
Supplementary Material

FCS Oligomers’ Main Characteristics

Preparation and Evaluation of FCS Oligomer-
GR Microcapsules

The preparation method for FCS oligomer-gastro-resistant
(GR) microcapsules is shown in Scheme 1. To optimize the
embedding rate of FCS oligomers in the microcapsules, a
series of experiments was performed based on the above
representative protocol with varied concentration (before
syringe dripping) of reagents (sodium alginate, CaCl2, chito-
san, and core [FCS oligomers]/wall [sodium alginate] ratio) as
shown in ►Table S2.

The embedding rate of FCS oligomers in themicrocapsules
was measured as described in the following. To plot the FCS
oligomers’ standard curve, 1.00mL 0–100 μg/mL FCS oligo-
mer solution was mixed with 8.00mL 5mM KOH-KH2PO4

solution (pH 7.0) and 1.00mL 0.18mg/mL methylene blue
solution, and the absorbance at 545 nm was measured
immediately and repeated three times in parallel. The stan-
dard curve of FCS oligomer content in aqueous solution is
shown in ►Fig. S2. FCS oligomer-GR microcapsules were
completely dissolved in the solution to test its embedding
rate of FCS oligomers. Microcapsules were mixed with the
microcapsule-breaking solution (0.2mol/L NaHCO3 and
0.06mol/L Na3C6H5O7·2H2O, pH¼ 7.8–8.2) and shaken until
completely dissolved. The FCS oligomers’ standard curve plot
was followed to determine the FCS oligomer content in
solution. The embedding rate of FCS oligomers in GR micro-
capsules was calculated according to the following formula:

where W%: the embedding rate of FCS oligomers in the
microcapsules;

ω1: the total amount of FCS oligomers used in the prepa-
ration of the GR microcapsules;
ω2: FCS oligomer content in GR microcapsules.

The microcapsules were difficult to form at 10mg/mL of
sodium alginate, due to the low viscosity of the sodium
alginate solution. However, when we used the sodium algi-
nate solution at 40mg/mL, it was difficult to form uniform
microcapsules because of the high viscosity of the sodium
alginate solution. Both of these extremes led to a decrease in
the embedding rate of FCS oligomers. When we used the
sodium alginate solution at 30mg/mL, the microcapsules
formed were uniform and stable, and the embedding rate of
FCS oligomers was the highest. Similarly, at low or high
concentrations of CaCl2, the embedding rate of FCS oligomers
was also low due to the unstable morphology of the micro-
capsules. When we used the CaCl2 solution at 20mg/mL, the
microcapsule was easy to obtain and stable, and the embed-
ding rate of FCS oligomers was the highest. The outer layer of
chitosan could stabilize the form of microcapsules. Whenwe
used the chitosan solution at 2 or 4mg/mL, the microcap-
sules were easy to form.Whenwe used the chitosan solution
at 6mg/mL, the microcapsules were uniform and distinct,
and the embedding rate of FCS oligomers was also consider-
able. The core (FCS oligomers)/wall (sodium alginate) ratio
also has great influence on the embedding rate. When we
used the core/wall ratio at 1:2, the embedding rate of FCS
oligomers was the highest. Finally, we used 30mg/mL of
sodium alginate solution, 20mg/mL of calcium chloride
solution, 4mg/mL of chitosan solution, and 1:2 of the
core/wall ratio to prepare FCS oligomer-GR microcapsules

Scheme 1 Work flow of preparation for FCS oligomer-GR microcapsules.

Fig. S1 Structure of fucosylated chondroitin sulfate (FCS) oligomers
prepared from Pearsonothuria graeffei. The FCS oligomers mainly
contain trisaccharide-repeating units including 6–18 oligomers as
characterized by nuclear magnetic resonance (NMR) and liquid
chromatography-Fourier transform mass spectrometry (LC-FTMS) in
our previous publication.1
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with approximately 75.4% embedding. The FCS oligomer-GRmicrocapsules contained approximately 21.8% FCS oligomers (w/
w) by dry weight.

Information about Native FCS-GR Microcapsules

For the oral anticoagulant comparison,weused the sameway to prepare and evaluate the native FCS-GRmicrocapsules, which
contained approximately 20.6% native FCS (w/w) by dryweight. The simulated release of native FCS from theGRmicrocapsules
in gastrointestinal (GI) tract is shown in►Fig. S3. Finally, the release rate of the native FCS from the GRmicrocapsules reached
approximately 83%, which was similar to that of the FCS oligomer-GR microcapsules.

Table S1 Molecular information about FCS oligomers

Proportion of each fractiona Average Mw
b Degree of sulfationc

�6-mer 9-mer 12-mer 15-mer �18-mer

21.0% 22.3% 17.2% 13.8% 25.7% 3347 Da 3.4

aThe proportion of each fraction was estimated by calculating the ratio of corresponding pea’s area in HPGPC profiles (►Fig. 3B, black line).
bThe average Mw of the FCS oligomers was calculated by weighting each fraction’s Mw and proportion.
cThe FCS oligomers were first measured the sulfation content by a BaCl2-gelatin method.2 Then the sulfation content was transferred into degree of
sulfation, which was expressed as the average sulfation numbers of each trisaccharide unit.

Table S2 Optimization of preparation for FCS oligomer-GR microcapsules

Varieties FCS oligomers
(mg/mL)

Sodium alginate
(mg/mL)

CaCl2
(mg/mL)

Chitosan
(mg/mL)

Embedding
rate (%)

Sodium alginate 5 10 20 6 21.8� 6.8

10 20 20 6 59.5� 5.4

15 30 20 6 67.3� 5.1

20 40 20 6 41.4� 5.5

CaCl2 10 20 10 6 39.1� 6.3

10 20 20 6 60.7� 3.8

10 20 30 6 32.7� 6.2

10 20 40 6 19.1� 1.1

Chitosan 10 20 20 2 38.9� 3.8

10 20 20 4 62.6� 2.9

10 20 20 6 60.9� 3.0

10 20 20 8 56.3� 4.0

Core (FCS oligomers)/wall
(sodium alginate) ratio

20 20 20 6 52.6� 5.3

10 20 20 6 61.1� 3.8

7 20 20 6 50.0� 6.9

5 20 20 6 34.3� 7.4
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Fig. S3 Simulated release of the native FCS from the GRmicrocapsules in the gastrointestinal tract. The time duration of 0–120 minutes was the
gastric stage with a simulated fluid (10 mg/mL pepsin, pH 1.2). Successively, 120–420 minutes was the intestinal stage with a simulated fluid
(10 mg/mL trypsin, pH 6.8). Both the simulated fluids were stirred with 60 rpm at 37°C and sampled every 20 minutes to calculate the release
rate of native FCS.

Fig. S2 Standard curve of FCS oligomer content in aqueous solution.
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Fig. S5 (A) The hierarchical structure of a FCS oligomer-GR microcapsule and (B) its potential change in the GI tract.

Fig. S4 The structural model of a transwell unit.
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