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A B S T R A C T   

Heparin-like sulfated polysaccharide, acharan sulfate, was purified from the mucus of an African giant snail with 
unique sulfated glycosaminoglycans (GAGs). This study reported on finding novel and safe heparin resources 
from Achatina fulica for further use as well as easy isolation and purification of the active fraction from the initial 
raw material. Its structure was characterised by a strong-anion exchange combined with high-performance liquid 
chromatography (HPLC) and nuclear magnetic resonance (NMR) spectroscopy. The results indicated that the 
potential acharan sulfate fraction is a glycosaminoglycan composed of several repeating disaccharide units, 
namely, of →4) − α − IdoA(2S)(1 →4) − α − GlcNAc/GlcNAc(6S)/GlcNSO3(6S)(1 →, and hence, presents het
erogeneity regarding negative net charge density. Furthermore, the heparinase digests inhibit the binding of 
SARS-CoV-2 spike protein to the ACE2 receptor. In summary, the acharan sulfate presented in this work has 
shown its great potential for application in the preparation of sulfated polysaccharides as an alternative to 
heparin with important biological activity.   

1. Introduction 

Heparin is a highly sulfated form of heparan sulfate (HS) glycos
aminoglycans (GAGs) that are found in various tissues throughout the 
body [1,2]. It is primarily produced by mast cells, which are found to 
mainly originate from the intestinal mucosa of animals, particularly the 
porcine (pig) small intestine and bovine (cow) lung, but can also be 
derived from other animals such as the horse, sheep and donkey [3]. As a 
medication, it is used as an anti-coagulant [4,5]. It is worth noting that 
porcine heparin is the most common source of heparin for commercial 
use [6]. Although the process is considered safe and effective, it has been 
suggested to exhibit potential risk among groups with different religious 
beliefs regarding lethal diseases and pathogenic agents. Therefore, the 
novel and safe sources of heparin should be able to be farmed in 
house-holds and organic environments. Furthermore, it should also be 
manageable for agricultural harvesting subject to further uses. 

While pursuing long-term studies on heparin, acharan sulfate have 
been constructed in large amounts from the whole body of the giant 
African snail with a unique structure [7–10]. They are the major gly
coconjugate that has a repeating disaccharide unit, →4) − α −

IdoA(2S)(1 →4) − α − GlcNAc(X)(1 →, where X refers to sulfation site. 
This structure is related but instead represents a new type of 1→ 4 linked 

GAGs significantly different from heparin [10]. The search for new 
sources for application in medicine and cosmetics from different parts of 
the giant African snail is a trend in biotechnology. One of the sources of 
such active compounds is the snail mucus, which does not show any the 
risk of contamination with microorganisms such as viruses and bacteria, 
suggesting that it might be a good precursor for heparin polysaccharide 
preparation having important biological activities. 

The highly sulfated domains in heparan sulfate are ubiquitous in the 
glycocalyx of epithelial cells in the nasal passage and act as a co-receptor 
in binding with SARS-CoV-2 spike protein at its receptor binding domain 
(RBD). In the current work, we also focus to examine the structural 
characterisation of acharan sulfate, which might be involved in impor
tant biological roles for the ability of this sulfated GAGs to inhibit the 
protein binding efficacy. Thus, we propose a new information on the 
property of this interesting GAGs molecule, acharan sulfate, as a 
heparin-like substances in place of heparin for the potential anti-SARS- 
CoV-2 activity. 

2. Results and discussion 

Here, we prepared the sulfated polysaccharides derived from the 
mucus on the surface of a live giant African snail (Achatina fulica). The 
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thus-obtained a pale-white powders consisting of the sulfated mucus- 
GAGs (mGAG) polysaccharides were performed. The amount of pro
tein and sulfated GAGs (uronic acid) contents in the mGAG was 
measured to be around ~8 and 83% as determined by using a standard 
curve prepared with bovine serum albumin and purified chondroitin 
sulfate, respectively. As a result, the mGAG was composed primarily of 
glycosaminoglycans [7]. The yield of mGAG polysaccharide was 
approximately ~20% by dry weight of the mucus. After fractionation 
and recovery of mGAG on a DEAE-Sepharose anion-exchange chroma
tography (Fig. 1a), mGAG and their fractions was analysed based on 
charge and molecular weight using polyacrylamide gel electrophoresis 
(PAGE). Three fractions were obtained, collected and named the (1) 
non-interacting fraction (F1, 62.6% w/w yield), (2) eluted fraction at 
0.5 M NaCl (F2, 30.1%w/w yield), and (3) eluted fraction at 1.0 M NaCl 
(F3, 7.3%w/w yield). According to the low content of protein but high 
sulfated-GAGs content, F3 fraction (mGAG-F3) was further desalted and 
freeze-dried to give a white-coloured powder. Although the GAGs 
component of the mGAG was isolated in the only three metachromatic 
elutions when compared with previous literature [10–12], all eluted 
peaks were observed at highest salt concentration (1.0 M NaCl) and 
differences in the proportion of eluted peaks were obtained [7]. As seen 
in Fig. 1b, Lanes 1–4 show the molecular weight protein markers, hep
arin, pentosan polysulfate, and chondroitin sulfate standard, respec
tively. For mGAG, Lanes 5–8 represent the GAGs of snail mucus (SM), 
the non-interacting fraction (F1), and the papain-digested snail GAGs 
from DEAE-Sepharose at 0.5 M NaCl (F2) and 1.0 M NaCl (F3), 
respectively. The average molecular weight of the mGAG-F3 fraction 
(Lane 8) was considerably larger than that of an oligosaccharide stan
dard, heparin and pentosan polysulfate, having an average molecular 
weight of ~22,000 Da [10]. The mGAG-F2 band (Lane 7), with an 
electrophoretic migration similar to that of the chondroitin sulfate, was 
observed in the mucus which is a bit different from the study of Vieira 
et al. [12]. As acharan sulfate was shown to be the only GAGs compo
nent expressed by the Achatina fulica [10], we can assign this band as 
acharan sulfate. According to the increasing molecular mass of mGAG 
based on increasing salt concentration in the anion-exchange chroma
tography, the obtained results by electrophoresis revealed marked dif
ference patterns of the polysaccharide extracted from the mucus 

compared to the whole body as reported by previous report [12]. We 
found each eluted band with decreasing molecular mass from SM (Lane 
5) to mGAG-F3 (Lane 8), indicating that acharan sulfate is composed of 
heterogeneous and polydisperse GAGs chains. Nevertheless, both 
mGAG-F1 and mGAG-F2 will not be used to analyse in further study due 
to the presence of a contaminating brown pigment that may cause by 
non-covalent complexes such as proteins. Furthermore, in view of the 
scarce amount of purified material, we did not further characterize these 
two GAGs fractions by NMR analysis. Thus, the electrophoretic mobility 
of the various sulfated polysaccharides is the first indication of the 
distinctive structures, suggesting the structure of the mGAG correspond 
to those of chondroitin sulfate standard in this system with molecular 
mass range of 20–40 kDa [7,9,10,12]. 

After complete enzymatic digestion (Fig. S1) to basic disaccharide- 
building blocks using a cocktail of heparinase enzymes, the enzymatic 
depolymerization of mGAG-F3 was characterised by the strong-anion 
exchange (SAX)-HPLC column (Fig. 2 and Table 1) [13,14]. In order 
to verify whether the conditions used to depolymerize the mGAG-F3 
molecule would alter the disaccharide composition, a control experi
ment using low molecular weight heparin was carried out to show that it 
was stable under this condition (Fig. S2). In the disaccharides, ΔUA that 
denotes a Δ(4,5) unsaturated hexuronic acid, and N-acetylated glucos
amine (GlcNAc) were observed as expected [14], containing mostly 
ΔUA(2S)-GlcNAc (72.92%), ΔUA(2S)-GlcNAc(6S) (14.94%), and ΔUA 
(2S)-GlcNSO3(6S) (12.14%). Each disaccharide in mGAG-F3 fraction 
was at a ratio of; 6 (ΔUA(2S)-GlcNAc): 1 (ΔUA(2S)-GlcNAc(6S)): 1 (ΔUA 
(2S)-GlcNSO3(6S)). This sulfated polysaccharide has a high level of 
negative charge according to the presence of N- and O-sulfo and 
carboxyl groups in both glucosamine and iduronic acid units [15]. The 
mGAG-F3 polysaccharides had a different disaccharide composition by 
data from literature, which shows that α-L-Iduronic acid (IdoA) residues 
from the three types of disaccharide units composed of 2-O-sulfated IdoA 
linked to either non-sulfated or 6-O-sulfated N-acetyl/N-sulfated GlcNAc 
[9,10,14,16]. Variation in the composition could be expected between 
different lots of raw materials, and potentially between different enzyme 
sources as well as the methods used to analyse the digests [17]. In our 
results, it was notable that minimal changes were observed in the 
composition, even with significantly different amounts of 

Fig. 1. Establishment, purification and characterisation of the acharan sulfate from the mucus of A. fulica. (a) The purification of mGAG (solid line) from snail mucus 
by DEAE-Sepharose anion-exchange chromatography. The column was eluted with a stepwise salt gradient of 0.5 M–1.0 M NaCl (dotted line) in 50 mM sodium 
acetate buffer (pH 5.5). The fractions were monitored at 210 nm and the flow rate was set at 2.5 mL/min. Three eluent fractions were collected; F1, non-interacting 
fraction; F2, eluted fraction at 0.5 M NaCl; and F3, eluted fraction at 1.0 M NaCl. The contamination of protein sample can be detected by measuring tis optical 
absorbance at 280 nm (dashed line). (b) PAGE analysis of mGAG-derived polysaccharides which visualized with alcian blue. Lane 1: Molecular weight protein 
markers, Lane 2: heparin (H), Lane 3: pentosan polysulfate (PS), Lane 4: chondroitin sulfate (CS), Lane 5: dried mGAG of snail mucus (SM), Lane 6: non-interacting 
fraction (F1), Lane 7: the papain-digested mGAG from DEAE-Sepharose at 0.5 M NaCl (F2), and Lane 8: the papain-digested mGAG from DEAE-Sepharose at 1.0 M 
NaCl (F3), respectively. The samples are loaded at the top of the gel (cathode) and migrate towards the anode at the bottom of the gel. 
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depolymerization. 
The 1H and 13C one-dimensional NMR spectra (Fig. S4) and the in

terpretations of 1H/13C HSQC spectra (Fig. 3) of the mGAG-F3 confirm 
the identification of this GAGs fraction as the previously described 
acharan sulfate [10,12,14]. The assignment was achieved by comparing 
with the previously literatures (Table 2 and Table S1). Combining these 
NMR data, the mGAG-F3 structure was confidently proposed, which 
composed of IdoA (labeled as I) and GlcNAc (labeled as G) units. The 
intense 1H peak with the most upfield resonance at δ2.061 indicated the 
substitution of the acetyl methyl groups in the amino sugar, suggesting 
that the GlcNAc residues in this GAGs fraction are essentially N-acety
lated [18]. The presence of two peaks at δ5.237 and δ5.097 also 
confirmed the anomeric proton resonance corresponding to the H-1 of 
the IdoA and GlcNAc units, respectively. Because of the downfield 

resonances of their anomeric proton signals, the proton chemical shifts 
are in agreement with a 2-O-sulfated α-L-iduronic acid residue as the 
major disaccharide unit. Compared with H-1 glucosamine of heparan 
sulfate (at δ5.4) [19], the observation of these upfield shifts may cause 
on the anomeric proton of GlcNAc appeared to be attributable to the 
unusual sequence (GlcNAcα(1 →4) − IdoA(2S)) [10]. The downfield 1H 
signal of H-5 of IdoA at δ4.932 confirmed the C5 epimerization. These 
features are somewhat typical for GAGs-like molecules. 

Although the mGAG-F3 fraction, characterised as acharan sulfate 
(AS-GAG), shown weak anticlotting activities (data not shown) [14]. 
The increasing research papers have revealed that non-anticoagulant 
heparin species possess potential applications for treating inflamma
tion and act as co-receptors for binding to the host cell receptor [20,21]. 
Recent studies have shown that SARS-CoV-2 spike protein can bind 
sulfated GAGs depending on the degree of sulfation [22], facilitating the 
conformational change in spike subunit necessary for binding to the 
angiotensin-converting enzyme-2 (ACE2) receptor [21]. The binding of 
spike protein on the surface of cells involves cooperation between ACE2 
and heparan sulfate receptors, in which the interaction apparently oc
curs in a co-dependent manner. The expression of specific oligosaccha
ride epitopes by cells makes it possible to recruit specific binding. The 
exact mechanism by which the low molecular weight heparin (LMWH) 
binds to the virus is not yet fully understood, but it is thought to involve 
the binding of the specific GAGs motifs to the receptor binding domain 
of SARS-CoV-2 spike protein that is separate from the site involved in 
ACE2 binding [21,23,24]. Thus, in the experiments performed, we 
firstly investigated the effect of AS-GAG as a heparin-like substances for 
the potential anti-SARS-CoV-2 activity. 

To evaluate the potency and efficacy of the polysulfated GAGs on 
binding, we first prepared the AS-GAG oligosaccharide by partial 
digestion with a mix of heparinase enzymes, after which the final digest 
AS-GAG (dAS-GAG) was resolved into its constituent oligosaccharide 
size fractions by gel filtration chromatography (Fig. S5). Compared with 
an average molecular weight of LMWH (Enoxaparin, Clexane®), the 
unfractionated oligosaccharides of dAS-GAG (tetrasaccharide through 
octasaccharide) were pooled together, desalted and then freeze-dried. 
These individual oligosaccharide species of dAS-GAG were very 
similar to the oligosaccharide distribution of LMWH-Enoxaparin, which 
were used to investigate the inhibition of SARS spike variant-ACE2 
binding by competitive immunoassay assay. Based on the potential 

Fig. 2. SAX-HPLC chromatogram of mGAG-F3 (solid line) disaccharides by 
treatment with a mixing of heparinase enzymes, eluting with a linear gradient 
of 0.1–1.0 M NaCl (dotted line) at a flow rate of 1.0 mL/min. The standard 
disaccharide (dashed line) structures are indicated by number labels; 1: ΔUA- 
GlcNAc, 2: ΔUA-GlcNSO3, 3: ΔUA-GlcNAc(6S), 4: ΔUA(2S)-GlcNAc, 5: ΔUA- 
GlcNSO3(6S), 6: ΔUA(2S)-GlcNSO3, 7: ΔUA(2S)-GlcNAc(6S), 8: ΔUA(2S)- 
GlcNSO3(6S) (Fig. S3). 

Table 1 
Composition analysis of the disaccharide repeating units in the AS-GAG polysaccharide by SAX-HPLC analysis.  

Peak No. Disaccharide structures Composition/% Ratio 

4 ΔUA(2S)-GlcNAc 72.92 6.00 

7 ΔUA(2S)-GlcNAc(6S) 14.94 1.23 

8 ΔUA(2S)-GlcNSO3(6S) 12.14 1.00 

Abbreviations: ΔUA, Δ(4,5) unsaturated hexuronic acid; GlcNAc, N-acetylated glucosamine; GlcNSO3, N-sulfated glucosamine; 2S and 6S are 2-O- and 6-O- 
sulfate groups, respectively. 
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activity with a mean of 50% inhibitory concentration (IC50) value, the 
concentration-dependent inhibition at an inhibitor concentration 
ranging from 4000–30 μg mL− 1 was tested for the dAS-GAG oligosac
charides in comparison with other sulfated polysaccharides, i.e. Enox
aparin and pentosan polysulfate (PPS) (Fig. 4). Detailed IC50 results are 
summarized in Table S2. The unfractionated dAS-GAG gave a low IC50 
value of 28.4 μg mL− 1 compared with PPS (IC50 = 57.1 μg mL− 1), and 
Enoxaparin (IC50 = 91.5 μg mL− 1). Although the IC50 curve fits for this 
figure have substantial uncertainty due to a lack of sufficient data at a 
concentration below 30 μg mL− 1, the trend is clear. All of these com
pounds interfered with SARS-CoV-2 spike-ACE2 interaction in a dose- 
dependent manner, which is comparable to the measurement of the 

binding kinetics and affinity of SARS-CoV-2 S-RBD interaction with 
heparin using a Surface Plasmon Resonance [24,25]. The weaker 
inhibitory activity of LMWH was observed to give less potent inhibition 
than unfractionated heparin (UFH) polysaccharide [22], supporting the 
notion that the patterning of the sulfated domains in the chains may play 
a role in binding. These remains considerable potential for 
non-systematic use of the sulfated polysaccharides as anti-viral treat
ment. According to the previous literatures [25–27], even very large 
doses of UFH and Enoxaparin administered via inhalation has very poor 
serum bioavailability. However, longer term toxicology and pharma
cokinetic studies of intranasal of these heparin-like substances are 
currently underway. Based on a purpose of SARS-CoV-2 attachment and 
entry, we can imagine that the mechanism of the potent 
anti-SARS-CoV-2 activity from acharan sulfate involves the ability of 
this GAGs interaction to the surface of the viral spike protein. The spike 
protein is responsible for binding to the ACE2 receptor on the surface of 
host cells, which allows the virus to enter and infect the cells. It can be 
noted that the acharan sulfate can compete with the ACE2 receptor for 
binding to the spike protein, effectively blocking the virus from entering 
the host cell. This competition occurs because the spike protein has a 
binding site for heparan sulfate that is located adjacent to the ACE2 
binding domain [21,25]. It can be noted that heparin-like acharan sul
fate may have potential as a therapeutic agent for COVID-19. 

3. Conclusion 

Heparin is derived from mammalian sources and might be contam
inated with animal proteins and apathogenic agents. Here, we prepared 
the sulfated GAGs from the mucus of Achatina fulica, characterised its 
structure, and investigated its anti-viral effects by analysing its binding 
inhibitory activity. The results were able to show that acharan sulfate 
from the snail mucus presents heterogeneity regarding negative net 
charge density and/or molecular mass. The key enzymatic depolymer
ization process was performed using a previously described procedure 
with some modification, which could easily isolate and purify the active 
fraction from the starting raw material. Furthermore, we identified the 
presence of a GAG disaccharide component, not described before, that 
arises in minor amounts, showing that this heparin-related GAG presents 
N-sulfate groups at the glucosamine unit [10]. The purified AS-GAG is 
mainly composed of →4) − α − L − IdoA(2S)(1 →4) − α − D −

Fig. 3. 1H–13C HSQC spectra of the AS-GAG from the mucus of A. fulica. The 
assignment was based on comparison with the previously described acharan 
sulfate. The peaks are labeled as I or G for Iduronic acid (IdoA) and N-acetyl 
glucosamine (GlcNAc) units, respectively. The number after these letters indi
cate the positions of 1H and 13C. 

Table 2 
Proton chemical shifts for acharan sulfate from snail mucus (AS-GAG). Protons 
labeled as I and G refer to Iduronic acid (IdoA) and N-acetyl glucosamine 
(GlcNAc) units, respectively.  

Protona Chemical Shifts/ppm 

Acharan 
sulfate 
(This 
work) 

Acharan 
sulfate 
[10] 

Acharan 
sulfate 
[12] 

Acharan 
sulfate 
[14] 

IdoA 
(2S)- 
GlcNS 
(6S) 
[28] 

IdoA- 
GlcNAc 
[29] 

I-1 5.237 5.19 5.20 5.17 5.22 4.89 
I-2 4.339b 4.34b 4.34b 4.33b 4.35b 3.65 
I-3 4.270 4.28 4.19 4.27 4.20 3.83 
I-4 4.020 4.03 4.05 4.01 4.10 4.04 
I-5 4.932 4.93 5.08 4.90 4.81 4.68 
G-1 5.097 5.11 5.07 5.10 5.39 5.11 
G-2 4.015 4.02 3.97 4.01 3.29 4.00 
G-3 3.751 3.74 3.70 3.72 3.67 3.73 
G-4 3.758 3.74 3.70 3.73 3.77 3.73 
G-5 3.863 3.87 3.71 3.85 4.03 4.00 
G-6 3.864, 

3.948 
3.87 3.82 3.85, 

4.00 
4.27b 3.85 

Acetyl 2.061 2.08 2.04 2.06 – 2.04  

a The spectroscopic numbering used is given in Fig. 3 and Fig. S4. 
b Values indicate positions of sulfation. 

Fig. 4. Normalized binding inhibition (%) for concentration-dependent inhi
bition of the S-RBD and ACE2 interaction by; pentosan polysulfate (PPS), 
Enoxaparin, and dAS-GAG oligosaccharide. A competition of S-ACE2 binding 
assay was performed by the RayBio® COVID-19 assay kit which uses a 96-well 
plate coated with recombinantly-expressed human ACE2 protein. The biological 
analysis was treated by ANOVA, p < 0.05 was selected prior to experiments to 
reflect statistical significance. 
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GlcNAc (or GlcNAc(6S) or GlcNSO3(6S))(1 →, with a proportion of 
6:1:1. Since hexasaccharides are less inhibitory against the target pro
tein binding, there is a clear need for the octasaccharide size in optimal 
binding. As we know, acharan sulfate is widely distributed in the whole 
body of Achatina fulica, indicating that this GAGs from the snail mucus 
may be extremely important to the physiology of this gastropod [12]. In 
addition, competition Surface Plasmon Resonance studies using acharan 
sulfate oligosaccharides reviewed that efficient binding of pseudotype 
particles requires both chain length-dependent manner and sulfation 
probability (data not shown). Thus, we propose a model for the acharan 
sulfate oligosaccharide mediated cell binding and entry. The study was 
carried out to investigate the inhibitory effect of AS-GAG oligosaccha
ride on the binding of the spike protein to the ACE2 receptor. Impor
tantly, it should be noted that this study was conducted in laboratory 
settings and that the results are not conclusive as a treatment for 
COVID-19. 

4. Experimental 

Treatment and purification of large snail mucus poly
saccharides–50 g of snail mucus collected from the surface of live snails 
was freeze-dried. The thus-obtained powder was defatted by 3-times of 
acetone extraction for 24 h, and then was dried in heating oven at 37 ◦C. 
The dried powder was dissolved in 3-vol of sodium acetate buffer (pH 5) 
containing 100 mg pronase (7.0 U/mg solid), 5 mM EDTA, and 5 mM 
cysteine. The mixture was incubated at 60 ◦C for 24 h with sharking at 
400 rpm in an incubator. After boiling for 10 min, the cooled mixture 
was centrifuged at 7000 g for 30 min at 10 ◦C, and then the poly
saccharide in the clear supernatant was precipitated with 4-vol of 5% 
sodium acetate in cold ethanol. After standing at 4 ◦C for another 24 h, 
the pellet formed was collected by centrifugation at 7000 g for 30 min at 
4 ◦C. The resulting residues were reconstituted with water and dialyzed 
against distilled water (with three changes of distilled water in 24 h). 
The solution was collected and lyophilized to obtain a pale-white 
powder consisting of the sulfated mucus-GAGs polysaccharides, it was 
designated mGAG, that was used for the purification process in next 
further study. 

The crude mGAG polysaccharide was fractionated by an anion- 
exchange chromatography on a DEAE cross-linked beaded Sepharose 
column (Hitrap DEAE FF 5 mL, 160 × 250 mm, Cytiva) with elution by a 
stepwise concentration of 0.5 M–1.0 M NaCl in 50 mM sodium acetate 
buffer (pH 5.5). The fractions were monitored at 210 nm and the flow 
rate was set at 2.5 mL/min. Each fraction was desalted using a Hitrap 
cross-linked dextran column (14.5 × 50 mm, Cytiva), and lyophilized to 
give a sulfated GAGs polysaccharide as called by F1 to F3 fractions. 

The homogeneity of the high mGAG content were determined using 
liquid chromatography on Superdex 30 Increased 10/300 GL column 
(Cytiva) by elution with 50 mM phosphate buffer with 0.15 M NaCl (pH 
7.0) at 1.5 CV at flow rate 0.5 mL/min operated by ÄKTA Avant 25 
(Cytiva). The standards curve for Low molecular weight protein was 
obtained by applied standard mixtures (1 mg/mL blue dextran, 1 mg/mL 
aprotinin, 2 mg/mL ribonuclease A (28-4038-41), LMW gel filtration 
calibration kits (Cytiva), 1 mg/mL cobalamine (Sigma-Aldrich), 0.5 mg/ 
mL phenol red, and 1 mg/mL glycine (Vivantis)). A calibration curve 
was plotted by the logarithm of molecular weights versus retention time 
in each standard position. The molecular weight of mGAG fraction was 
estimated by compared with the calibration curve. 

Gel electrophoresis– Polyacrylamide gel electrophoresis (PAGE) 
was performed for the analysis of the GAGs containing in the digested 
snail GAGs sample after treatment with protease. Briefly, a poly
acrylamide gel (10 × 10 cm, 1.5-mm-thick of 15% acrylamide) was 
prepared and 20 μg of each oligosaccharide was subjected to electro
phoresis at 90 V for 90 min 15 μg of heparin oligosaccharide standard 
was loaded on the same gel. Tris-Borate-EDTA buffer (pH 8.3) was used 
as running electrophoresis buffer. Oligosaccharides were visualized by 
0.5% (w/v) Alcian Blue in 2% acetic acid for overnight. Destaining was 

achieved with several washing with by distilled water. 
Disaccharide analysis using SAX-HPLC– Heparin and snail GAG 

oligosaccharides were depolymerized by 0.1 U of the mixing of heparin 
lyase I, II, and III, in 0.3 mL of 50 mM Tris-HCl buffer (pH 7.2) and 10 
mM CaCl2 for 24 h at 37 ◦C, after which the reaction samples were 
heated in a boiling water for 3 min. The digested products were injected 
on an analytical SAX-HPLC column to monitor the reaction. A linear 
gradient of 0.1–1.0 M NaCl (pH 3.5) was performed over a 50 min period 
at a flow rate of 1.0 mL/min and the detection was set at 232 nm. 

NMR analysis. – 40 mg of the lyophilized samples were dissolved in 
99% deuterium oxide (D2O) as a solvent for NMR spectroscopy using a 
Bruker NEO™ 500 MHz NMR spectrometer (Bruker, Avance III™ HD, 
Karlsruhe, Germany) with a 5 mm multinuclear inverse probe at 296 K. 
The 1H and 13C spectra were observed at 500.18 and 125.78 MHz, 
respectively. The interpretation of 1H/13C heteronuclear single quantum 
coherence (HSQC) spectra was recorded using state-time proportion 
phase incrementation for quadrature detection in the indirect dimen
sion. All chemical shifts were relative to the deuterium signal of the 
solvent. 

Spike-ACE2 binding assay– A competition of Spike-ACE2 binding 
assay was performed by the RayBio® COVID-19 assay kit which uses a 
96-well plate coated with recombinantly-expressed human ACE2 pro
tein. The mixture of the testing reagent is then added to the wells in the 
presence of the recombinant Fc tagged SARS-CoV-2 spike RBD protein 
and incubated for 3 h at room temperature with shaking. Unbound RBD 
is removed with washing. HRP-conjugated anti-mouse IgG is applied to 
the wells and incubated for 1 h at room temperature with shaking. The 
reagent of 3,3′,5,5′-tetramethylbenzidine (TMB) substrate was added to 
the wells and incubated for 15 min at room temperature in the dark with 
shaking. The HRP-conjugated IgG binds to Fc tagged RBD protein and 
reacts with the TMB solution, producing a blue color that is proportional 
to the amount of bound RBD. Then, the HRP-TMB reaction is halted with 
the addition of 2.0 M sulfuric acid for stop-reaction, resulting in a blue- 
to-yellow color change. The intensity of the yellow color is measured at 
450 nm. The biological analysis was treated by ANOVA, p < 0.05 was 
selected prior to experiments to reflect statistical significance. Data are 
the means ± SD of 3 experiments performed in duplicate. 
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