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Fucosylated chondroitin sulfate (FucCS) is a unique marine glycosaminoglycan that exhibits diverse biological functions, including
antiviral and anticoagulant activity. In previous work, the FucCS derived from Pentacta pygmaea (PpFucCS) showed moderate
anticoagulant effect but high inhibitory activity against theWuhan strain of severe acute respiratory syndrome coronavirus (SARS-CoV-
2). In this study, we perform free-radical depolymerization of PpFucCS by the copper-based Fenton method to generate low molecular
weight (MW) oligosaccharides. PpFucCS oligosaccharides were structurally analyzed by 1H nuclear magnetic resonance spectroscopy
andwere used to conduct structure–activity relationship studies regarding their effects against SARS-CoV-2 and clotting. Anticoagulant
properties weremeasured by activated partial thromboplastin time, protease (factors Xa and IIa) inhibition by serine protease inhibitors
(antithrombin [AT] and heparin cofactor II [HCII]), and competitive surface plasmon resonance (SPR) assay using AT, HCII, and IIa. Anti-
SARS-CoV-2 properties were measured by the concentration-response inhibitory curves of HEK-293T-human angiotensin-converting
enzyme-2 cells infected with a baculovirus pseudotyped SARS-CoV-2 Delta variant spike (S)-protein and competitive SPR assays using
multiple S-proteins (Wuhan, N501Y [Alpha], K417T/E484K/N501Y [Gamma], L542R [Delta], and Omicron [BA.2 subvariant]). Cytotoxicity
of native PpFucCS and oligosaccharides was also assessed. The PpFucCS-derived oligosaccharide fraction of the highest MW showed
great anti-SARS-CoV-2 Delta activity and reduced anticoagulant properties. Results have indicated no cytotoxicity andMWdependency
on both anti-SARS-CoV-2 and anticoagulant effects of PpFucCS, as both actions were reduced accordingly to the MW decrease of
PpFucCS. Our results demonstrate that the high-MW structures of PpFucCS is a key structural element to achieve the maximal anti-
SARS-CoV-2 and anticoagulant effects.
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Introduction

Severe acute respiratory syndrome coronavirus (SARS-CoV-
2) is an enveloped betacoronavirus and causal pathogen of
the COVID-19 pandemic (Hu et al. 2020). Glycosylated spike
protein (S-protein) receptor-binding domain (RBD) present on
the envelope of SARS-CoV-2 is the primary mode of contact
with the host-cell heparan sulfate proteoglycans (HSPGs) and
angiotensin-converting enzyme-2 (ACE2) receptor during the
infectivity (Clausen et al. 2020). This interaction is key to
membrane fusion, internalization of the virus particle in the
host cell, and subsequent infection (Belouzard et al. 2012).
Multiple random mutations in the SARS-CoV-2 (Wuhan-

Hu-1 strain) genome has led to a series of rapidly emerging
viral variants (Cosar et al. 2022). Some of these variants have
highly mutated S-protein, which is directly responsible for the
increased pathogenicity of the strain (Harvey et al. 2021). The
World Health Organization has classified the SARS-CoV-2
variants of concern (VOC) based on multiple features such as
transmissibility, virulence, transmission, capability of evading
diagnosis and therapeutic interventions, and general disease
symptoms (Thakur et al. 2022). Among all currently circu-
lating VOCs, Delta (B.1.617.2) and Omicron (B.1.1.529) are
those with highest transmissibility and virulence.Delta variant
(B.1.617.2), which was first identified in India, has been

recognized as the most aggressive variant so far (Thakur et
al. 2022). The high pathogenicity of Delta variant is adjudged
to the 10 amino acid mutations in its S-protein of which 3
are considered as key mutations (L452R, T478K, and P681R)
(Aleem et al. 2022). This has resulted in significant immune
evasion and high transmissibility of this VOC, consequently
leading to additional wave of the pandemic (Planas et al. 2021;
Saito et al. 2021; Tian et al. 2021).
Development of potential medicines capable of treating

the pathological consequences of COVID-19 and inhibiting
the infectivity of a broad range of emerging variants is
increasingly important. Different classes of molecules are
being investigated as the probable anti-SARS-CoV-2 inhibitors
(Shyr et al. 2020; Xiu et al. 2020). Some of these rely on the
inhibitory strategy of disrupting the viral S-protein binding
with the host cell surface HSPG and ACE2. The competitive
inhibition of S-protein-HSPG binding by sulfated glycans, like
heparin and heparin mimetics (sulfated polysaccharides and
synthetic heparin mimetics), has shown to effectively inhibit
SARS-CoV-2 (Wuhan-Hu-1 strain) infection in multiple
pseudovirus- and live virus-based assays (Tandon et al. 2021;
Guimond et al. 2022). However, sulfated glycans can be also
potent anticoagulant agents (Pereira et al. 1999; Farias et al.
2000; Wu et al. 2015; Mourão 2015). Hence, discovery of
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naturally potent anti-SARS-CoV-2 sulfated glycans with
reduced anticoagulant properties or the dissociation of the
anticoagulant and anti-SARS-CoV-2 properties are 2 possible
ways to overcome these anticoagulant side effects. In previous
works, we were able to give examples of these 2 cases
(Dwivedi et al. 2021; Kim et al. 2022). A new fucosylated
chondroitin sulfate (FucCS) from the body wall of the sea
cucumber Pentacta pygmaea (PpFucCS) showed moderate
anticoagulant but high anti-SARS-CoV-2 activity against the
Wuhan-Hu-1 strain as compared to the gold standard heparin
(Dwivedi et al. 2021). In another study, molecular weight
(MW) reduction of the highly anticoagulant sulfated galactan
from the red alga Botryocladia occidentalis (BoSG) was
capable to select the anti-SARS-CoV-2 property by significant
depletion of its anticoagulant effect (Kim et al. 2022).
In this work, we examine the effects of MW on the

functions of PpFucCS as anticoagulant and anti-SARS-CoV-
2 molecule. For this, we performed free-radical depoly-
merization of PpFucCS to selectively cleave the backbone
of this sulfated glycan to produce oligosaccharides for
further use in biological studies. 1D 1H nuclear magnetic
resonance (NMR) spectroscopy is used to assess structural
information of PpFucCS oligosaccharides. Anticoagulant
properties of PpFucCS oligosaccharides were assessed by
activated partial thromboplastin time (aPTT) and inhibitory
effects of coagulation proteases, factors IIa (thrombin), and
Xa by serine protease inhibitors (serpins), antithrombin (AT),
and heparin cofactor II (HCII). Investigation of the SARS-
CoV-2 activity of native PpFucCS and its oligosaccharides is
extended to the more infectious SARS-CoV-2 Delta strain
using HEK-293T expressing human ACE2 (HEK-293T-
hACE2) cells using a baculovirus pseudotyped with SARS-
CoV-2 S-protein (Delta strain) and tomultiple strains (Wuhan,
N501Y [Alpha], K417T/E484K/N501Y [Gamma], L542R
[Delta], and Omicron [BA.2 subvariant]) by competitive
surface plasmon resonance (SPR). Current results have
indicated that the native high-MW structure of PpFucCS is
required for its inhibitory effects against coagulation and
SARS-CoV-2 infection.

Results and discussion

Extraction and purification of PpFucCS

Extraction of PpFucCS was achieved by papainolytic diges-
tion of the dried body wall of sea cucumber P. pygmaea as
reported earlier (Dwivedi et al. 2021). Digested crude extract
upon anion exchange chromatographic purification yielded
pure PpFucCS when eluted using a linear gradient of NaCl (0–
3 M) (Supplementary Fig. S1). Purity and structural integrity
of native PpFucCS preparation were confirmed by 1D 1H
NMR spectrum (Supplementary Fig. S2, top spectrum). The
1D 1H NMR spectrum of purified PpFucCS showed absence
of any solvent impurities or contaminants and presence of
only characteristic 1H NMR signals of the PpFucCS structure
(Fig. 1A). These 1H NMR signals are indicated as A, B, C, and
D in the α-anomeric region (δH 5.9–5.3 ppm) for the following
4 fucose (Fuc) branching units, α-Fuc2,4S, α-Fuc2,4S, α-
Fuc4S, and α-Fuc0S; the β-anomeric region (δH 5.2–4.5 ppm)
of the N-acetylgalactosamine (GalNAc) and glucuronic acid
(GlcA) of the FucCS backbone, ring 1H signal region (δH 5.0–
3.5 ppm), and the far upfield methyl region of GalNAc and
Fuc (δH 2.4–1.2 ppm) (Dwivedi et al. 2021).

Free-radical depolymerization of PpFucCS

Branching mono- or di-Fuc units and sulfation patterns are
the functional structural feature of the PpFucCS structure
{→3)-β-GalNAcX-(1 → 4)-β-GlcA-[(3 → 1)Y]- (1→}, where
X = 4S (80%), 6S (10%), or nonsulfated (10%); Y = α-
Fuc2,4S (40%), α-Fuc2,4S-(1 → 4)-α-Fuc (30%), or α-Fuc4S
(30%) (Fig. 1A). Free-radical depolymerization by modified
Fenton chemistry has been proven to be efficient in producing
structurally intact FucCS oligosaccharides (Li et al. 2017)
through selective cleavage of the glycosidic bonds between
the backbone GlcA and GalNAc residues (Li et al. 2016). We
performed depolymerization of PpFucCS using copper-based
Fenton chemistry under the conditions described previously to
prevent extensive defucosylation or desulfation in the FucCS
structure (Li et al. 2016). The H2O2 concentration (source
of free radical), copper concentration, temperature, pH, and
time are key factors that contribute to the quality of the
Fenton reaction.Hence,we examined different concentrations
of H2O2 (20 mM, 100 mM, and 200 mM) and Cu(OAc)2
(0.02 mM, 0.2 mM, and 2 mM) for the successful and
controlled depolymerization of PpFucCS at 60 ◦C and pH 6.0.
Supplementary Figure S3 shows 2 of these tested conditions.
Among all examined conditions, PpFucCS (2 mg in 0.1 M
NaOAc, pH 6.0) treated with 200 mM H2O2 in the pres-
ence 0.02 mM Cu(OAc)2 at 60 ◦C was selected. Progress
of the reaction was monitored at different time durations,
15 min, 30 min, 60 min, 180 min, and 360 min. The reac-
tion mixture was quenched using chelex resin (50–100 mesh
size) at different time points to choose the optimal reaction
duration.
The MW distribution and the structural integrity of the

PpFucCS oligosaccharides produced were investigated by
polyacrylamide gel electrophoresis (PAGE; Fig. 1B) and 1D
1H NMR spectroscopy (Fig. 1C). The 1D 1H NMR analyses
of the reaction mixtures at 3 intermittent time points (30
min, 60 min, and 180 min) indicated the intactness of the
repeating unit of the molecule (Fig. 1C). The characteristic 1D
1H NMR peaks of the α-anomeric protons in the branching
Fuc (α-Fuc2,4S (A), α-Fuc2,4S (B), α-Fuc4S (C) and α-Fuc0S
(D)) at the above time points were found resonating in
the same original region (δH 5.9–5.3 ppm) (Fig. 1C) with
constant relative peak integral values. The methyl peaks
of GalNAc and Fuc resonate in the original region of δH
at 2.4–1.4 ppm like those in the native PpFucCS spectrum
(Fig. 1C and Supplementary Table S1). The constant integral
ratio of GalNAc-COCH3 and Fuc-CH3 methyl peaks upon
depolymerization confirms no defucosylation and, thus, a
selective cleavage solely at the backbone glycosidic linkages.
The similar chemical shifts of the α-anomeric 1H peaks of
branching Fuc in the depolymerized products as compared
to the native PpFucCS rule out any potential desulfation
occurring at the Fuc units upon depolymerization process.
Production of shorter chain oligosaccharides than the native
PpFucCS was monitored as a function of depolymerization
time (Fig. 1B). Among all time courses tested, 180 min was
optimal for formation of oligosaccharides in a similar range
of the low-MW heparin (LMWH) for further fractionation in
size exclusion chromatography (SEC). Hence, approximately,
40 mg of pure PpFucCS was then depolymerized under these
conditions for the scaled-up production of oligosaccharides
to SEC fractionation and structure–activity relationship
studies.
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Fig. 1. Free-radical depolymerization of PpFucCS by copper-based fenton method. A) Structural representation of PpFucCS, showing a chondroitin sulfate
backbone of alternating GalNAc and GlcA in repeating disaccharide units of [→3)-β-GalNAc-(1 → 4)-β-GlcA-(1→]n, where the GalNAc units are mostly
4-sulfated (80%), 6-sulfated (10%), or nonsulfated (10%). The GlcA units are substituted at the C3 position by 3 types of α-Fuc branches: 40%
[Fuc2,4S-(1→] (A unit in NMR), 30% [Fuc2,4S-(1 → 4)-Fuc-(1→] (B → D units in NMR), and 30% [Fuc4S-(1→] (C unit in NMR), where S = SO3

−. B)
Optimization of free-radical depolymerization reaction conditions of PpFucCS achieved by copper-based Fenton method—2 mg/mL of PpFucCS
depolymerized by 0.02 mM copper (II) acetate and 200 mM H2O2 for different durations: 15 min, 30 min, 60 min, 120 min, 180 min, and 360 min. MW
distribution of the depolymerized reaction mixture was analyzed by PAGE using the molecular markers: LMWH, and native PpFucCS. C) 1D 1H NMR
spectra were recorded in D2O, at 50 ◦C, on a 500 MHz Bruker NMR instrument for the native PpFucCS and its depolymerized reaction mixture at 3 time
points (30 min, 60 min, and 180 min). The NMR signals corresponding to characteristic fucosyl branches in the α-anomeric region (δH expansion
5.9–5.3 ppm) of the depolymerized products obtained at different time points are labeled on top of the spectral stack as A (Fuc2,4S), B (Fuc2,4S), C
(Fuc4S), and D (Fuc0S). Upfield region (δH expansion 2.5–1.4 ppm) diagnostic of 1H signals from the protons of GalNAc-COCH3 and of Fuc-CH3 shows
the characteristic methyl peaks from native PpFucCS and oligosaccharide mixtures. The signals indicated with asterisks are from solvent.

Fractionation of depolymerized PpFucCS
oligosaccharides

The mixture of PpFucCS oligosaccharides from hydrolyzed
PpFucCS (HdPpFucCS) obtained after a 180-min Fenton
reaction was then fractionated by SEC using a Bio-Gel P-
10 column. Oligosaccharides were eluted with 10% ethanol
in 1 M NaCl and assayed for metachromicity with 1,9-
dimethymethylene blue (DMB). The chromatogram in Fig. 2A
shows the elution profile of PpFucCS oligosaccharides. The
lack of narrow peaks in the chromatogram indicates the
continuous dispersion of oligosaccharide distribution in
the HdPpFucCS as previously noticed by the polydisperse
nature seen in PAGE (Figs. 1B and 2B) unlike the distinct
narrow bands seen for LMWH in PAGE which translate
into well-defined peaks on the Bio-Gel P10 chromatogram
(Supplementary Fig. S4; Oliveira et al. 2015). The undefined
SEC profile of HdPpFucCS was still able to produce low-MW
fraction of PpFucCS, which were labeled as Fr1–Fr4 based

on their respective elution time. Oligosaccharide fractions
were assayed for their respective MW distribution by PAGE
(Fig. 2B). The MW distribution was assessed in comparison
with mammalian glycosaminoglycans of known MWs:
LMWH, unfractionated heparin (UFH), and chondroitin
sulfate-C (CS-C).

Structural analysis of PpFucCS oligosaccharides

Fractionated PpFucCS oligosaccharides were subjected to 1D
1H NMR spectral analysis to investigate their structures. The
decrease in the size of the PpFucCS chain length did not com-
promise the structural integrity of the repeating unit in most
of the produced oligosaccharides (Fig. 2C). The 1H chemical
shift values (Table 1) of the α-anomeric signals of Fuc units in
PpFucCS, HdPpFucCS, and Fr1–3 show clear evidence of the
presence of the 4 units as in the native PpFucCS structure—α-
Fuc2,4S (δH 5.83 ppm), α-Fuc2,4S (δH 5.76 ppm), α-Fuc4S
(δH 5.64 ppm), and α-Fuc0S (δH 5.59 ppm; Fig. 2C). This
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Fig. 2. Fractionation and structural characterization of PpFucCS oligosaccharides. A) Depolymerized PpFucCS (40 mg) obtained through free-radical
depolymerization using 0.02 mM copper acetate, 200 mM H2O2 for 180 min, was fractionated on a Bio-Gel P10 column (1.5 cm × 170 cm) using 10%
ethanol in 1 M NaCl as elution buffer. Multiple fractions (1 mL each) were collected at a flow rate of 1.0 mL/15 min. Fractions were individually analyzed
by metachromatic assay using 1,9-dimethylmethylene blue (Abs 525 nm) for the presence of oligosaccharides. The fractions corresponding to the
respective peaks, were pooled, and labeled as Fr1–Fr4. B) MW distribution of native PpFucCS, unfractionated depolymerized PpFucCS (HdPpFucCS),
and the purified PpFucCS oligosaccharides (Fr1–Fr4) were analyzed by PAGE using a series of molecular markers: LMWH, UFH, and CS-C. C) 1D 1H
NMR spectral stack showing the expansion from the α-anomeric region (δH expansion 5.9–5.3 ppm) and the methyl region (δH expansion 2.5–1.4 ppm)
of the fractionated oligosaccharides (Fr1–Fr4), HdPpFuccS, and native PpFucCS. 1D 1H NMR spectra confirmed the presence of the 2 mono-Fuc
branches (α-Fuc2,4S and α-Fuc4S) and 1 di-Fuc branch (α-Fuc2,4S-(1 → 4)-α-Fuc), attached to the C3 position of the GlcA linked to GalNAc unit in the
backbone of all fractions, except Fr4. Fraction 4 exhibits an upfield 1H shift of the Fuc anomeric peaks, suggesting possible desulfation. Peaks are labeled
as A, B, C, and D corresponding to 4 α-Fuc units: Fuc2,4S, Fuc2,4S, Fuc4S, and Fuc0S. All 1D 1H NMR spectra were acquired at 50 ◦C on a 500 MHz
Bruker NMR instrument. The signals indicated with asterisks are from solvent.
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Table 1. 1H chemical shift (δH, ppm) values of α-anomerics (1H1) of branching Fucs (A-D), acetyl methyl groups of GalNAc, and fucosyl methyl groups
from PpFucCS and oligosaccharides

δH (ppm)a

Unit PpFucCS HdPpFucCS Fr1 Fr2 Fr3
Fuc2,4S (A) 5.83 5.84 5.85 5.86 5.84
Fuc2,4S (B) 5.76 5.68 5.69 5.70 5.68
Fuc4S (C) 5.64 5.56 5.57 5.57 5.55
Fuc0S (D) 5.59 5.50 5.52 5.52 5.50
GalNAc-CH3 2.30 2.22 2.20 2.24 2.23
Fuc-CH3 1.50 1.51 1.52 1.52 1.52

aChemical shift values were acquired at 500 MHz at 50 ◦C and referenced to external trimethylsilylpropionic acid for 0 ppm for 1H.

confirms that Fr1–Fr3 have same structures but different
sizes. The broadening of the Fuc methyl peak (δH 1.5 ppm)
could be attributed to the changes associated with cleavage
of bonds in the backbone affecting the chemical shift pro-
file of the Fuc-CH3 groups in the formed oligosaccharides
(Fig. 2C). The 1H-13C heteronuclear single quantum coher-
ence (HSQC) spectrum of the depolymerized PpFucCS mix-
ture at 180 min (HdPpFucCS) confirmed the integrity of the
sulfation pattern in the GalNAc units since the NMR signal
profile looks like the HSQC spectrum of the native molecule
(Supplementary Fig. S5 and Supplementary Table S2).
Fr 4 with the smallest size distribution in PAGE (Fig. 2B),

however, exhibited a different NMR spectral profile as
compared to the native PpFucCS and other fractions (Fig. 2C).
A significant different pattern of 1H NMR peaks in the
α-anomeric region of the Fr4 indicates multiple chemical
changes accompanying the drastic MW reduction, likely
due to extensive desulfation as the 1H signals move toward
the upfield region. Nonetheless, the Fenton chemistry was
demonstrated to preserve the structural integrity of the
native PpFucCS in most of the oligosaccharides produced
(Fr1–Fr3), and just a small percentage of the very low-
MW (Fr4) appeared more chemically modified. The blue
staining of Fr4 as opposed to the purple coloration of Fr1–
Fr3 in PAGE (Fig. 2B) and the very low metachromatic
property at Bio-Gel P-10 chromatogram (Fig. 2A) support
the low sulfation content observed by 1D 1H NMR (Fig. 2C).
Regardless of desulfation in Fr4, together with Fr1–Fr3, all
fractionated PpFucCS oligosaccharides showed the same
original peak integral ratio of GalNAc-CH3 and FucCH3,
demonstrating no defucosylation by the Fenton reaction. Full
1D 1H NMR spectra of all PpFucCS fractions are displayed
in Supplementary Fig. S6.

Anticoagulant activities of PpFucCS
oligosaccharides

The MW reduction has been shown to impact anticoagulant
activity of FucCS, in general (Li et al. 2017). We exam-
ined the anticoagulant properties of the 4 PpFucCS fractions
(Fr1–Fr4), HdPpFucCS, native PpFucCS, and UFH by aPTT
assay and serpin-mediated inhibitory assays to investigate the
structure-activity relationship of PpFucCS. Results indicate a
significant decrease in prolonging the coagulation time of all
fractions compared to native PpFucCS (Fig. 3A). HdPpFucCS
and Fr1 show an aPTT value of 6 IU/mg and 12 IU/mg in com-
parison to 30 IU/mg exhibited by native PpFucCS (Table 2).
The Fr2, Fr3, and Fr4 demonstrated a significant compro-
mised aPTT prolongation (Fig. 3A, Table 2). We performed
AT-dependent IIa and Xa inhibition and HCII-dependent IIa

inhibition to further investigate the effects of oligosaccharides
and MW reduction in the activity of the serpin-mediated
protease inhibition (Fig. 3B–D). The aPTT and IC50 values
of the oligosaccharides are presented in Table 2. The serpin-
mediated analysis demonstrates a significant loss in both AT
and HCII inhibition of IIa and Xa as all PpFucCS low-MW
products did not exhibit the half-maximum inhibitory concen-
tration at the highest tested concentration (100 μg/mL). This
result indicates a size-dependent phenomenon to the anticoag-
ulant property of PpFucCS. The Fr1 (IC50 = 4.7 μg/mL) and
HdPpFucCS (IC50 = 9.6 μg/mL; Fig. 3B), however, exhibited
a residual HCII-IIa activity compared to the lower MW
oligosaccharides Fr2, Fr3, and Fr4 in Fig. 3B. This residual
action was not observed in the case of AT-mediated inhibition
of IIa and Xa by the oligosaccharides (Fig. 3C and D), which
is the more predominant system in the coagulation cascade,
explaining therefore the very low activity seen by the general
aPTT assay (Fig. 3A).

Anti-SARS-CoV-2 activity and cytotoxicity of
PpFucCS oligosaccharides

PpFucCS is a potent anti-SARS-CoV-2 molecule which
exhibits its inhibitory activity by its competitive inhibition of
SARS-CoV-2 S-protein binding to host-cell HSPGs (Dwivedi
et al. 2021). Here, we investigate the inhibitory activity
of both PpFucCS and low-MW products against Delta
variant (a more virulent and infectious strain compared to
the previously studied Wuhan strain) using the technology
of green fluorescent protein (GFP) transduction in HEK-
293T-hACE2 cells infected with pseudotyped SARS-CoV-
2 S-protein (Delta variant). The low-MW PpFucCS products
studied here were used to correlate the effect of MW
distribution on its anti-SARS-CoV-2 action against the Delta
strain. The SPR-based results discussed further will give
insights regarding the MW contribution in the anti-SARS-
CoV-2 action of PpFucCS in other strains.
From the inhibitory concentration-response curves, it was

interesting to see that the native PpFuccS exhibits potent
and efficacious inhibitory action against SARS-CoV-2 Delta
variant comparable to UFH, while oligosaccharides show a
decrease in activity (Fig. 4A and Table 2). Comparison of the
low-MW PpFucCS products show that HdPpFucCS and Fr1
can retain higher efficacy than Fr2, Fr3, and Fr4, while show-
ing marginally less than native PpFucCS and UFH (see Imax
values in Table 2). Results clearly demonstrate a decrease in
the activity of PpFucCS oligosaccharides in a size-dependent
manner as we analyze the activities from Fr1 to Fr4. Fr4,
with the lowest MW distribution, appears to significantly
lose its antiviral activity as it starts a plateau very below the
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Fig. 3. Anticoagulant concentration-response of PpFucCS oligosaccharides. A) aPTT, B) HCII-mediated factor IIa inhibition, C) AT-mediated factor Xa
inhibition, and D) AT-mediated factor IIa inhibition. The polysaccharides examined (in a concentration range up to 50 μg/mL) for the anticoagulant activity
included UFH, CS-B, PpFucCS, HdPpFucCS, Fr1, Fr2, Fr3, and Fr4. The dotted line in panels B-D indicate the half-maximal inhibitory activity of the
polysaccharides. The concentrations of coagulation (co)factors used in the experiments were 10 nM of AT or HCII and 2 nM of factors IIa or Xa. Each
experiment was performed in triplicates and each point in plotted data represents the mean ± SD of the triplicated set.

Table 2. IC50 values of anticoagulant and anti-SARS-CoV-2 Delta (B.1.617.2) activities of UFH, PpFucCS, and PpFucCS oligosaccharides

Glycan Anticoagulant activity Anti-SARS-CoV-2 (B.1.617.2)a

aPTT (IU/mg)b HCII/IIa AT/Xa AT/IIa IC50 (μg/mL) Imax
IC50 (μg/mL)

UFH 180 0.6 ± 0.07 0.025 ± 0.06 0.03 ± 0.003 0.3 ± 0.2 98.4 ± 0.8
PpFucCS 30.2 ± 0.02 0.2 ± 0.02 1.8 ± 0.2 1.2 ± 0.07 0.5 ± 0.3 98 ± 0.2
HdPpFucCS 6.6 ± 0.44 9.6 ± 1.3 NDc ND 5.4 ± 1.4 94.7 ± 2.7
Fr1 12 ± 0.19 4.7 ± 0.8 ND ND 3 ± 0.2 96.5 ± 1.0
Fr2 ND ND ND ND 0.2 ± 0.2 75.8 ± 4.5
Fr3 ND ND ND ND 0.3 ± 0.5 56 ± 8.6
Fr4 ND ND ND ND ND 28 ± 15.5
CS-B - 6.2 ± 2.1 - - - -

aIC50 values of anti-SARS-CoV-2 inhibitory activity of UFH, PpFucCS, and PpFucCS oligosaccharides were determined against HEK 293T-hACE2 cells
infected with baculovirus pseudotyped with SARS-CoV-2 S-protein of the Delta variant. Each value is mean ± SD of triplicate measurements. bValues were
calculated using a parallel UFH (180 IU/mg) standard curve. Each value is mean ± SD of triplicate measurements. cND, not determined.

half-maximum inhibitory concentration level with a very low
concentration (Fig. 4A). The IC50 values, derived from the
anti-SARS-CoV-2Delta variant analysis, are shown in Table 2.

PpFucCS and its oligosaccharides do not exhibit cytotoxic-
ity against HEK 293T cells when examined at the highest
concentration used in the antiviral assay (50 mg/L; Fig. 4B)
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Fig. 4. Anti-SARS-CoV-2 Delta (B.1.617.2) and cytotoxic activities of PpFucCS oligosaccharides. A) PpFucCS oligosaccharides were assayed for their
potential to inhibit GFP transduction in HEK-293T-hACE2 cells infected with pseudotyped SARS-Cov-2 S-protein Delta variant. Normalized values from
the assay were analyzed by nonlinear regression to fit a dose–response curve using the least squares method considering each replicate value as an
individual point. The plotted curve shows percentage of SARS-CoV-2 Delta variant inhibition in a (log) concentration-dependent manner. Curves in the
plot represent the following: UFH, PpFucCS, HdPpFucCS, Fr1, Fr2, Fr3, and Fr4. B) Bar plots represent percentage cell viability of HEK-293T-hACE2 cells
when treated with the above-mentioned sulfated glycans at the highest examined concentration (50 mg/L). Each experiment was performed in
triplicates and each point in plotted data represents the mean ± SD of the triplicate set.

and at a concentration of 500 mg/L to disregard any toxic
potential close to the studied range (Supplementary Fig. S7).
Interestingly, among all tested fractions, the PpFucCS-derived
oligosaccharide fraction of the highest MW, Fr1, showed great
activity against the Delta variant as compared to the native
PpFucCS and UFH and reduced anticoagulant effect.

Binding of PpFucCS and oligosaccharides to
SARS-CoV-2 S-protein RBDs and blood (co)-factors

The interactions between the coagulation (co)-factors and S-
protein RBDs of different SARS-CoV-2 variants with native
PpFucCS, PpFucCS oligosaccharides, and UFH was investi-
gated by SPR to explain the observed decrease actions of
PpFucCS in anticoagulation and anti-SARS-CoV-2 (multiple
VOCs) and to compare the activities of PpFucCS and deriva-
tives with UFH. The binding of the 8 tested proteins to the 7
sulfated glycans was examined through the competitive inhibi-
tion SPR assay using heparin immobilized on the streptavidin
(SA)-coated sensor chip. Figure 5 illustrates the plots pre-
senting normalized protein bindings of glycans: AT (Fig. 5A),
HCII (Fig. 5B), IIa (Fig. 5C), SARS-CoV-2WT RBD (Fig. 5D),
SARS-CoV-2 N501Y (Alpha) RBD (Fig. 5E), SARS-CoV-2
L542R (Delta) RBD (Fig. 5F), SARS-CoV-2 triple mutant
K417T/E484K/N501Y (Gamma) RBD (Fig. 5G), and SARS-
CoV-2 Omicron (BA.2 subvariant) RBD (Fig. 5H). Values
in Table 3 depict the percent inhibition in binding of the
respective proteins to the surface heparin caused by the 7
sulfated glycans.

SPR-based results with the coagulation proteins indicate
that PpFucCS and low-MW derivatives have lower affinity
for AT than UFH (Fig. 5A), which correlates well with the
observed lower activity in AT/Xa and AT/IIa inhibitory sys-
tems of Fig. 3C and D.Results also reveal that the direct bind-
ing of PpFucCS oligosaccharides to IIa to be only marginally
less than UFH (Fig. 5C). As expected, the PpFucCS and its
low-MW oligosaccharides generally exhibit strong binding
to HCII (Fig. 5B), explaining the observed strong action of
PpFucCS and residual action of oligosaccharides (HdPpFucCS
and Fr1) when tested in the HCII/IIa system (Fig. 3B).
Regarding the different RBDs, the PpFucCS oligosaccha-

rides show a clear decrease in binding in a size-dependent
manner (Fig. 5D–H). Among all oligosaccharide fractions
tested, Fr1 exhibited comparatively higher binding in all the
examined RBDs. The SPR-based results have demonstrated
that the native high-MW PpFucCS structure is efficient to
bind to all tested RBDs and with stronger affinity than
UFH (Table 3). Inhibition was slightly less effective against
the Omicron RBD (BA.2 subvariant) RBD but still higher
than UFH for most of the PpFucCS derivatives (Fig. 5H).
The contribution of MW in the inhibitory interaction of
PpFucCS and derivatives with Delta RBD corroborates
the MW-dependent mechanism observed in the cell-based
experiment of Fig. 4. Native PpFucCS presents significant
binding inhibition of RBDs from 2 circulating VOCs, Delta
(100%), and Omicron (85%). In all, the SPR-based analyses
(Fig. 5) have clearly supported our previous findings that
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Fig. 5. Competitive SPR binding of blood (co)-factors and SARS-CoV-2 RBDs to surface heparin in the presence of sulfated glycans. The bar plots
indicate normalized binding of A) AT, B) HCII, C) thrombin (IIa), and SARS-CoV-2 RBDs of D) WT, E) Alpha N501Y mutant, F) Delta L542R mutant, G)
Gamma triple K417T/E484K/N501Y mutant, and H) Omicron (BA.2 subvariant) to surface heparin-immobilized sensorchip in the presence of UFH,
PpFuCS and fragments. UFH, PpFucCS, HdPpFucCS, Fr1, Fr2, Fr3, and Fr4. The numbers on top of each bar indicate the average normalized binding
value obtained in the experiments. The normalization has been measured with respect to only protein bound to the surface heparin. Each experiment
was performed in triplicates and each point in plotted data represents the mean ± SD of the triplicate set.

Table 3. Inhibitory percentage of exogenous sulfated glycans in competitive SPR binding of coagulation Serpins (AT and HCII), factor IIa, and
SARS-CoV-2 S-protein RBDs (WT and variants) to heparin-immobilized sensor chip

Glycan Blood (co)-factors SARS-CoV-2 S-protein RBDs

AT HCII IIa WT N501Y Delta Triple mutant Omicron BA.2

UFH 95 ± 0.7 100 75 ± 0.3 93 ± 2.5 93 ± 2.6 81 ± 4.5 100 54 ± 6.7
PpFucCS 34 ± 2.2 100 55 ± 0.4 100 100 100 100 85 ± 3.8
HdPpFucCS 8 ± 0.3 100 56 ± 0.8 100 98 ± 1.5 71 ± 7.2 100 70 ± 1.7
Fr1 10 ± 1.6 100 55 ± 0.6 96 ± 1.2 91 ± 3.7 77 ± 8.1 99 ± 1.6 67 ± 1.9
Fr2 6 ± 1.4 100 35 ± 0.5 71 ± 5.6 61 ± 9.5 60 ± 8.7 80 ± 3.7 61 ± 2.9
Fr3 8 ± 0.5 90 ± 8.9 55 ± 0.6 46 ± 5.9 43 ± 11.9 60 ± 7.6 49 ± 3.2 52 ± 3.8
Fr4 3 ± 1.2 77 ± 6.8 20 ± 0.7 25 ± 6.3 35 ± 14.6 60 ± 4.6 36 ± 3.7 31 ± 4.3

Values in the table were calculated by subtracting the normalized binding values (in %) from the control value (100%) which are just proteins alone.
Normalized binding values were determined from competitive SPR measurements of the binding S-proteins and coagulation factors (serpins and protease) to
surface heparin in the presence of UFH, PpFucCS, and PpFucCS oligosaccharides. Each value is mean ± SD of triplicate measurements.

the anticoagulant (Fig. 3) and anti-SARS-CoV-2 (Fig. 4)
properties of PpFucCS are MW-dependent.

Conclusions

Free-radical depolymerization of PpFucCS by copper-based
Fenton method was successfully employed in generating
oligosaccharides with shorter chain lengths and conserved
structural integrity like native PpFucCS. Our results suggest
that native highMWof PpFucCS is a key structural element to
achieve the maximal anticovid and anticoagulant effects. We
can, however, consider the PpFucCS-derived oligosaccharide
fraction Fr1 of highest MW as an interesting preparation
for future studies, given its reduced anticoagulant property
but still high anti-SARS-CoV-2 activity. As opposed to BoSG
(linear sulfated galactan) whose anticoagulant and anti-SARS-
CoV-2 actions are, respectively, dependent and independent of
MW (Kim et al. 2022), these 2 biomedical activities are mostly
dependent of high-MW in the case of PpFucCS (branched

GAG). This indicates that the biomedical effects of marine
sulfated poly/oligosaccharides can be dictated not only by
only 1 structural feature but by a conjunction of structural
features such as the combination of the native structure
(linear homopolysaccharides versus branched GAG) and MW
distribution.

Materials and methods

Extraction and purification of PpFucCS

PpFucCS was isolated from the body wall of the sea cucumber
P. pygmaea (Gulf Specimen Lab Gulf of Mexico, Florida
Keys) by proteolytic digestion using papain (Sigma, St. Louis,
MO, United States), as reported earlier (Dwivedi et al. 2021).
The dry crude extract was fractionated by anion exchange
chromatography on a column (1.5 cm × 20 cm) packed with
DEAE-Sephacel resin (Sigma). Elution was performed using a
linear gradient of NaCl (in 0.1 M NaOAc, pH 6.0) from 0 M
to 3 M at a flow rate of 0.5 mL/min. All the fractions were
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monitored by 1,9-dimethylmethylene blue (DMB) reagent.
The polysaccharide fractions positive for DMB assay were
pooled and dialyzed 3 times against water and lyophilized.
The dialyzed sugars were subsequently subjected to Sephadex
G15 (Sigma) column (1 cm × 30 cm) purification using water
as mobile phase for further cleanup. The purified sugar was
dried by lyophilization. Dry weight was measured and used
for the concentration estimation of the samples in the various
assays.

Depolymerization of PpFucCS

PpFucCS was depolymerized employing the modified Fenton
chemistry, which has been shown to be very selective for the
cleavage of GlcA and GalNAc bonds present in the backbone
of this class of polysaccharide. The reaction was performed
following slightly modified version of an earlier reported
protocol (Li et al. 2016). For the optimization of the reaction
condition, 2 mg of dry PpFucCS was weighed and dissolved
at a concentration of 2 mg/mL in 0.1 M sodium acetate, and
pH 6.0. 0.02 mM copper (II) acetate (final concentration)
was added to the dissolved polysaccharide solution. H2O2
at a final concentration of 200 mM was then added drop-
wise to the reaction mixture under continuous stirring and
the reaction was carried out at 60 ◦C. Aliquots of reaction
mixture were taken out at different time points: 15 min, 30
min, 60 min, 120 min, 180 min, and 360 min. Reaction at
each time point was quenched by removing the copper ions
from the reaction mixture using Chelex (50–100 mesh size)
resin (Sigma). For quenching, Chelex resin preequilibrated
with 0.1 M sodium acetate buffer, pH 6.0, was added to
reaction mixture and kept on an end-to-end rotor for 2 h at
room temperature. After 2 h, the suspension was centrifuged
at 3,000 rpm for 10 min. Supernatant was lyophilized and
desalted prior to further analysis. Under the standardized
condition, the final reaction was performed for a duration of
180 min at 60 ◦C using 40 mg (dried weight) of PpFucCS
dissolved at a concentration of 2 mg/mL in 0.1 M sodium
acetate, with pH 6.0, having 0.02 mM copper (II) acetate and
200 mM H2O2.

Fractionation of depolymerized PpFucCS
oligosaccharides

The dried depolymerized mixture of PpFucCS was fraction-
ated based on size in a Bio-Gel P-10 column (1.5 cm× 170 cm;
Bio-Rad Laboratories, Hercules, CA, United States). Fraction-
ation of the mixture was carried out using 10% ethanol con-
taining 1.0MNaCl at a flow rate of 1.0 mL/15min (Kim et al.
2022). Obtained fractions were assayed by DMB for the pres-
ence of PpFucCS oligosaccharides. Based on the DMB profile
of eluted oligosaccharides, they were grouped into 4 fractions
(Fr1–Fr4) according to their respective retention time on the
Bio-Gel P-10 column. All the fractions were desalted on the
Sephadex G-15 column followed by lyophilization prior to
any analysis.

PpFucCS oligosaccharide distribution

The oligosaccharide distribution of the depolymerized
PpFucCS fractions was assessed by running native PAGE
alongwithMWstandards: LMWH (∼8 kDa),UFH (∼15 kDa),
CS-C (∼60 kDa), and native sulfated glycan PpFucCS. Dried
sugar samples were weighed and dissolved in water to form a

concentrated solution of 2 mg/mL. Sample amount of 10 μg
(in 50% glycerol, 0.5 M Tris, pH 6.8) was loaded on a 1.5-
mm thick discontinuous PAGE system having 4% stacking
gel and a 28% resolving gel phase. Electrophoretic migration
was achieved under the conditions reported earlier.

Determination of structural integrity of PpFucCS
oligosaccharides by NMR

The NMR sample of PpFucCS and depolymerized fractions
were prepared by dissolving 1.5–2 mg (dry weight) of
the respective polysaccharides in 200 μL D2O (99.90%)
(Cambridge Isotope Laboratories, Inc. Andover, MA, United
States) in 3-mm NMR tubes (VWR International, Radnor,
PA, United States). 1D 1H NMR spectrum with a total of
512 number of scans were used for the complete acquisition.
The 1H-13C HSQC spectra of PpFucCS and HdPpFucCS
(Supplementary Fig. S5) were acquired using, respectively,
T1 and T2 acquisition times of 0.121 s and 0.005 s and
1,024 × 256 points and 1,024 × 128 points. Acquisition
was done via double INEPT transfer using Echo/Antiecho
TPPI gradient selection with decoupling during acquisition
and trim pulses during the INEPT transfer. All 1H NMR and
1H-13C HSQC spectra of HdPpFucCS were acquired on a
500-MHz Bruker magnet, while the 1H-13C HSQC spectrum
of PpFucCS was acquired on a 600-MHz Bruker NMR.
Acquired NMR data were further processed and analyzed
using TopSpin 4.0 software.

Determination of AT/HCII dependent inhibition of
IIa/Xa by PpFucCS oligosaccharides

PpFucCS oligosaccharides were assayed for their serpin-
mediated inhibitory activity against IIa and Xa at an effective
concentration of 10 nM of AT or HCII, 2 nM of IIa or
factor Xa, and 0–100 μg/mL of sulfated glycans in 100 μL
of TS/PEG buffer (0.02 M Tris/HCl, 0.15 M NaCl, and
1.0 mg/mL polyethylene glycol 8000, pH 7.4) as reported
earlier (Vasconcelos et al. 2018). Oligosaccharides (10 μL)
at serial diluted concentrations were dispensed in the 96-
well microtiter plate, followed by the addition of 40 μL
AT (25 nM) or HCII (25 nM). The reaction was initiated
by adding 50 μL of IIa (4 nM) or Xa (4 nM). The plate
was then immediately incubated at 37 ◦C for 1 min, which
was followed by the addition of 25 μL of chromogenic
substrate S-2238 (Chromogenix, AB, Mondal, Sweden) for
IIa or CS-11(32) (Aniara Diagnostica, West Chester, OH,
United States) for factor Xa. The absorbance (Abs) was
then measured at 405 nm for 300 s at an interval of 15 s.
Wells without oligosaccharides served as control and was
considered to be 100% for IIa/Xa activity. The residual
IIa/Xa activity in oligosaccharide-treated wells was calculated
relative to that observed in the case of control wells. Heparin
(183 IU/mg) and PpFucCS were used in all the assays as
a positive control. DS (CS-B) was also used as a positive
control in the HCII/IIa system. All the aPTT assay reagents
were procured from Thermo Fisher Scientific (Waltham,
MA, United States), and the coagulation factors Xa, IIa, AT,
and HCII were from Haematologic Technologies. Sigma. All
the assays were performed 3 times. Calculated IC50 values
represent mean ± standard deviation (SD) obtained from the
triplicated measurements. Supplementary Table S3 shows the
statistical values.
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Viral inhibition of PpFucCS oligosaccharides

The virus inhibitor screening was done on human embryonic
kidney cells (HEK-293T) expressing human ACE2 (HEK-
293T-hACE2 cell line, BEI Resources #NR-52511) plated in a
96-well tissue culture plate using a baculovirus pseudotyped
with SARS-CoV-2 Delta-variant spike protein containing a
green fluorescent reporter (Montana Molecular, #C1123G;
Dwivedi et al. 2021; Tandon et al. 2021; Yan et al. 2021).
Virus titers were confirmed by enumerating GFP-positive
transduced cells in a dilution under a fluorescence microscope
(EVOS-FL, Thermo Fisher Scientific) and multiplying by the
dilution factor and the volume plated. Serial dilutions (50
mg/L, 5 mg/L, 0.5 mg/L, 0.05 mg/L, 0.005 mg/L, 0.0005 mg/L,
and 0.00005 mg/L) of the test PpFucCS oligosaccharides were
made in DMEM in triplicates to the final volume of 100 μL
in each well. The controls used were UFH at 50 mg/L and
mock-treated cells. Then, 2.5 μL of the pseudotype virus stock
(2 × 1010 units per mL) was mixed with the test compounds
and incubated for 1 h, which was then laid over HEK-293T-
hACE2 cells plated in a 96-well plate along with 2 mM of
sodium butyrate. Plate was then incubated for 60 h and the
assay was read on a Cytation 5 automated fluorescencemicro-
scope after fixing with 3.7% formaldehyde. The relative IC50
values were calculated in Prism 9 (Graphpad Inc) by plotting
the normalized values from the assay against the concentra-
tions (log) of oligosaccharides and controls and analyzing by
nonlinear regression to fit a dose–response curve using the
least squares method considering each replicate value as an
individual point. Each experiment was performed in triplicate.
Supplementary Table S4 shows the statistical values.

Cytotoxicity of PpFucCS oligosaccharides

Cytotoxic activity of oligosaccharides was determined against
the HEK-293T-hACE2 cells seeded in 12-well tissue culture
plates following the protocol reported earlier (Dwivedi et
al. 2021; Tandon et al. 2021). The confluent HEK-293T-
hACE2 cells were treated with oligosaccharides at a final
concentration of 50 mg/L and 500 mg/L along with 2 mM
sodium butyrate. The treated cells were harvested after 60 h
of incubation and examined via trypan blue exclusion assay
for viability. Assay readout was measured on a TC20 auto-
mated cell counter (BioRad) according to the manufacturer’s
protocol. Assay was performed in triplicate and the values are
plotted as mean ± SD of % live cells.

Competitive SPR reagents

SARS-CoV-2 S-Protein RBD (WT) and mutants (N501Y
[Alpha], triple mutant [K417T/E484K/N501Y; Gamma], and
L542mutant [Delta]) were provided by Prof. Bates, University
of Mississippi. Omicron RBD (BA.2 subvariant) was pur-
chased from Sino Biological US Inc (Wayne, PA,USA).Human
AT, HCII, and α-thrombin (IIa) were from Haematologic
Technologies (Essex Junction, VT). Sensor SA chips were
from Cytiva (Uppsala, Sweden). SPR measurements were
performed on a BIAcore 3000 operated using 3000 control
and Biaevaluation software version 4.0.1. (Uppsala, Sweden).

Preparation of heparin for SPR

Heparin (2 mg) and amine-PEG3-Biotin (2 mg, Pierce,
Rockford, IL) were dissolved in 200 μL H2O, and 10 mg
NaCNBH3 was added. The reaction mixture was heated
at 70 ◦C for another 24 h and after that a further 10 mg

NaCNBH3 was added and the reaction was heated at 70 ◦C
for another 24 h. After cooling to room temperature, the
mixture was desalted with the spin column (3000 MWCO).
Biotinylated heparin was collected, freeze-dried, and used
for SA chip preparation. The biotinylated heparin was
immobilized to SA chip based on the manufacturer’s protocol.
In brief, 20 μL solution of biotinylated heparin (0.1 mg/mL)
in HBS-EP running buffer was injected over flow cell 2 (FC2)
of the SA chip at a flow rate of 10 μL/min. The successful
immobilization of heparin was confirmed by the observation
of a ∼200 resonance unit (RU) increase in the sensor chip.
The control flow cell (FC1) was prepared by 1-min injection
with saturated biotin.

Competitive solution SPR study of sulfated glycans

Solution competition study between the surface heparin
and soluble different sulfated glycans was performed using
SPR. In brief, protein samples mixed with sulfated glycans
(100 μg/mL) in HBS-EP buffer were injected over heparin
chip at a flow rate of 30 μL/min, respectively. After each
run, the chip was regenerated with 2 M NaCl injection.
For each set of competition experiments on SPR, a control
experiment (with only protein) was performed. Normalized
binding of the proteins to surface heparin in the presence
of sulfated glycans was determined with respect to control
values. This was calculated by dividing the obtained RU
values of each experiment (using various glycans) by the
control values. Each experiment was repeated in triplicate
and the results were presented as the mean ± SD of the
3 experiments.

Supplementary data

Supplementary material is available at Glycobiology Journal
online.
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