
entry. A question arises whether there can be other entry routes
inside the host cell independent of hACE2? SARS-CoV-2 might also
utilize receptor(s) other than hACE2 to unlock the doors for cellular
entry through various possible mechanistic pathways. Reportedly,
coronaviruses gain entry into the host cells primarily via the
endosomal pathway (clathrin) apart from the non-endosomal
pathway (non-clathrin), both depending upon hACE2 receptor
[16]. The endocytic routes for SARS-CoV-2 entry include clathrin-
dependent, caveolae-mediated, clathrin-independent carriers
(CLIC)/glycosylphosphatidylinositol-anchored protein enriched
compartments (GEEC), flotillin-dependent, and macropinocytosis
[21] (Fig. 2) whereas caveolae/lipid-raft mediated, macropinocy-
tosis, and clathrin-mediated are primary energy-dependent
pathways for the cellular uptake of graphene-based nanomate-
rials. The cousin member of CQDs, i.e. GQDs, are considered to
internalize through endocytosis. Recently, our group has explored
the internalization of sulfur-doped graphene quantum dots (S-
GQDs) in animal cell lines [22]. Interestingly, loss-of-function
analysis via knockdown of the crucial regulatory proteins using
various endocytic pathways can shed light on their relative
contribution for SARS-CoV-2 infection [21].

Additionally, host proteases such as transmembrane protease
serine 2 (TMPRSS2) play a pivotal role in the non-endosomal entry
of SARS-CoV-2 by cleaving the S protein at the S1/S2 cleavage site
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Fig. 2. Endosomal pathways for the entry of SARS-CoV-2.

[23]. Furthermore, SARS-CoV-2 employs a broad range of host pro-
teases such as cathepsin B and L, furin, elastase, factor X, trypsin,
and TMPRSS2 for S protein priming, thereby enabling cell entry
[15]. On the other hand, additional coronavirus receptors such as
dipeptidyl peptidase 4 and aminopeptidase N were not used for
SARS-CoV-2 entry [24]. Plausibly, the mechanism of viral entry is
contextual dependenti.e. on the type of cell and virus involved [25].
Viruses make use of molecules such as heparan sulfate proteogly-
cans (HSPGs) on the cell membrane to invade the host cells which
are perturbed by a glycoprotein, lactoferrin (LFN). HSPGs, virtually
expressed on all cell types of the body, are linear polymers made
up of alternate glucosamine and hexuronic acid moieties sulfated
at several locations. They serve as a binding site for many viruses
including the SARS-CoV invasion at the early attachment phase.
Moreover, HCoV-NL63 also utilizes HSPGs for attaching and infect-
ing the target cells, implying their function as adhesion molecules
[26]. LEN can ameliorate the activity of natural killer cells and
neutrophil aggregation using adhesion and regulate host defense
mechanisms by binding to HSPGs, thereby blocking its interaction
with the coronaviruses [27]. In this regime, the boronic acid (B-
(OH),) surface-functionalized bioisosteres, anticipated to interact
with HSPGs on the host cell membrane, can help us to understand
the viral inhibitory mechanism [28]. More recently, the interaction
between the RBD of spike S1 protein (RBD-S1) of the SARS-CoV-2
and heparin were unraveled. The primary sequence analysis of the
modeled RBD-S1 structure and expressed protein domain revealed
few patches of basic Aa residues exposed on the surface of pro-
tein, comprising the potential heparin-binding regions. The RBD-S1
undergoes a conformational change, mainly related to the antipar-
allel and the helix content, indicating that the RBD-S1 can interact
with an aqueous solution of heparin [29].

In the pursuit of finding an efficacious antiviral agent, the basic
interplay and efficacy of type 1 interferon (IFN-1), one of the first
cytokines to be formed in a viral response, against SARS-CoV-2
infection could accelerate the search for potential therapeutics.
IFN-1 is secreted by several cell types when the pattern recognition
receptors distinguish the viral components. The main mechanisms
of action to fight a viral attack involve either the production of
antiviral proteins or the activation of cellular immunity. The ele-
vated levels of IFN-1 are linked to the phosphorylation of signal
transducer and activator of transcription 1 (STAT1) and amplified
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expression of IFN-stimulated genes (ISGs) [30]. Compared to IFN-
o, IFN-1 is a more potent inhibitor of coronaviruses owing to
the defending activity of IFN-B1 in the lungs [31]. Interestingly,
human coronavirus SARS-CoV does not hold the ability to trigger
the pathway for activation of IFN-o/3, which has a critical role in
alleviating viral replication and dissemination at an early stage,
along with an overall stimulatory effect on the host immune sys-
tem [32]. In an effort to unleash their hidden potential, Du et al.
demonstrated that CQDs can be used to activate IFN-1 levels, and
consequently the expression of ISGs, both of which play an impor-
tant role in inhibiting viral replication (Fig. 3). Contrary to control,
the cells treated with CQDs displayed 5 folds higher mRNA expres-
sion levels of IFN-«a along with an up-regulation in the expression
of interferon-inducible protein (IP-10), interferon-stimulated gene
54 (ISG-54), and interferon-stimulated gene 15 (ISG-15). These
results imply that the inhibitory effect of CQDs on viruses was
probably due to the activation of IFN-a and production of ISGs.
Additionally, ISG-54 can stimulate the expression of phosphory-
lated STAT1, which further plays a crucial part in the immune and
inflammatory responses [33]. In conjunction, the up-regulation of
pro-inflammatory cytokines and the production of ISGs might have
a crucial role in the inhibitory effect of CQDs on viruses. This cross-
talkrelated to the interactions of CQDs and IFNs for antiviral activity
calls for unfolding additional mechanistic pathways to account for
the explicit antiviral activity of CQDs. Herein, a myriad of unex-
plored possibilities can be posited to overcome the three crucial
aspects of COVID-19: detection, treatment, and prevention. Thus, a
new consortium stemming from multifarious research disciplines
will offer us core capabilities to combat human coronaviruses with
the potential approach of click chemistry.

Inhibitory mechanism of human coronaviruses using
TFH-CQDS

Understanding the therapeutic possibilities of human coro-
naviruses is important to circumvent their ramifications, and
consequently, unravelling the mystery of inhibitory mechanisms
using TFH-CQDs. Herein, we propose the potential development
of a carbon-nanomaterial i.e. triazole-based CQDs template using
a series of bioisosteres as antiviral agents to treat human coro-
navirus infection. Functionalization of nanomaterials is of keen
importance and there are many ways to do it such as non-covalent
modifications that can be done via hydrophobic interactions,
electrostatic interactions, and w- stacking, whereas the list of
covalent functionalization strategies is even longer. CQDs have a
lot of hydrophilic functional groups on the edges that make them
suitable for diverse biomedical applications. The surface function-
ality of CQDs is vital to tune the level of interactions with the
viruses [34]. Carbon dots functionalized with amine and boronic
acid restrict the cellular entry of herpes simplex virus type 1 (HSV-
1) infection [28]. Moreover, CQDs when conjugated with boronic
acid moieties, could prevent the human immunodeficiency virus
(HIV-1) infection by blocking its interaction with gp120 [35]. These
investigations offer guidance for intervention strategies, targeting
the receptor recognition of SARS-CoV-2. Furthermore, hydrophobic
patches present in the vicinity of the active site of some enzymes
may interact via - stacking owing to its aromatic nature. The
anionic functionality may inhibit the enzymatic activity of serine
proteases by electrostatically binding with the positively charged
patches in the proximity of its active site [36]. The presence of func-
tionalities on CQDs such as hydroxyl, carboxyl, carbonyl, epoxide,
etc. can offer a platform for functionalization with diverse organic
ligands including antiviral agents. The conjugated  structure ease
the protein adsorption, facilitating the interactions between CQDs
and the viral enzymes [37]. In this regard, click chemistry can pave
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a new horizon for the surface-functionalization of heteroatom co-
doped CQDs where TFH-CQDs can add to the armory of antiviral
materials.

Although there are many ways to synthesize doped CQDs, one-
pot hydrothermal synthesis method is widely used due to its
ease and one-step process. N and B co-doped CQDs-1 (Fig. 4a)
can be prepared by hydrothermal carbonization of citric acid,
p-phenylenediamine, and borax (Scheme 1). The -NH, pendant
groups on the CQDs-2 (Fig. 4b), synthesized from citric acid,
ethylenediamine, and borax, can be used to form substituted
triazoles with various R! groups (Scheme 2). Intriguingly, var-
ious R! groups exist in the literature for their activity against
the enzyme 3CLpro of the human coronavirus [38]. Moreover,
the -NH, pendant groups on the edges can be functionalized
to fabricate CQDs derivatives: CQDs-3 and hence, TFH-CQDs-4
with the help of Cu(l) catalyzed azide-alkyne cycloaddition con-
jugation reaction. Triazoles can offer an aromatic heterocyclic
core for improved therapeutics owing to their higher thermody-
namic stability. Additionally, in silico analysis have underscored
the ability of substituted triazoles as helicase (proteins that are
responsible for the separation of duplex oligonucleotide strands)
inhibitors, thereby preventing viral replication. Interestingly, CQDs
doped with N and B can be conjugated with substituted triazole
derivatives and further explored for their ability to inhibit viral
helicase [39]. TFH-CQDs-6 formed via intermediate CQDs-5 can
serve as a propitious candidate for their synergistic antiviral effect

(Scheme 2). Plausibly, aromatic compounds such as TFH-CQDs can
be helpful in targeting the helicase of human coronaviruses with
one of the following mechanisms: (i) interfering its binding with
ATP and depriving it of the energy vital for unwinding and translo-
cation, (ii) stabilizing the helicase in the low helicase activity state
by an allosteric mechanism, and (iii) obstructing the binding of
nucleic acids with helicases by sterically blocking its translocation
[40].

Owing to the similarity with the previously encountered strains,
the SARS-CoV-2 genome is also found to encode for non-structural
proteins including the 3CLpro [41]. This protease has a vital role in
processing the polyproteins that are formed via translation of the
viral RNA, making it an alluring target for coronavirus inhibition.
To date, no human proteases with similar cleavage specificity are
known, thereby inhibiting the activity of this enzyme is unlikely
to create toxicity [42]. Intriguingly, triazole derivatives have been
reported to play a crucial role in blocking the 3CLpro for exert-
ing their antiviral response against HCoV-229E. Furthermore, an
in silico study predicted that the molecular interactions between
these compounds and 3CLpro is imperative for the inhibition of
viral replication. The non-peptidic inhibitors of the 3CLpro rely
on the presence of a benzotriazole group that can interact with
the catalytic dyad (consisting of Cys145 and His41 of the 3CLpro
active site). With the help of molecular modeling, some triazole
compounds were observed to form two hydrogen bonds with the
Glu166 and His163 wherein the positioning of the triazole ring in
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the vicinity of the catalytic dyad suggesting that this interaction
pattern is crucial for the 3CLpro inhibition. The maintenance of
these interactions throughout the course of molecular dynamics
study further strengthens their bioactivities [38].

Addition of CQDs at different time frames and stages of the
virus life cycle during the infection process exposed that CQDs can

surmount the viral entry and also the replication process. Their
ability to act either via signal transduction or directly with the
cytosolic proteins, upon internalization, needs to be addressed
further. Reportedly, the incubation of viral particles with CQDs
could not impair the HCoV-229E infection [10], implying the emer-
gence of a possible target for preventing viral entry. Recently,
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heteroatom doped CQDs have been vetted for their antiviral activ-
ity against the human coronaviruses. CQDs surface-functionalized
with boronic acid (B-(OH),) are anticipated to interact strongly
with HSPGs on the host cell membrane, thereby inhibiting the
viral attachment [28]. Boronic acid moieties (CQDs-9) help to
form tetravalent boronate diester cyclic complexes reversibly and
selectively with 1,2- or 1,3-cis-diols [43]. Hydroxyl derivatives of
CQDs i.e. CQDs-7 (Fig. 4c) can be synthesized from citric acid via
hydrothermal route (Scheme 3). CQDs-7 can be further used to
synthesize CQDs-9, having boronic acid as a functional group, via
click chemistry using CQDs-8 as intermediate (Scheme 4). Interest-
ingly, CQDs conjugated with triazole moieties were found to display
antiviral activity which was further enhanced with the addition
of boronic acid as a functional group. These surface-functionalized
CQDs undergo pseudolectin-type interactions with the S protein of
the HCoV-229E. However, when the boronic acid functional groups
were blocked, the remaining antiviral activity of these CQDs was
ascribed to the triazole moiety. The above findings emphasize the
potential of triazole moieties as antiviral agents. Moreover, het-
eroatom co-doped CQDs could exert a significantly higher antiviral
response than surface-functionalized CQDs. Thus, based on the
effective 50 % inhibition concentration (ECsg) values, it is evident
that N and B co-doped CQDs exhibit a more pronounced antivi-
ral activity than triazole functionalized CQDs and CQDs that are
surface-functionalized with boronic acid via click chemistry [10].
CQDs can act as a multi-site inhibitor by blocking the viral
entry, RNA strand synthesis, and replication step. Furthermore,
upon viral exposure, the accumulation of overexpressed reactive
oxygen species in cells are also reduced with a concurrent upregula-
tion in the expression of proinflammatory cytokines and ISGs [44].

Surprisingly, it was also reported that CQDs synthesized from gly-
cyrrhizic acid exhibited an intensified antiviral behavior towards
RNA viruses compared with DNA viruses [45]. We expect that TFH-
CQDs or its functionalized analogues can be further exploited for
their antiviral activity to inhibit human coronaviruses having RNA
as the genetic material. However, the varying responsiveness of
some viruses indicates that CQDs also differ in their antiviral strate-
gies and further assessment is needed for a rational outcome.

Summary and outlook

Considering the inescapable exigency to depict new chemical
entities for a treatment modality against human coronaviruses,
herein, we proposed the conceptual insights into a series of
bioisosteres derived from TFH-CQDs based on investigations and
design of peptide inhibitors to combat human coronaviruses. These
TFH-CQDs can act by several pathways. They may either block the
viral entry by perturbing various interactions with the host cells
or block the viral enzymes such as helicase and 3CLpro, impor-
tant for viral replication. Therefore, we envisage that heteroatom
co-doping (N and B) in the carbon framework of the CQDs surface-
functionalized with triazole and its derivatives can synergistically
exert an intensified antiviral response against human coronavi-
rus infection. Complying with the study of CQDs, a special class
of 0D carbon nano-crystalline materials, GQDs, are envisaged as
standout choices for inhibiting various interactions of viruses with
their host cells. Reason suggests that GQDs, with various surface
functional groups painted on their canvas, in nano-sized and with
excellent water solubility could be a winning candidate against the
human coronaviruses. The toolbox of chemistries that TFH-CQDs
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embrace can help us disseminate our contributions and strategies
for the benefit of mankind and with further research and explo-
ration, they can be translated effectively from bench-to-bedside.
From a broader perspective, insights into entry mode and viral
itinerary warrant future studies, reshaping the currently available
therapeutics and guiding new intervention strategies.
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