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The world is currently facing a novel coronavirus (SARS-CoV-2) pandemic. The greatest threat that is disrupting
the normal functioning of society is the exceptionally high species independent transmission. Drug repurposing
is understood to be the best strategy to immediately deploy well-characterized agents against new pathogens.
Several repurposable drugs are already in evaluation for determining suitability to treat COVID-19. One such
promising compound includes heparin, which is widely used in reducing thrombotic events associated with
COVID-19 induced pathology. As part of identifying target-specific antiviral compounds among FDA and
world-approved libraries using high-throughput virtual screening (HTVS), we previously evaluated top hits for
anti-SARS-CoV-2 activity. Here, we report results of highly efficacious viral entry blocking properties of heparin
(IC50 = 12.3 nM) in the complete virus assay, and further, propose ways to use it as a potential transmission
blocker. Exploring further, our in-silico analysis indicated that the heparin interacts with post-translational
glycoconjugates present on spike proteins. The patterns of accessible spike-glycoconjugates in open and closed
states are completely contrasted by one another. Heparin-binding to the open conformation of spike structurally
supports the state and may aid ACE2 binding as reported with cell surface-bound heparan sulfate. We also stud-
ied spike protein mutant variants' heparin interactions for possible resistance. Based on available data and opti-
mal absorption properties by the skin, heparin could potentially be used to block SARS-CoV-2 transmission.
Studies should be designed to exploit its nanomolar antiviral activity to formulate heparin as topical or
inhalation-based formulations, particularly on exposed areas and sites of primary viremia e.g. ACE2 rich epithelia
of the eye (conjunctiva/lids), nasal cavity, and mouth.

© 2021 Elsevier B.V. All rights reserved.
1. Introduction

Heparin is one of themost administeredmedications in theworld. It is
part of theWorld Health Organization's (WHO) list of essential medicines
[1,2]. Also known as unfractionated heparin (UFH), it is used as an
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anticoagulant, commonly used to treat heart attacks and unstable
angina, and as a preventive measure for stroke. A fractionated version of
heparin is also in common use, known as low molecular geruweight
heparin. Since the beginning of the pandemic, clinical reports showed
unique signs of coagulopathy associated with COVID-19 [3–10],
immediately prompting the need for medical professionals to consider
tentative treatment. Unfractionated heparin (UFH) and low-molecular-
weight heparin (LMWH) are widely used in the management of COVID-
19 patients [7,11–13]. SARS-CoV-2 triggers an immensemultiple systemic
coagulation and inflammatory response, though it differs from traditional
accounts of an immune response that leads to disseminated intravascular
coagulation (DIC) [8]. This is because COVID-19-associated coagulopathy
does not impair the ability to clot [9]. There are several parameters of co-
agulation thatmust be assessed in understanding the patho-immunology
of COVID-19 progression. Some of these include measurements of D-

http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijbiomac.2021.04.148&domain=pdf
https://doi.org/10.1016/j.ijbiomac.2021.04.148
mailto:Kempaiah.Prakasha@mayo.edu
https://doi.org/10.1016/j.ijbiomac.2021.04.148
http://www.sciencedirect.com/science/journal/
http://www.elsevier.com/locate/ijbiomac


Y. Gupta, D. Maciorowski, S.E. Zak et al. International Journal of Biological Macromolecules 183 (2021) 203–212
dimer (DD), prothrombin time (PT), activated partial thromboplastin
time (aPTT), fibrinogen, and antithrombin, all of which can hint at the di-
rection and severity of coagulopathy in the patient [10].

Searching for repurposable drugs with potential targets among the
drugs that are being evaluated as a treatment against COVID-19, heparin
emerged as an interesting compound to pursue. The use of heparin
for treating severe COVID-19-associated coagulopathy and DIC is
rapidly becoming a routine patient management strategy. Though
the exact mechanism is not fully understood, apart from reducing
coagulopathy-related symptoms, it is likely that heparin also plays a
role in reducing hypoxia, reducing cytokine storm intensity, as well as
some antiviral effects. An earlier report has suggested the replacement
of oral anticoagulant therapy with heparin in patients hospitalized
with COVID-19, except for those patients that have a mechanical heart
valve [14]. More clinical observations supported these findings in
which the anticoagulant and anti-inflammatory action of heparin may
be a useful treatment of pathological thrombotic events [15]. In addition
to these effects, more studies are now suggesting that heparinmay have
some antiviral activity, though there is a limited understanding of the
precisemechanism. To this end, recent preliminary results of several in-
dependent studies have shown that heparin can inhibit invasion of
SARS-CoV-2 in a dose-dependent manner from 6.25–200 μg/μL
[16–19]. Apart from its known ability to inhibit various proteases such
as furin and cathepsin-L, it is logical to hypothesize that heparin may
be able to target the cellular entrance of SARS-CoV-2 [18,19]. Another
plausible mechanism could be related to the spike (S) protein's interac-
tionwith neuropilin receptor-1,which is also facilitated by heparin. This
then further prompts inquiry at the possible treatment options includ-
ing both heparin and neuropilin receptor-1 [20]. Another study has
shown that SARS-CoV-2 is dependent not only on ACE2 but also requires
heparan sulfate proteoglycans [21]. The S protein has been shown to in-
teract with both heparan sulfate receptors and heparin [21,22]. As such,
studies have shown that heparin was able to abrogate virus infection to
a similar extent as ACE2-specific antibodies [18].

In the present study, through the application of in-silico based virtual
screening of FDA and world approved drugs [23] and specific in-vitro
validations, we found that UFH had a sub-nanomolar activity and a po-
tential to block receptor-binding domain (RBD) of SARS-CoV-2, thus
pointing to its immense potential as a transmission-blocking agent. Col-
lectively, the current findings emphasize the possible beneficial use of
heparin, both as a transmission-blocking agent and treatment for coag-
ulopathy/DIC associated symptoms in severe COVID-19 patients. There-
fore, UFH presents itself as a critical multifaceted therapeutic option for
COVID-19.

2. Methods

2.1. Antiviral activity of heparin (UFH) in a SARS-CoV-2 live virus assay

Test compoundswere diluted to 2 times the indicated concentration
in infection media (EMEM+2% FBS+ 1% P/S) and added to the cells for
1 h [24]. An equal volume of pre-titrated SARS-COV-2/MT020880.1 was
added to cells at a multiplicity of infection (MOI) of 0.4 or 0.02, depend-
ing on entry or spread assay respectively, effectively diluting com-
pounds to indicated concentration. After incubation for 1 h at 37 °C,
the virus/compound inoculum was flicked off and washed 1× with
PBS. Compounds at indicated concentrations were added back to the
cells for 24 (entry assay) or 48 (spread assay) hour incubation at 37
°C. Cells were then fixed with 10% buffered formalin and permed with
0.2% Triton X for 10 min before blocking (BioLegend, Cat# 420201)
overnight at 4 °C. Cells were immunostained by sequential incubation
with SARS-CoV-2 antibody (SinoBiological, Cat# 40143-R001) and
AlexaFluor 488 goat anti-rabbit (Invitrogen, Cat# A-11008) diluted in
blocking buffer. Cell nuclei were stained with DAPI and imaged using
an Operetta (Perkin Elmer) high content imaging instrument and in-
fected cells were determined using Harmony Software (Perkin Elmer).
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2.1.1. Spread assay vs. entry assay
For the spread assay, the virus used was at anMOI of 0.02 instead of

0.4 used in the Entry assay, and the assaywas incubated for 48 h instead
of 24 h used in spread assay.

2.2. In-silico target identification analysis

Around 36 crystallographic structures of spike protein are available
at the Protein Data Bank (PDB). For our studies, we used PDB-ID.: 7CAI
with a resolution of 3.49 Å, in complex with the two H014 Fab neutral-
izing proteins [25]. The SARS-CoV-2 S-trimer had two RBDs in the open
state and one in the closed state. The protein was prepared using the
Protein Preparation Wizard tool included in Maestro (Schrodinger
Suite 2020–4). Water molecules, co-factors of crystallization, and li-
gands were removed, missing atoms were added, side chains and
loops were filled by Prime, and hydrogens were added with Epik mod-
ule options provided in protein preparationswizard at physiological pH.
Thisfinal structure of the proteinwasminimizedwith theOPSL-3e force
field as implemented in Maestro with an implicit solvent (water). The
final minimized structure was used for docking purposes.

2.3. Ligand preparation

The ligands used in this study were heparin molecules (Semi-rigid
Solution Structure of Heparin; degree of polymerization {dp} = 24)
PDB-ID:3IRJ [26]. Representing the average molecular size of UFH, all
15 representative heparin models in the PDB entry were used for
docking. The ligands were prepared by the protein preparation wizard
to remove hydrogen binding errors and Lewis structure errors.

2.4. Docking calculations

These were carried out utilizing the Glide module from Schrodinger
Suite [27,28]. Multiple grids encompassing the closed and open state of
the spike protein were used for docking to accommodate large heparin
molecules. The analysis was carried out in the first stage using the Stan-
dard Precision (SP) mode followed by an Extra Precision (XP) model
which performs an advanced scoring, which in turn, results in an
enriched calculation that minimizes false positives. The equation used
to calculate the binding energy in the XP mode: XP Glide Score =
Ecoul + Evdw + Ebind + Epenalty where Ecoul and EvdW represent
van der Waals and electrostatic terms, respectively. End and Epenalty
refer to contributions that favor binding or penalization of interactions
that influence the binding of a ligand. The top lowest energy docked
complexes were analyzed for binding patterns.

2.5. Mutant spike variants and heparin interactions

For our studies, we used PDB-ID.: 7AD1, 7NDB, and 7KDL representing
different early mutants (Table 3). The regional variants supercomputer
predicted 3D structures were downloaded from https://spikemutants.
exscalate4cov.eu/#pdb which had different sets of polymorphisms in-
cluding deletions (Table 3). The structures were prepared and docked
with heparin molecules as described previously. Further mutation data
was obtained from the GISAID database and epidemiological resource
https://nextstrain.org/.

3. Results & discussion

Spike protein inhibitors have been investigated bymany groups, and
several vaccine candidates also depend on spike neutralization proper-
ties. Various heparin molecules have come up during virtual screening
studies but are normally ignored due to their large size. A macromolec-
ular agent like heparin would be ideal for blocking Spike-ACE2
interactions due to its known interactionswith Spike and is inexpensive
to produce, unlike antibodies. Tight interaction between these two

https://spikemutants.exscalate4cov.eu/#pdb
https://spikemutants.exscalate4cov.eu/#pdb
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Table 1
The reported efficacy of heparin against SARS-CoV-2. Note: N/A (not applicable).

Type of heparin Assay format Efficacy Proposed usage Follow up
trial
(reference)

References Comments

UFH SARS-CoV-2 viral plaque forming
assay

70%
inhibitio;100
μg/mL

Therapeutic N/A [16] Recommendation as first-line use

“Pixatimod (PG545)” Plaque assay, percent inhibition
from the cytopathic effect

32–51%
inhibition; 100
μg/mL

Prophylactic/therapeutic N/A [22] Emphasizes multi-modality if heparin;
possibly as prophylactic and
therapeutic

UFH Pseudotyped Lentivirus entry
inhibition

5.99 μg/L N/A N/A [32]

UFH (formulation) plaque inhibition assay with Vero
E6 cells

25–41 μg ml Treatment N/A [33]

Hexa- and
octasaccharides

Surface plasma resonance (SPR)
spike-heparin interaction
inhibition

38 nM Therapeutic [34] [35] Oligosaccharide based inhibitors

UFH (High mol weight
fractions)

Virus binding assay to Calu3,
human lung cancer cell line

<0.05 U/ml Therapeutic Nebulized
heparin
[36]

[37] Long-chain heparin molecules are more
effective than small ones`

Y. Gupta, D. Maciorowski, S.E. Zak et al. International Journal of Biological Macromolecules 183 (2021) 203–212
molecules is due to the large size of the spike protein and the number of
highly polymorphic glycoconjugates present on the protein surface
(Fig. 3). In general, the experimental investigation of novel compounds
is costly and requires an immense number of resources. However, the
use of computational drugdesign applications, such as virtual screening,
can be a time and cost-effective strategy to reduce the timeline and
costs associated with the preclinical phase of drug development.

3.1. In-silico drug discovery approach

In this study, a virtual screening through robust Glide module of
Schrodinger software suite [29] was applied to predict spike binders
preferring larger molecules binding to RBD-1 (ACE2 binding domain)
or RBD-2 (NRP1 binding domain). We found two different binding
poses with high binding energy against both closed (Glide energy:
−183) and open states (Glide energy: −194) of the spike protein. The
binding with the open state is in the trunk (S1-S2 junction) of the
spike protein, on the opposite side of the RBD (Figs. 4A & 5F). This struc-
tural region (pose) appears to support the open state and possibly assist
in ACE2 interactions. This could be the possible interaction responsible
for cell-bound heparan sulfate, thus playing a crucial role in spike-
ACE2 binding. On the other hand, in a closed state, heparin binds differ-
ently and the RBD domain is covered by heparin and the complex seems
to be ‘locked in a closed state (Figs. 4B & 5A–E). This is in line with the
previous reports on heparin sulfate being essential for spike binding to
ACE2 [30] and blocking of SARS-CoV-2 by sulfated polysaccharides
[18]. Moreover, the deletions andmutations now being found in various
clinical SARS–CoV-2 isolates, lie in the S protein region near viral fusion
domain 1 (S2), which is away from heparin binding to the closed state.
It is important to note that single mutations are less likely to hamper
macromolecular interactions with such a large interaction area.
Table 2
The reported efficacy of heparin against major non-SARS-CoV-2 viral pathogens. Note:-N/A (no

Type of
heparin

Assay format Efficacy Propose
usage

UFH Cellular cytopathogenicity 50% cytopathogenic
reduction at 7.5 μg/ml

Therape

Various forms of
heparin

plaque inhibition assay and viral
reduction assay with Vero cells

NA NA

Various forms of
heparin

plaque inhibition assay and viral
reduction assay with Vero cells

Up to 93.5% inhibition
at 200 μg/ml

Therape

Biomimetic
heparins

Plaque inhibition assay with vero
and 293TT cells

IC50 varied from
0.50–2.88 μg/ml

Therape
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Interestingly, the fact that unfractionated heparin is like cellular hepa-
ran sulfate was recently reported to be critical for SARS-CoV-2 spike
and ACE2 interactions [21,30]. Heparin being non-toxic (exception of
rare complications and allergies) has been categorized as an essential
therapeutic agent [2] and is being used as a topical application for sev-
eral other ailments [31].

The mutation mapping with respect to the heparin-binding site re-
vealed a high conservancy of the site as all the mutations were lying
away from the predicted interacting site (Fig. 6). These findings high-
light the importance of heparan sulfate interactions in SARS-CoV-2
viral invasions as well as conserved inhibitory/neutralization potential
of the free heparin sulfate against evolved strains with mutant forms
of spike protein trimer.

Similar analysis with mutants revealed the binding and scores were
comparable to the wild type we studied earlier (7CAI) (Fig. 7). We did
find lower scores for Danish-Mink mutant predicted structures
(−990).We cannot determine these differences are due to eithermuta-
tions or the variability in the open state of the variants. There is a further
need to evaluate the same through neutralization assays with the
strains carrying spike polymorphisms.

3.2. In-vitro antiviral evaluation of heparin

Following our virtual screening analysis of heparin, we performed
in-vitro validation studies to confirm our computational results. The
compound was tested for both entries of the virus to the host cells as
well as spread to new cells upon infection. The results of the entry
assay strongly support the specificity of the heparin against spike pro-
tein at nanomolar efficacy (IC50 = 12.3 nM/12300 pM, Fig. 2A). These
results reiterate the potential neutralizing property of heparin if used
as an entry blocker. Our study further confirms the current breadth of
t applicable). Many other viruses are sensitive to heparin & sulfated polysaccharides [38].

d Pathogen References Comments

utic HIV [39,40] No toxicity at a concentration up to 400 μg/ml

ZIKV [41] Promoted ZIKV replication. The longer the heparin
chain, the stronger the replication promotion

utic DENV [42,43] All formulations of heparin used in the study
inhibited DENV replication

utic HSV; HPV;
RSV; ROTV

[44] All of the studied viruses are heparan sulfate
dependent



Table 3
The reported mutants and their available structures. The region-specific variant's structures were predicted by supercomputers available from https://spikemutants.exscalate4cov.eu/
#pdb funded by EU grant 101003551 [45].

Common Name Accession No./PDB ID Lineage Mutations References

UK variant VOC 202012/01 B.1.1.7
lineage

HV 69–70 deletion, Y144 deletion, N501Y, A570D, D614G, P681H, T716I, S982A, and
D1118H.

[46–48]

South Africa variant 501Y.V2 B.1.351
lineage

L18F, D80A, D215G, R246I, K417N, E484K, N501Y, D614G and A701V. [49–51]

Danish Mink variant HV 69–70 deletion, Y453F, D614G, I692V, S1147L, and M1229I. [52,53]
Brazilian variant B.1.1.248 B.1.1.28 K417N/E484K/N501Y- L18F, T20N, P26S, D138Y, R190S, K417T, E484K, N501Y, D614G,

H655Y, T1027I, and V1176F.
[54–56]

Japan variant GISAID ID: EPI_ISL_792680
to 792,683

L18F, T20N, P26S, D138Y, R190S, K417T, E484K, N501Y, D614G, H655Y, T1027I, and
V1176F

[57]

D614G 7KDL D614G [58]
D614N 7AD1 D614N, R682S, R685G, A692P, A942P and V987P [59]
Engineered mutant
(polybasic site)

7NDB K987P, V986P, R685S, R683S and R682G [60]
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knowledge that suggests that heparinmay have antiviral properties.We
suspect that due to variations in testing procedures, previous studies
have underreported the antiviral efficacy of heparin (Table 1). The re-
ported efficacies of heparin/analogs against other viruses are included
in Table 2. In terms of the viral spread assay, the negative result in
nanomolar range is not unexpected. This is because this assay detects
viral progression primarily with major intracellular loads and therefore
needs higher concentration (Table 1). As the agent is testedwith already
infected (seeded) cultures the MOI increases exponentially even before
the next invasion cycle. Such numbers are not controlled by an invasion
inhibitor at the tested concentration range. This also confirms the use-
fulness of specific entry assays for complete viruses to determine neu-
tralization efficacy. Any therapeutic agents that interfere with the
specific entry mechanism of SARS-CoV-2 will have contrasting results
between these two assays. Our results demonstrate that dose-
dependent and highly efficacious blocking of virus loads through the
Fig. 1.ACE2 richMucocutaneous tissue and upper respiratorymucosa are the entry points for th
to block transmission.
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entry assay makes heparin an excellent candidate for transmission-
blocking of SARS-CoV-2. (See Fig. 3.)

3.3. Proposed heparin formulations for topical applications

Although the anticoagulant activity of heparin has been extensively
studied, studies show that UFH exhibits a varying level of biological activ-
ities due to its differential interaction characteristicswith various proteins
including antiviral, anti-inflammatory, and cytoprotective effects [61–63].
Sulfated polysaccharides in general have been shown to be inhibiting a
number of viruses [38,64]. For example, various studies show that UFH
has antiviral activity against many viruses causing major diseases which
have cellular entry dependency on Heparan sulfate (Table 2). Spike pro-
tein of SARS-CoV-2 in particular has been reported to be highly susceptible
to various other sulfated polysaccharides [18,65]. UFH is composed of a
mixture of different heparan sulfate polysaccharides with a variety of
e SARS-CoV-2 virus. The proposed interventionwith heparin formulation should be the key

https://spikemutants.exscalate4cov.eu/#pdb
https://spikemutants.exscalate4cov.eu/#pdb
pdb:501Y
pdb:7KDL
pdb:7AD1
pdb:7NDB


Fig. 2. Evaluation of antiviral activities of heparin. (A) against virus attachment and entry/fusion. The experimental procedure, virus concentration (PFU/well or MOI), and the time of
addition and treatment with the test compounds are presented in the method sections. (B) Nonobservance of inactivation of viral infections by the test compounds heparin. A virus
surface spike protein mediates SARS-CoV-2 entry into cells. Our results are in agreement with previous reports and show the contrast in antiviral activity (Ic50 = 12.3 nM in entry
assay vs. nil activity in spread assay in given concentration range) in different formats confirming the mechanism of action of heparin.
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target proteins in the host including growth factors. The topical use of
heparin is a safer option compared to the systemic delivery [66], however,
the transdermal penetration of heparin is demonstrated to be very low
due to its large size (3–30 kDa), hydrophilicity, and negative charge. The
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local use of heparin on the skin produces some desired effects, including
its anticoagulating and microcirculatory-modulatory actions as well as
its assistance in facilitating the diffusion of other useful drugs through
skin barriers [67,68]. However, a heavy dose of heparin does not
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Y. Gupta, D. Maciorowski, S.E. Zak et al. International Journal of Biological Macromolecules 183 (2021) 203–212
necessarily improve penetration through the intact skin but on the con-
trary, it is on the verge of becoming a concern due to pertinent adverse ef-
fects [31]. Therefore, heparin, if used in the form of an effective
formulation, could be a better choice due to the rational minimization of
any possible side effects, competent skin penetration, and the consequent
lowering of effective dose. In this context, liposomes, oil-in-water emul-
sions,microemulsions, viscous gels, pastes and creams, and sprayable for-
mulations are usually developed to address these issues [69–71].
However, the most desirable feature of the formulation is the absorption
of heparin in the stratum corneumbarrier and consequent therapeutic ef-
fects. Heparin formulation that meets these requirements will have far
greater chances of success specifically, for COVID-19 prevention. We are
currently pursuing the lipid-based formulations as they are much more
promisingdue to their indispensable properties, including thebiocompat-
ibility with skin lipids, its GRAS grade characters, amphiphilic nature
enabling the efficacious loading, penetration, and delivery of heparin
across the skin barriers attaining optimum therapeutic effect with
minimal side effects [70,71]. Skin softening, operative moisturization,
and impermeable film formation preventing an entry of undesired envi-
ronmental and biochemical particles are other advantages provided by
potential lipid-based nano-formulations. As such, our immediate focus
is to develop a range of formulations and evaluate their applicability as
translational blockers for COVID-19. These formulations will provide an
ultimate platform in developing treatments against COVID-19, which is
a necessity of the current unprecedented times. These formulations can
be applied at the proven entry sites on the human face, namely the area
Fig. 4.Molecular docking analysis of heparin against spike protein of SARS-CoV-2 envelope. The
open state i.e. RBD (brownhighlights on green) is protruding exposing the ACE2 binding region
state. This interaction could explain the role of heparan sulfate in facilitating ACE2 receptor bin
similarity to open state binding as heparinmolecule traces the sugar moieties (glycoconjugates
probably this is the reason for heparin (Unbound heparan sulfate) blocking spike-Ace2 interac
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near the eyes, nose, ears, and mouth as shown in Fig. 1. Such a well-
absorbed formulation can also be exploited for the control of other dis-
eases, for example, HIV transmission-blocking as well as conventional
usage of heparin for varicose vein/hemorrhoids venous thrombosis.

3.3.1. The safety profile of heparin
A strong safety profile and critical therapeutic applications have

made heparin one of the most widely used clinical compounds in the
world [2]. For most cases, the use of heparin at the recommended
doses does not threaten the livelihood of the patient and several clinical
studies have confirmed its benefit over minimal side effects [31].
Though, it must be understood that in special populations, especially
those that have a high risk of bleeding, the benefit of using heparin
must be critically evaluated before considering administration.

4. Conclusion and perspective

Our antiviral data strongly shows UFH can block viral entry at sub-
nanomolar concentrations. Additionally, in-silico analysis suggesting
free heparin interferes with cell surface heparan sulfate-Spike protein
interaction, a critical part required for binding with ACE2 receptor
(Figs. 4 & 5). With the unabated spread of SARS-CoV-2, containment is
the best strategy tomitigate this pandemic, although various lockdowns
and social distancing practices are based on the same strategy. Addi-
tional measures should include lowering infection loads to exposure
levels to aid in building herd immunity, such as wearing face masks
trimeric protein complex had two high scoring attachment sites (A) Heparin-binding to an
. This binding ismore supportive of spike-ACE2 interaction and possibly stabilizes the open
ding as reported earlier [15] (B) heparin-binding to the closed domain: This binding has a
) but due to different topology heparin seems tomasks the RBD domain (yellow circle) and
tions as also reported earlier [13].



Fig. 5. Cartoon representation of the proposed mechanism of heparan sulfate and heparin neutralization of SARS-CoV-2 virion. (A) This is a topological map of the domain architecture of
spike protein showing different functional regions. (B) Based on the essential role of Heparan sulfate [17] and the docking results suggest an open state of spike protein upon interacting
with HSPGs. (C) Interactions of open state spike protein with ACE2 and/or NRP1 receptors. (D) Cleavage of a spike by TMPRSS2 exposing viral fusion domains. (E) Fusion: Spike protein-
mediated fusion of viral envelope with host plasma membrane resulting in delivery of nucleocapsid to host cell cytoplasm, Internalization: Formation of endosomes like inclusions
mediated by Spike-Heparan sulfate-ACE2/NRP1 interactions leading to nucleocapsid delivery to host cytoplasm through further processing of spike by Furin and/or Cathepsin L and
Viral envelope and endosomal membrane fusion similar to the plasma membrane.
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Fig. 6. Relativemutation site analysiswith respect to heparin binding to the closed state. Inset table lists themutations reported as of February 2021 (GISAID-hcov-19with entropy greater
than 0.1). The three peptides constituting the spike trimer are colored red, blue and gray. Heparin mostly interacts with blue peptide in this pose, therefore, all the mutant positions are
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polysaccharides in the viral invasion as well as usability of heparin as a universal blocker of all the mutant spike variants.
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and eye shields. To supplement these mitigation approaches, specifi-
callywith frontlineworkers, close contacts and highly vulnerable popu-
lations, we propose the potential application of heparin-based nasal
sprays and mucocutaneous tropical formulations. Nebulized UFH has
been proposed as a therapeutic agent against COVID-19 [36]. Prelimi-
nary reports show limited success with time reduction (duration of
hospitalization) in extubating in COVID-19 patients [72]. Topical or
nasal formulated applications with enhanced absorption may be a key
to protect from highly contagious SARS-CoV-2 infection as the viral
load stays minimal during the transmission stage of the infection
cycle. The current topical applications are marred by only 4.2% bioavail-
ability for subdermal thrombosis [73] and the dermal accumulationdata
is still unavailable. Therefore, there is ample scope for improving its ef-
ficacy through more effective formulations.
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