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a b s t r a c t
The SARS-CoV-2 spike glycoproteins (SGPs) and human angiotensin converting enzyme 2 (ACE2) are the two key
targets for the prevention and treatment of COVID-19. Host cell surface heparan sulfate (HS) is believed to interact with SARS-CoV-2 SGPs to facilitate host cell entry. In the current study, a series of polysaccharides from
Saccharina japonica were prepared to investigate the structure-activity relationship on the binding abilities of
polysaccharides (oligosaccharides) to pseudotype particles, including SARS-CoV-2 SGPs, and ACE2 using surface
plasmon resonance. Sulfated galactofucan (SJ-D-S-H) and glucuronomannan (Gn) displayed strongly inhibited
interaction between SARS-CoV-2 SGPs and heparin while showing negligible inhibition of the interaction between SARS-CoV-2 SGPs and ACE2. The IC50 values of SJ-D-S-H and Gn in blocking heparin SGP binding were
27 and 231 nM, respectively. NMR analysis showed that the structure of SJ-D-S-H featured with a backbone of
1, 3-linked α-L-Fucp residues sulfated at C4 and C2/C4 and 1, 3-linked α-L-Fucp residues sulfated at C4 and
branched with 1, 6-linked β-D-galacto-biose; Gn had a backbone of alternating 1, 4-linked β-D-GlcAp residues
and 1, 2-linked α-D-Manp residues. The sulfated galactofucan and glucuronomannan showed strong binding
ability to SARS-CoV-2 SGPs, suggesting that these polysaccharides might be good candidates for preventing
and/or treating SARS-CoV-2.
© 2020 Elsevier B.V. All rights reserved.

1. Introduction
COVID-19, caused by the SARS-CoV-2 virus, has now spread worldwide with the tremendous human and economic impact. SARS-CoV-2
is a zoonotic betacoronarirus transmitted through person to person contact by airborne and fecal-oral routes [1]. Approximately 15 million
cases of COVID-19 and more than 600,000 deaths have been reported
[2]. The absence of vaccines prompts the need for antiviral therapeutics.
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Previous studies [3–5] have shown that the host cell surface glycosaminoglycan (GAG), heparan sulfate (HS), interacts with SARS-CoV-2
spike glycoprotein (SGP) and may facilitate host cell entry. Surface plasmon resonance (SPR) has been performed to detect the binding ability
between SGP and heparin, a highly sulfated HS analog. Monomeric
SARS-CoV-2 SGP was shown to bind more tightly to immobilized heparin (KD = 40 pM) than did SARS-CoV SGP (500 nM) and MERS-CoV SGP
(1 nM) [3]. The results of the competition binding assay indicated that
the IC50 of heparin, tri-sulfated non-anticoagulant HS and low molecular
weight heparin were 0.056 μM, 0.12 μM, and 26.4 μM, respectively [3]. In
addition, unbiased computational ligand docking studies suggested that
the heparan sulfate (HS) binding domains were at the subunit 1 (S1)/
subunit 2 (S2) of spike glycoprotein site and another site (453-459
(YRLFRKS)) [3].
Sulfated polysaccharides from brown seaweeds have similar structures to GAGs. Compared to heparin, the polysaccharide (RPI-27) and
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2. Materials and methods

membrane, respectively (Sigma-Aldrich)) [14]. LMW polysaccharide
(SJ-D) was prepared by the degradation of SJ polysaccharide using hydrogen peroxide and ascorbic acid [14–17]. SJ and SJ-D were separated
by anion-exchange chromatography on a DEAE-Bio Gel agarose FF
(6 cm × 40 cm) eluted with water (5 L), 0.5 M NaCl (5 L) (Fraction W:
SJ-W and SJ-D-W), 1 M NaCl (5 L) (Fraction I: SJ-I and SJ-D-I) and 2 M
NaCl (5 L) (Fraction S: SJ-S and SJ-D-S) [14]. Autohydrolysis was carried
out by methods described in previous studies [18–24]. Two types of
autohydrolyzed polysaccharides, including higher molecular weight,
H-type fractions (SJ-D-W-H, SJ-D-I-H and SJ-D-S-H) and lower molecular weight, L-type fractions (SJ-D-W-L, SJ-D-I-L and SJ-D-S-L) were obtained [14]. Glucuronomannan oligomers (G2, G4 and G6,
disaccharide, tetrasaccharide and hexasaccharide, respectively) and
glucuronomannan polysaccharide (Gn) with a molecular weight of
7.0 kDa were prepared in our laboratory by previously described
methods [25–27]. The desulfated polysaccharides (SJ-I-DS, SJ-S-DS, SJD-I-DS and SJ-D-S-DS) and oversulfated polysaccharides (SJ-I-PS, SJ-SPS, SJ-D-I-PS and SJ-D-S-PS) were prepared according to the previous
studies [13,14,28]. Acid degradation was carried out according to the
previous study [29]. Three fractions were obtained. Brieﬂy, crude polysaccharide (10 mg/mL) was dissolved in 0.1 M HCl and stirred for
0.5 h at 80 °C. The mixture was neutralized with 5% NH4OH solution
in water. The solution was concentrated and precipitated by ethanol.
The supernatant (Fraction GX-1: SJ-GX-1 and SJ-D-W-GX-1) was dialyzed and lyophilized. The precipitant was further degraded by 0.5 M
HCl and stirred for 2 h at 80 °C. The mixture was neutralized with 5%
NH4OH solution in water. The solution was concentrated and precipitated by ethanol. The supernatant (Fraction GX-2: SJ-GX-2 and SJ-DW-GX-2) was dialyzed and lyophilized. The precipitants (Fraction GX3: SJ-GX-3 and SJ-D-W-GX-3) were then dialyzed and lyophilized. All
samples studied were summarized in Scheme 1.

2.1. Preparation of polysaccharides from Saccharina japonica

2.2. Solution competition SPR analysis

Crude polysaccharide from Saccharina japonica (SJ) was obtained according to a previous study by hot water extraction [13]. SJ-100K, SJ50K, SJ-30K, SJ-10K and SJ-3K were prepared from 0.2 M formic acid catalyzed degradation of SJ using ﬁve types of ultraﬁltration devices
(Ultracel 100 kDa membrane, Ultracel 50 kDa membrane, Ultracel
30 kDa membrane, Ultracel 10 kDa membrane and Ultracel 3 kDa

Solution competition SPR measurements were performed on a
BIAcore 3000 (GE Healthcare, Uppsala, Sweden). A heparin chip was prepared based on previous studies [5] by the immobilization of biotinylated
heparin on a streptavidin (SA) chip. Pseudotype particles were prepared
as in previous studies [10,11]. Brieﬂy, HEK293T cells (2 × 106) were
plated in a 100-mm tissue culture dish and transfected the next day

low molecular weight polysaccharide (RPI-28), from Saccharina japonica, were shown to exhibit and strongly inhibit the binding of SARSCoV-2 SGP to immobilized heparin [6]. In addition, RPI-27 and RPI-28
did not show any toxicity using Vero cells using a standard watersoluble tetrazolium salt-1 (WST-1) assay, even at the highest concentrations studied. Moreover, in an in vitro antiviral assays, RPI-28 had an
EC50 of 8.3 ± 4.6 μg/mL (corresponding to approximately 83 nM) [6],
and was more potent than remdesivir (a drug recently approved for
emergency use in severe COVID-19 infections), heparin (2.1 μM),
chemo-enzymatically synthesized TriS (a non-anticoagulant heparin
analog) [7] (5.0 μM) and non-anticoagulant low molecular weight
(LMW) heparin (NACH) [8] (55 μM). These strong interactions were attributed to multivalent binding between the polysaccharides and the
SGPs of viral particles [9].
Due to the highly transmissible and pathogenic nature of SARS-CoV2, a biosafety level 3 (BSL3) containment is required for live-virus studies [10]. A pseudotyping system, which mimics the surface properties of
SARS-CoV-2, has been used in biosafety level 2 (BSL2) laboratories for
the purpose of vaccine studies, drug inhibition studies and serological
screening [10]. Recently, a sulfated fucan from Lytechinus variegatus
(sea urchin) and a sulfated galactan from Botryocladia occidentalis (red
seaweed) were found to have anti-SARS-CoV-2 activity using these
pseudotype SARS-CoV-2 particles [11]. SARS-CoV-2 SGFs could bind
ACE2 based on previous studies [12]. In the current study, interactions
between pseudotyped particles and polysaccharides from Saccharina japonica have been further investigated to elucidate their structureactivity relationship. In addition, the possible inhibitory activities of
polysaccharides on the interaction between SARS-CoV-2 SGPs and
ACE2 were also determined.

Scheme 1. The ﬂow chart of sample preparation.
1650
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with a combination of the following plasmids: 9 μg of pLV-eGFP, 9 μg of
psPAX2, and 3 μg of pCAGGS-S (SARS-CoV-2)(Catalog No. NR-52310:
BEI-Resources). The supernatant from cell culture was harvested, spun
in a tabletop centrifuge for 5 min at 2000 ×g to pellet the residual cells
and then passed through a 0.45 μm syringe ﬁlter. Virus titers were calculated by plating on new HEK293T cells and enumerating GFP positive
cells. Pseudotype particles were pre-mixed with different concentrations
of polysaccharides or oligosaccharides in HBS-EP buffer and injected over
the heparin chip at 30 μL/min to measure the inhibition of pseudotype
particle binding to heparin surface. After each run, there was a dissociation period of 3 min and a regeneration period of 1 min using 2 M NaCl.
SARS-CoV-2 spike protein was purchased from Sino Biological Inc.
(catalog #: 40591-V02H). SARS-CoV-2 spike protein was immobilized covalently to a CM5 sensor chip using manufacturer methods. Human angiotensin converting enzyme 2 (ACE2 was a generous gift from
Professor Jason McLellan from the University of Texas at Austin) at
500 nM with or without polysaccharides or oligosaccharides was injected
over the SARS-CoV-2 spike protein chip at 30 μL/min to measure the inhibition of polysaccharides or oligosaccharides on ACE2 binding to SARSCoV-2 spike protein chip. After each run there was a dissociation period
of 3 min and regeneration period of 1 min using with 2 M NaCl.
2.3. Compositional analysis and nuclear magnetic resonance (NMR)
spectroscopy
The molar ratio of monosaccharides, fucose (Fuc) and galactose
(Gal) contents, were determined based on a modiﬁed method from a
previous study [30]. Sulfate content was determined by the paper of
Dodgson and Price [31]. The molecular weights of the polysaccharides
were determined using gel permeation chromatography-high performance liquid chromatography (GPC-HPLC) on TSK G3000 PWxl column
(7 μm, 7.8 × 300 mm) with elution in 0.05 M Na2SO4 at a ﬂow rate of
0.5 mL/min at 40 °C with refractive index detection. Ten different molecular weight dextrans, purchased from the National Institute for the
Control of Pharmaceutical and Biological Products (China), were used
as molecular weight standards.
For NMR analysis, polysaccharides (30 mg) were co-evaporated
with deuterium oxide (99.9%) twice before dissolving in deuterium
oxide. One-and two-dimensional spectra, including 1H NMR, 13C NMR
and 1H\\13C heteronuclear single quantum coherence spectroscopy
(HSQC), were recorded at a Hudson-Bruker SB 800 MHz spectrometer
(Bruker BioSpin, Billerica, MA, USA) at 25 °C.

Fig. 1. Bar graphs of normalized pseudotype particles binding preference to surface
heparin by competing with SJ and its fractions (A) and SJ-D and its fractions (B).
Concentration of pseudotype particles was 0.085 mg/mL and concentrations of different
polysaccharides were 1000 nM. All bar graphs with standard deviations were based on
triplicate experiments.

obtained. The results of SPR (Fig. 2A) indicated that H-type fractions
(SJ-D-W-H, SJ-D-I-H and SJ-D-S-H) had stronger inhibitory activities
than L-type fractions (SJ-D-W-L, SJ-D-I-L and SJ-D-S-L). SJ-D-I-H and
SJ-D-S-H showed strong inhibitory activity (> 80%). The impact of sulfate was examined using desulfated polysaccharides (SJ-I-DS, SI-S-DS,
SJ-D-I-DS and SJ-D-S-DS) and chemically oversulfated polysaccharides
(SJ-I-PS, SI-S-PS, SJ-D-I-PS and SJ-D-S-PS). Oversulfated polysaccharides
exhibited very strong inhibitory activities, which were stronger than the
native polysaccharides (Fig. 2B and C). Desulfated polysaccharides exhibited only very weak or no inhibitory activities and were weaker inhibitors than the native polysaccharides. We conclude that the
presence of sulfate groups a one-factor inﬂuencing polysaccharide binding to pseudotype particles.

3. Results
3.1. SPR solution competition study of different polysaccharides obtained by
anion exchange chromatography on heparin chip
According to a previous study [6], polysaccharide (SJ) from
Saccharina japonica has anti-SARS-CoV-2 virus activity and exhibits
stronger inhibitory activity binding to SARS-CoV-2 SGPs. Therefore, SJ
and its derivatives were screened using SPR to determine binding afﬁnity to the pseudotype particles for the purpose of structure-activity relationship. SJ showed the strongest inhibitory activity, which was
consistent with the previous study (Fig. 1A). Molecular weight inﬂuenced the binding ability, however, SJ-D still exhibited a strong inhibitory activity (>80%) (Fig. 1B). Anion exchange chromatography was
carried out to separate SJ and SJ-D and SJ-I, SI-S and SJ-D-S showed
strong inhibitory activity (>80%). Previous studies [15–17] showed
that SJ-I, SI-S and SJ-D-S were sulfated galactofucans.

3.3. SPR solution competition study on modiﬁed polysaccharides (mainly
on glucuronomannan) on heparin chip
Five MWCO membranes (100 K, 50 K, 30 K, 10 K and 3 K) were
used to separate the partially degraded polysaccharides by 0.2 M
formic acid. SJ-100 K showed the strongest inhibitory activity
(Fig. 3A). In addition, 0.1 M HCl and 0.5 M HCl were used sequentially to degrade SJ and SJ-D-W to obtain three fractions: (1) dilute
acid-sensitive fractions (SJ-GX-1 and SJ-D-W-GX-1); (2) acidsensitive fractions (SJ-GX-2 and SJ-D-W-GX-2); and (3) acidstable fractions (SJ-GX-3 and SJ-D-W-GX-3), respectively. Acid-

3.2. SPR solution competition study on modiﬁed polysaccharides (mainly
sulfated galactofucans) using a heparin chip
After autohydrolysis, two fractions (H-type fraction with high molecular weight and L-type fraction with low molecular weight) were
1651
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Fig. 2. Bar graphs of normalized pseudotype particles binding preference to surface
heparin by competing with different modiﬁed polysaccharides (mainly on sulfated
galactofucan). Concentration of pseudotype particles was 0.085 mg/mL and
concentrations of different polysaccharides were 1000 nM. All bar graphs with standard
deviations were based on triplicate experiments.

Fig. 3. Bar graphs of normalized pseudotype particles binding preference to surface
heparin by competing with different modiﬁed polysaccharides (mainly on
glucuronomannan). Concentration of pseudotype particles was 0.085 mg/mL and
concentrations of different polysaccharides were 1000 nM. All bar graphs with standard
deviations were based on triplicate experiments.

stable fractions (SJ-GX-3 and SJ-D-W-GX-3) exhibited stronger inhibitory activities than the other two corresponding fractions
(Fig. 3B). Monosaccharide analysis indicated that acid-stable fractions (SJ-GX-3 and SJ-D-W-GX-3) were glucuronomannan derivatives, suggesting that glucuronomannan might be one active
component to bind the pseudotype particles. A low molecular

weight glucuronomannan (Gn) with 7.0 k Da and three
glucuronomannan-oligomers were also examined. Gn exhibited
very strong inhibitory activity (>90%) (Fig. 3C). It is interesting to
1652
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note that glucuronomannan-tetramer showed 78% inhibitory
activity.

3.5. Structure features of SJ-D-S-H and Gn
The chemical composition analysis in Fig. 5A indicate that SJ-D-S-H
had 21% sulfate, 36% Fuc and 10% Gal, suggesting that the molar ratio
of Gal to Fuc in SJ-D-S-H was 0.25: 1. The molar ratio of sulfate residues
to Fuc residues was 0.83, using the equation: (sulfate content/103)/(Fuc
content/146), where 103 was calculated as SO3Na and 146 was FucH2O. The molar ratio of sulfate to hexose, including Fuc and Gal was
0.66 calculated using the equation: (sulfate content/103)/(Fuc content/164 + Gal content/162), where 103 was calculated as SO3Na, 162
was Gal-H2O and 146 was Fuc-H2O. GPC-HPLC shows that SJ-D-S-H
had a major peak at 14.090 min, corresponding to the molecular weight
of 13.7 kDa and an accompanying shoulder peak (The area ratio of the
major peak to the shoulder peak was 1:8) at 11.212 min corresponding
to a molecular weight of 195.0 kDa (Fig. 5B). NMR spectroscopy was
performed to elucidate the structure of SJ-D-S-H (Fig. 5). Resonances
with chemical shifts for anomeric carbons, at 103.0 ppm, are characteristic peaks for 1, 6-linked β-D-Gal residues and β-D-Gal residues,
assigned to the residue D and E. These are also conﬁrmed by the presence of two peaks at 62.6 and 72.1 ppm, corresponding to the C6 of βD-Gal residues and 1, 6-linked β-D-Gal residues, respectively. The
chemical shifts at approximately 98.6 ppm are characteristic peaks for

3.4. Kinetics measurements of pseudotype particles interaction with SJ-D-SH and Gn on heparin chip
Based on the types of polysaccharides from fucose-containing polysaccharides from brown algae [32], a sulfated galactofucan (SJ-D-S-H) and a
glucuronomannan (Gn) were further studied. The yields of SJ-D-S-H and
Gn from SJ were 3.4% and 0.5%, respectively. We determined the kinetic
measurements of the interaction of SJ-D-S-H and Gn with pseudotype
particles by solution-based afﬁnities (Ki) and calculated from IC50 values
from SPR competition experiments. The IC50 values of SJ-D-S-H and Gn
binding to pseudotype particles are shown in Fig. 4. According to a previous study [11], the dissociation constant (KD) for heparin and pseudotype
particles was 0.85 nM (The estimated molecular weight of pseudotype
particles is 2.5 × 105 kDa). Therefore, the Ki of samples were calculated
using the equation: Ki = IC50/(1 + [C]/KD), where [C] is the concentration
of pseudotype particles (0.34 nM) used in the competition SPR, and for
pseudotype particles binding afﬁnity (KD) for heparin [14,33]. It was
shown that the Ki of SJ-D-S-H and Gn binding to pseudotype particles
were calculated to be 19 nM and 165 nM, respectively.

Fig. 4. SJ-D-S-H competes with heparin for pseudotype particles (A and B) binding with a IC50 of 27 nM and Gn competes with heparin for pseudotype particles (C and D) binding with an
IC50 of 231 nM. Concentrations were 0.085 mg/mL for pseudotype particles. All bar graphs with standard deviations were based on triplicate experiments.
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shifts at approximately 4.50 ppm are characteristic peaks for 1, 6linked β-D-Gal residues (Residue D and E), respectively [34–38]. Moreover, the chemical shifts at 2.12 and 20.3 ppm can be assigned to acetyl
groups, indicating that SJ-D-S-H was also acetylated. Two methyl groups
at 1.16/1.42 and 2.12 ppm were characteristic of the C6 methyl group of
fucose and CH3 of acetyl group, respectively. By comparing these two
peak area, it was suggested that the molar ratio of acetyl group to the
methyl group of Fuc residues was 0.1 in Fig. 5C. Therefore, based on
the above results, we conclude that the primary structure of SJ-D-S-H
is 1, 3-linked α-L-Fucp residues sulfated at C4 and C2/C4 and 1, 3-

1, 3-linked α-L-Fuc4S residues, assigned to the residue C. The chemical
shifts at approximately 98.0 ppm are characteristic peaks for 1, 3-linked
α-L-Fuc2, 4S residues and 1, 3-linked α-L-Fuc4S residues branched at
C2 with galacto-biose, corresponding to the residues A and B
[22,34–44]. In terms of the 1H NMR spectrum, resonances with chemical
shifts of anomeric protons, at approximately 5.31 ppm, are characteristic peaks for 1, 3-linked α-L-Fuc2, 4S residues (Residue A) and 1,3linked α-L-Fuc4S residues (Residue B) branched at C2, respectively.
The chemical shifts at approximately 5.01 ppm are characteristic
peaks for 1, 3-linked α-L-Fuc4S residues (Residue C). The chemical

Fig. 5. The PMP derivatization-HPLC spectrum (A), GPC-HPLC (B), 1H NMR spectrum (C), 13C NMR spectrum (D) and HSQC spectrum (E) for SJ-D-S-H.
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Fig. 5 (continued).

increased infection rates. The HS-virus complex then bound to ACE2
and was endocytosed. In the current study, we show that the sulfated
polysaccharides from S. japonica exhibited the inhibitory activity between heparin and pseudotype particles containing the SARS-CoV-2
SGPs. Here, we examined whether sulfated polysaccharides could inhibit the interaction between SARS-CoV-2 SGFs and ACE2. SARS-CoV-2
SGFs was immobilized to a CM5 sensor chip to answer this question.
ACE2 with or without polysaccharides (or oligosaccharides) was
injected over the SARS-CoV-2 spike protein chip to measure the inhibition of polysaccharides on ACE2 binding to SARS-CoV-2 spike protein.
ACE2 binds to the SARS-CoV-2 SGP at 140 nM KD (Fig. 7 and Fig. S1),
which is lower than the KD (15 nM) between SARS-CoV RBD-SD1 and
ACE2 [12]. SPR results for polysaccharides showed no or low inhibitory
activity on the interaction between SARS-CoV-2 SGPs and ACE2, suggesting that polysaccharides could not inhibit the interaction between
SARS-CoV-2 SGPs and ACE2.

linked α-L-Fucp residues sulfated at C4 and branched with 1, 6-linked
β-D-galacto-biose (Fig. 3). In addition, SJ-D-S-H was also randomly
substituted with acetyl group and sulfate groups on a small fraction of
the Gal residues. The primary structure of SJ-D-S-H is proposed in Fig. 6.
Based on previous studies [25–27,29,45], glucuronomannan (Gn)
consists of alternating 1, 4-linked β-D-GlcAp residues and 1, 2-linked
α-D-Manp residues and has a molecular weight of 7.0 kDa. The primary
structure of Gn proposed is shown in Fig. 6.
3.6. SPR solution competition study on SARS-CoV-2 spike protein chip of
polysaccharides with ACE2
SARS-CoV-2 SGF binds to ACE2 with high afﬁnity [12]. In our previous study [11], we proposed a model of SARS-CoV-2 attachment and
entry, suggesting that virus at ﬁrst bound to HS in the nasal epithelium
glycocalyx, increasing the local concentration of virus, leading to
1655
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Fig. 6. The proposed primary structures of SJ-D-S-H and Gn.

Fig. 7. Bar graphs of normalized ACE2 binding preference to surface SARS-CoV-2 spike protein by competing with different polysaccharides. Concentration of ACE2 was 500 nM and
concentrations of different polysaccharides were 1000 nM. All bar graphs with standard deviations were based on triplicate experiments.
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4. Discussion and conclusion
COVID-19 could invade host cell by interacting with host cell surface
GAGs through its SGPs [3]. SPR studies conﬁrmed that both monomeric
and trimeric SARS-CoV-2 SGPs show very strong binding afﬁnity to heparin, suggesting that heparin had multiple potential targets could be
used in COVID-19 therapy [5]. Fucose-containing sulfated polysaccharides (FCSPs) are polysaccharides obtained from brown algae
[32,40,46–62]. Sulfated polysaccharides from marine seaweeds have
been suggested to have potential antiviral therapeutic activities
[63–65]. FCSPs from Adenocystis utricularis, Undaria pinnatiﬁda,
Stoechospermum marginatum, Cystoseira indica, Cladosiphon okamuranus
or Fucus vesiculosus reportedly exhibit anti-HSV-1, HSV-2, HCMV, VSV,
Sindbis virus or HIV-1 by stimulating innate and adaptive immune defense, inhibition of cell adhesion (Stage I), viral replication (Stage II),
blockage of the reverse transcriptase (Stage III) [58,62,63,66–73].
Our previous study [6] showed that SJ exhibited promising antiCOVID-19 viral activity in vitro. However, SJ was a crude
heteropolysaccharide from brown alga Saccharina japonica. The
structure-activity relationship was studied to ﬁnd the active components of these polysaccharides. According to the previous studies [32],
polysaccharides from brown algae contain sulfated fucan, sulfated
galactofucan, fucoglucuronan and fucoglucuronomannan. Anion exchange chromatography was performed to separate SJ and SJ-D into
weak (W-type fraction), intermediate (I-type fraction) and strongly
(S-type fraction) charged fractions. SPR results indicated that SJ-I and
SJ-S had very strong inhibitory activities while only SJ-D-S had very
strong inhibitory activity, suggesting that molecular weight also is important for antiviral activity. Selective C2-desulfation was accomplished
by autohydrolysis, which is accompanied by partial debranching. Higher
molecular weight components (SJ-D-W-H, SJ-D-I-H and SJ-D-S-H)
showed stronger inhibitory activities than corresponding low molecular
weight components (SJ-D-W-L, SJ-D-I-L and SJ-D-S-L), conﬁrming the
above hypothesis. In addition, SJ-D-I-H and SJ-D-S-H showed very
strong inhibitory activities. Sulfate content was also examined by preparing desulfated polysaccharides and oversulfated polysaccharides,
suggesting that sulfate content was also an important factor. Therefore,
we conclude that molecular weight and sulfation level are two important factors, which is consistent with the previous studies [70]. SJ was
also degraded using formic acid and separated using ﬁve types of ultraﬁltration membranes to obtain ﬁve different molecular weight fractions.
SPR results indicated that the largest molecular weight component ST100 K, an acid-stable fraction, had the strongest inhibitory activity.
Therefore, two concentrations of acid, 0.1 M and 0.5 M HCl, were used
to degrade SJ and SJ-D-W to obtain three fractions: (1) dilute acidsensitive fractions (SJ-GX-1 and SJ-D-W-GX-1); (2) acid-sensitive fractions (SJ-GX-2 and SJ-D-W-GX-2); and (3) acid-stable fractions (SJGX-3 and SJ-D-W-GX-3). We found that acid-stable fractions had stronger inhibitory activities than other fractions. Monosaccharide analysis
indicated that SJ-GX-3 and SJ-D-W-GX-3 were glucuronomannan derivatives. Three glucuronomannan oligomers (G2, G4 and G6) and one
glucuronomannan (Gn) with 7.0 kDa were prepared and their binding
to pseudotype particles were determined. The results showed that Gn
might be the active component.
In conclusion, polysaccharides from marine seaweeds (Gn and SJ-DS-H) might represent a good candidate for treatment of COVID-19 based
on our systematic study of structure-activity relationship of interaction
with SARS-CoV-2 SGPs but not ACE2.
Supplementary data to this article can be found online at https://doi.
org/10.1016/j.ijbiomac.2020.09.184.
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