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Abstract: Sacran is a supergiant cyanobacterial polysaccharide that forms mesogenic supercoil rods
that exhibit liquid crystalline (LC) gels at deficient concentrations of around 0.5 wt%, and has sev‑
eral bioactive stimuli‑responsive functions. Here, we attempted to form oriented microfibers of
sacran by electrospinning, following structural analyses of the sacran rods. A heterogeneous acid‑
hydrolysis method using a protonated cation‑exchange resin was adopted to examine the short‑time
exposition of concentrated acid to sacran rods. From the supernatant, the oligomeric fraction that
was soluble in water and methanol was isolated. The oligomeric fraction had a main sugar ratio of
α‑Glc:β‑Glc:α‑Xyl:β‑Xyl:α‑Rha of 2:5:1.5:1.5:4 (Glc:Xyl:Rha = 7 (=4 + 3):3:4), and it was speculated that
the sacran structure includes rhamnoglucan and xyloglucan (4:3), which are generally rigid enough
to exhibit LC. Tomake orientedmicrofibers of LC sacran, solubility testing was performed on sacran
to find good new solvents of polyhydroxy alcohols such as ethylene glycol, 1,2‑propanediol, and
glycerol. The oriented film was prepared from a sacran aqueous solution where calcium compound
particles deposited on the film are different from polyhydroxy alcohol solutions. Although sacran
could not form microfibers by itself, polymer composite microfibers of sacran with poly(vinyl alco‑
hol) were prepared by electrospinning. Cross‑polarizing microscopy revealed the molecular orien‑
tation of the microfibers.

Keywords: polysaccharides; physical gels; extracellular matrix; cyanobacterium; liquid crystals;
glucan; electrospinning; water‑soluble polymers; stimuli response; sacran

1. Introduction
Water‑solublepolysaccharideshavebeenconventionallyobtained fromseaweedwitha large

amount of gelmatrices [1–5]. Gelatinous biomaterials of a freshwater unicellular cyanobacterium,
Aphanothece sacrum, are traditionally mass‑produced in a local river of Japan [6–12], which has
an abundance of a jelly extracellular matrix (ECM) which is a kind of gel with a high water
content (97.5%) [13]. The ECM has good viscoelastic properties to reduce the damage of cell
bodies from mechanical shocks in a river flow and to keep the algal body size above the cen‑
timeter range. We hypothesized that this ECM must mainly contain fibrous materials such as
polysaccharides to reinforce itself. Therefore, we extracted polysaccharides, specifically, sacran,
as a cotton‑like foam from ECM of A. sacrum (Figure 1) and discovered that they consisted of
sugar chains with a molecular weight (MW: 16 Mg/mol) [13] much higher than those of other
polysaccharides used as superabsorbers [14,15]. The yield of sacran extraction ranged from 70 to
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80 wt% in dried A. sacrum biomaterials, suggesting sacran as the main component of the ECMs.
Most plants contain giant natural polymers such as polysaccharides, lignin, cellulose, hemicel‑
lulose, etc., and self‑orientation phenomena are observed in plant cell walls, which may play
a role in reinforcing plant bodies [16,17]. The extraction of intact celluloses with high MW is
challenging due to its high crystallinity and insolubility. Moreover, the extraction can reduce
MW to the scale of 0.1 Mg/mol, as evidenced by theMW values of the modified celluloses [18].
Although DNAs should have MW levels that are much higher than 10 Mg/mol, the MW is re‑
markably reduced to a scale of 1 Mg/mol during extraction processes [19]. On the other hand,
Aphanothece sacrum exopolysaccharide was extracted by a mild condition based on alkaline disso‑
lution and purification to keep high levels ofMW, which induces a unique structural character
of sacran. Transmission electron and atomic force microscopic studies of sacran extended by a
spin‑coating method on the glass revealed that their chains were very long, reaching lengths of
8 µm. In addition, the sacran formed a super‑helical self‑assembled microfiber and was used for
a humidity‑sensitive actuator [20]. The microfiber had a diameter of around 1 µm and consisted
of a torsional self‑assembled structure of nanofibers with diameters of around 50 nm. When one
side of the microfibers was fixed, they drastically transformed into 2D structures like snakes and
3D twisted coils [20]. Such supercoils are rigid enough to exhibit a nematic liquid crystalline (LC)
phase in water in concentrations ranging over 0.5 wt% [21]. The concentration is much lower
than those of xanthan gum and shizophyllan, both of which are well‑known high‑performance
LC polysaccharides, showing an LC phase above 6 wt% and 13 wt% [22], respectively. Even
crystallite rods of charged celluloses with an average length of 115 nm show a critical LC concen‑
tration of 5 wt% [23,24]. The estimated aspect ratio of sacran mesogenic rods from Flory’s lattice
theory [25] is around 1600, which is an anomalously high value compared to other LC polysac‑
charides such as xanthan gum and shizophyllan, which are 517 and 95, respectively [26]. The
sacran chains with the LC phase efficiently adsorbedmetal ions to form oriented hydrogels. This
efficacy is attributed to sacran’s strong anionic properties, where 33 mol% anionic substitutes
to sugar residues mean the accumulation of 30,000 negative charges per sacran chain. Trivalent
metal ion adsorption to sacran caused the formation of shells on the gel beads due to the close
packing of the sacran chains in their LC state (i.e., a sol core and a gel shell) [21]. Overall, sacran
chains are very rigid megamolecules whose supercoils can be a strong mesogen activating in liv‑
ing A. sacrum ECMs showing LC‑like opaque color. Then, the investigation of orientation and
LC properties of sacranmicrofibers is important in the fields of material sciences and cyanobacte‑
rial biomechanics. Moreover, sacran has a unique glycosaminoglycanoid structure, considering
functional groups such as sulfate, carboxylate, and N‑acetylamide, leading to the inhibition of
IgE and eosinophilic infiltration in mice, demonstrating sacran’s potential in the treatment of al‑
lergic dermatitis and anti‑inflammatory pathways [27–29]. The beneficial health effects of sacran
on skin eczematous disorders have been reported in human test subjects. Implementing a com‑
parative clinical trial with a larger sample size was envisaged to confirm sacran’s efficiency and
safety [30–32]. In spite of such attractive functions, sacran structure is yet insufficiently under‑
stood to optimize the fiber spinning condition. Moreover, microfibers as materials have never
been prepared.
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were converted to H+ by hydrochloric acid treatment, and the resin was added to the aque-
ous solution of sacran. As a result, the sulfate and carboxyl groups of sacran were proto-
nated and became a gel while incorporating the cation exchange resin beads (Fraction A). 
Next, the supernatant portion other than the gel was collected and concentrated, resulting 
in a highly viscous aqueous solution, and after methanol was added to this solution, the 
precipitates appeared. The precipitates were designated as Fraction B, and the fraction 
dissolved in methanol was designated as Fraction C. As for the insoluble Fractions A and 
B, an attempt was made to solubilize them with additional acid treatment. Complete sol-
ubilization of Fraction A was not possible even with additional acid treatment, and further 
analysis has not been conducted. Fraction B was completely solubilized by additional acid 
treatment, and was analyzed by GC-MS after methanolysis and trimethylsilylation. Frac-
tion C was also analyzed by the analogous procedure with Fraction B. GC-MS chromato-
grams of Fractions B and C are shown in Figure 3. The monosaccharide composition of 
Fraction B was Glc, Man, Gal, Xyl, Fuc, Rha, GlcA, GalA, GalN, and unknown with a com-
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Here, we attempt to prepare oriented microfibers of the abovementioned
stimuli‑responsive polysaccharide, sacran, via electrospinning method, following sacran
structural analyses. The sacran composite microfiber preparation can lead to not only the
materialization of cyanobacterial polysaccharides in the field of LC devices and biomedi‑
cal materials but also plant structural biologics and photosynthetic sciences since species
of cyanobacteria have been regarded as excellent plant models [33].

2. Results and Discussion
2.1. Structural Analyses

Sacran has been extracted via the alkaline elution method from ECM gels of Aphanothece
sacrum algal bodies (Figure 1). Extracellular carbohydrates occurring on the biological cell
surfaces contain uronic acids. However, the sequence determination of uronate‑abundant
polysaccharides is complex due to the unusual acid instability of glycosidic bonds [34–37].
Structural analyses of sacran were previously attempted [38], but the fractionation was not
successful in obtaining the proper oligomer specimens for the uronic acid instability for the
following reasons: (1) too‑high viscosity, hampering homogeneous hydrolyses, and (2) insol‑
ubility in strong acid solution. Although sacran was treated with 4M trifluoroacetic acid at
110 ◦C for 78 h, insoluble fractions remained while degraded black sugars appeared. The par‑
tial sugar component of successfully extracted fraction for sacran was Glc, Gal, Man, Rha, Xyl,
and Fuc with a composition of 25.9:11.0:10.0:10.2:16.2:6.9, revealed from the analysis of gas
chromatography–mass spectrometry (GC‑MS) and GC. Differently from cellulose, sacran is a
heteropolysaccharide composed of various sugar residues; therefore, its fractions of oligomers
gave complex information about monosaccharide compositions as indicated here. However,
sacran was non‑crystalline and sufficiently soluble in water to use as a water absorbent.

Althoughhomogeneous acid hydrolysis under various conditions failed in the uniden‑
tified repeating unit of sugar chains, a heterogeneous acid hydrolysis method has been
proposed (Figure 2). The counter ions of the sulfonate group of a cation exchange resin
were converted to H+ by hydrochloric acid treatment, and the resin was added to the aque‑
ous solution of sacran. As a result, the sulfate and carboxyl groups of sacran were proto‑
nated and became a gel while incorporating the cation exchange resin beads (Fraction A).
Next, the supernatant portion other than the gel was collected and concentrated, result‑
ing in a highly viscous aqueous solution, and after methanol was added to this solution,
the precipitates appeared. The precipitates were designated as Fraction B, and the frac‑
tion dissolved in methanol was designated as Fraction C. As for the insoluble Fractions A
and B, an attempt was made to solubilize them with additional acid treatment. Complete
solubilization of Fraction A was not possible even with additional acid treatment, and fur‑
ther analysis has not been conducted. Fraction B was completely solubilized by additional
acid treatment, and was analyzed by GC‑MS after methanolysis and trimethylsilylation.
Fraction C was also analyzed by the analogous procedure with Fraction B. GC‑MS chro‑
matograms of Fractions B and C are shown in Figure 3. The monosaccharide composition
of Fraction B was Glc, Man, Gal, Xyl, Fuc, Rha, GlcA, GalA, GalN, and unknown with
a composition of 26.9:4.8:8.2:10.3:4.7:10.0:1.2:4.4:1.4:11.4, which was too complicated and
considered to be a mixture of several oligomer components; further discussion was diffi‑
cult to make. As for Fraction C, the sugar residue composition was 35.1:3.0:4.9:14.9:19.9 for
Glc, Gal, Man, Xyl, and Rha. Since this is an almost integer ratio, it may include a re‑
peating unit; therefore, the numbers below the decimal point were rounded off and di‑
vided by 5 to obtain the composition of 7:0.6:1:3:4 for Glc, Gal, Man, Xyl, Rha, respectively.
Considering the small composition of galactose and mannose separately, the composition
of Glc, Xyl, Rha was 7 (=3 + 4):3:4, respectively. This analysis suggested the existence
of xyloglucan and rhamnoglucan as constituent oligosaccharides of sacran, as proposed
in Figure 4. Further GC chromatogram analyses for α,β‑isomer composition for sugar
residues were carried out using isomer standard samples. The results are summarized as
β‑Glc:α‑Glc = 5:2, β‑Xyl, α‑Xyl = 1:1, and β‑Rha, α‑Rha = 0:1. Then, the resulting ratio can
be regarded as β‑Glc:α‑Glc:β‑Xyl:α‑Xyl:α‑Rha = 5:2:1.5:1.5:4. Xyloglucan is a major con‑
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stituent polysaccharide of hemicellulose [39], which is generally present universally in
the primary cell walls of higher plants, and the main chain is composed of a very rigid
β‑1,4 glucan with α‑1,6‑linked xylose side chains. The sacran rigidity can be derived from
the xyloglucan structure as shown in Figure 4. It is considered that sacran has similar struc‑
tures to rhamnoglucan produced by Spirulina [40], which is also a cyanobacterium that pro‑
duces sulfated polysaccharides. The rhamnoglucan structure is shown on the right side of
Figure 4. Since galactose and mannose exist in small compositions of 0.6 and 1.0, it is spec‑
ulated that galactose and mannose exist randomly as side chains. This suggests that the
sacran chains may mainly contain a triad of rigid 1,4‑β‑glucan. The structure proposed
in Figure 4 has no contradiction with the isomer ratio of monosaccharides. Although this
structure is putative to need additional confirmation such as NMR, it can explain why
sacran exhibits hydrogen bond interactions between sugar chains like hemicellulose, and
also the presence of hydrophilic side chains makes it water‑soluble, unlike hemicellulose.
In other words, it can be discussed that sacran has a structure that makes it easy to become
a fiber. As stated in the previous paper, sacran has anions of about 33%, such as sulfate
groups, and then sacran can be an ionic cellulose analog [21]. The results can motivate us
to obtain sacran microfibers by electrospinning.
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Figure 3. GC‑MS chromatograms of sacran hydrolysates, Fraction B, and Fraction C. Red‑marked monosac‑
charides in chromatogram of Fraction C are the main components. Glc: 1‑O‑methyl‑tetra‑O‑trimethylsilylated
glucose, Man: 1‑O‑methyl‑tetra‑O‑trimethylsilylated mannose, Gal: 1‑O‑methyl‑tetra‑O‑trimethylsilylated
galactose, Xyl: 1‑O‑methyl‑tri‑O‑trimethylsilylated xylose, Rha: 1‑O‑methyl‑tri‑O‑trimethylsilylated rhamnose.
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Figure 4. Proposed oligomer structures of sacran hydrolysate Fraction ·C· soluble in methanol after
heterogeneous acid hydrolysis where β‑1,4‑glucan backbone was highlighted in red. The structure
is putative to need additional confirmation.

2.2. Electrospun Microfibers
A solubility test was conducted to select the solvent used for electro‑spinning. As

seen in Table 1, it was found that sacran was soluble in polyhydroxy alcohols in addi‑
tion to water and DMSO. Accordingly, we dissolved sacran in water, ethylene glycol, and
1,2‑propanediol, which have relatively low boiling points, and tried electrospinning. How‑
ever, the solvents did not completely dry away during flying, and the solution remained on
the targeting glass substrate. When the solutions were dried, a film was formed as shown
in Figure 5, where an SEM image of the film edge implied in‑plane orientation. Previously,
we reported the formation of sacran films oriented in‑plain via slow‑drying aqueous solu‑
tion owing to LC polysaccharides [38]. Here, the formation of oriented sacran films under
different conditions is noteworthy. From SEM, one can see that the band texture including
layer structures with a distance ranging from 1 to 2‑µm is much shorter than the sacran
length, which is larger than 25 µm, as derived from a unit number (ca. 105 number of
monosaccharides) and a monosaccharide size (0.25 nm). Then, the sacran chains lay down
cooperatively along the substrate.

Table 1. Solubility tests of sacran 1.

Water MeOH EtOH Acetone Ethylene Glycol 1,2‑Propanediol Glycerol DMSO

+ − − − + + + +
1 + soluble, − insoluble.
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2.3. Electrospun Microfibers
SEM and EDX surface analyses of the sacran film were carried out. SEM images

(Figure 6) reveal that particles appearing on the sacran film surface formed over an aque‑
ous solution, while smooth surfaces of the films were prepared over ethylene glycol and
1,2‑propanediol solutions. EDX analysis of particles (Figure 7) revealed that the particles
were mainly composed of calcium, as it can be seen that only a calcium peak appeared
compared to the film without particles. When the parent cyanobacterium cells, Aphanoth‑
ece sacrum, are growing, they absorb a large quantity of calcium ions. Sacran chains include
calcium ions as counter ions of carboxylate and sulfate groups.
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Although the presence of calcium ions is negligible for any other evaluation and func‑
tionalization of sacran, as shown in Figure 7B, calciumparticleswere formed due to electric
field application to sacran aqueous solution. The phenomenon might be derived from cal‑
cium ions condensed by an electric field and deposited onto the film. On the other hand,
these solvents did not observe such a calcium compound deposition phenomenon over
ethylene glycol and 1,2‑propanediol solutions, due to the lack of dissociation of calcium
ion pairs with carboxylates and sulfonates.

Overall, it was concluded that sacran microfibers should not be produced using a
pure solvent. We used PVA to assist the sacran microfiber formation in aqueous solutions
because PVA electrospun fibers can be easily obtained [41]. The electrospinning condition
was optimized for PVA without sacran because the selected PVA has a highMW spinning
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grade in low concentrations, to match the concentration of highly viscous sacran solution
(0.5%). As a result of optimization, the concentration of PVA had to be 2.0% or more and
the applied voltage was 20 kV or more. Electrospinning of three mixtures with composi‑
tions of sacran, specifically, PVA = 0.25%: 2% (sacran percentage to PVA is 12.5%), 0.25%:
2.5% (10.0%), and 0.25%: 3% (8.3%), were successfully electro‑spun at applied voltages of
20, 25, and 30 kV, respectively. The SEM image of electrospun fibers placed on aluminum
foil is shown in Figure 8. The representative image of PVA (3%, without sacran) taken at
30 kV is shown in the bottom right, revealing the formation of microfibers with a radius
of 1–2 µm. When 8.3% of sacran was mixed into the PVA solution, almost homogeneous
microfibers with a radius of about 1 µm were obtained. When the amount of sacran was
further increased to 10%, fibers with a radius less than 1 µmwere obtained at 20 kV. In the
case of 25 kV and 30 kV, the microfibers were shaped like a bead necklace. The beads were
hemispherical, about 2–3 µm long and 1–2 µmwide, and were present at intervals of 10 to
20 µm. At 12.5% of sacran, spherical beads were more frequently observed with a length
of about 2–7 µm and a width of about 1–5 µm. Overall, it was found that the beads became
more stretched as the applied voltage increased and the sacran concentration decreased.
As mentioned above, to obtain clear microfibers without beads, the upper limitation of
sacran composition to PVA was about 8.3%. There is a possibility that the bead necklace
itself may transport substances from bead to bead, but this paper did not conduct research
to that extent.
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Figure 8. SEM images of polymer composites of sacran with PVA with various compositions spun
in water. The top values are electric field values applied to sacran/PVA solutions. The left image is
sacran composition to PVA. Beads appeared at high sacran composition and low electric field.

The orientation of the microfibers obtained under conditions of 10% sacran and 30 kV
was observed using a polarizing microscope. The sample was spun on a slide glass placed
on aluminum foil (Figure 9). The appearance of the glass has become a little cloudy (top pic‑
ture). A polarized light microscopy image of the part near the tip of this glass is shown be‑
low. This observationwas taken in the presence of a first‑order retardation plate (λ 530 nm)
installed between the sample and the analyzer. The image on the left shows themicrofibers
present at an angle of approximately 45 degrees from both the analyzer and polarizer, and
the fibers placed from the bottom left to the top right are colored blue. Also, this photo was
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taken after rotating this sample 90 degrees to the left, and it can be observed that the sample
color changed to orange. The observation indicates that this sample has a positive birefrin‑
gence. When the birefringence is positive, the sugar chains are oriented parallel to the fiber
axis, and it is thought that they are oriented along the fiber axis together with PVA. It can
be speculated that the orientation of sacran induced that of PVAmicrofibers. Since PVA is
not easily oriented in an amorphous state, it is important that it could be oriented simply
by introducing about 10% of sacran. Hence, adding just a small amount of sacran has a
strong effect on the orientation of the matrix polymer chains. The resulting microfibers
easily absorbed moisture, which can be regarded as responsiveness to humidity stimulus.
In the future, we plan to evaluate stimuli‑responsiveness such as humidity‑responsive or
photoresponsive materials.
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Figure 9. Non‑woven cloth of polymer composite microfibers of sacran/PVA sample prepared in
water (sacran/PVA 8.3 wt%, Voltage: 30 kV). The top picture is the appearance of microfibers on a
glass plate. The bottom pictures are cross‑polarizing microscopic images taken in the presence of
a first‑order retardation plate (530 nm) set at angle of 45 degree to the polarizer. The left image is
presented at an angle of approximately 45 degrees from both the analyzer and polarizer, and the
fibers placed from the bottom left to the top right are colored blue, while the sample color is orange
when the fibers placed from the bottom right to the top left. The observation indicates that the fiber
has positive birefringence.

In conclusion, the H‑type cation‑exchange resin for heterogeneous acid hydrolysis of
sacran gives a short‑time exposition of concentrated acid to sacran chains, which was ex‑
tracted from ECM gels of Aphanothece sacrum. The oligomeric fraction with a well‑defined
structure was obtained from the supernatant. GC‑MS and GC revealed that the oligomer
had a main sugar ratio, Glc:Xyl:Rha, of 7 (=3 + 4):3:4, from which it was speculated that
the sacran structure includes rhamnoglucan and xyloglucan, which is generally very rigid
enough to exhibit LC. This structure must then be an origin for LC supercoiled assembly.
The structuremotivated us to prepare the sacranmicrofibers by electrospinning but sacran
solutions in polyhydroxy alcohols gave only oriented films. It was noteworthy that the film
formed by the electrospinning machine was still oriented, similar to a film cast over an
aqueous solution by conventional drying. When poly(vinyl alcohol), PVA, was used to as‑
sist the microfiber formation, the polymer‑composite microfibers of sacran with PVAwere
prepared in the molecularly oriented state. Since PVA and sacran are both cross‑linked
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after fabrication by freeze–thaw and annealing, respectively, the orientated microfibers
would be used as stimuli‑responsive hydrogel materials in the future.

3. Materials and Methods
3.1. Material

Sacran is a macromolecular polysaccharide extracted from the extracellular matrix;
it was obtained by following a previously described procedure [9]. The biomaterial sam‑
ples were washed with pure water to remove hydrophilic impurities. Further, the water‑
washed samples were soaked in isopropanol overnight and then collected by filtration to
remove more hydrophobic impurities than mentioned above. The isopropanol‑washed
samples were added to 0.1 M NaOH at around 100·◦C and agitated until completely dis‑
solved. The aqueous solution was neutralized to a pH of 6–7. Subsequently, the concen‑
trated solution was filtered with cloth to remove undissolved impurities. Further, the vis‑
cous solution was slowly poured into pure isopropanol to precipitate white fibrils. The
fibrils were collected and washed with isopropanol several times to eliminate impurities.
The fibril sacran was further dried at 60 ◦C for several minutes.

Sodium alginate (viscosity: 800–900 mPa s (1% in water)) which was used for the par‑
ent polysaccharide of external standards, guluronic acid and mannuronic acid, was pur‑
chased from Tokyo Chemical Industry, Tokyo, Japan, and used as received. Concentrated
hydrochloric acid (HCl) and trifluoroacetic acid (TFA) were purchased from Kanto Chem‑
ical Co., Ltd., Tokyo, Japan, and used after being diluted for methanolysis and acid hy‑
drolysis as part of the GC‑MS pretreatment. Methanol and acetyl chloride were purchased
from Kanto Chemical Co., Ltd., Tokyo, Japan, and used as received. PVA (JP‑50HH) with
an average repeating unit number of 5000 (saponification degree > 98 mol%) was dedi‑
cated by Japan Vam & Poval Co., Ltd., Osaka, Japan was used as received. Monosaccha‑
rides and other sugar standards for GC‑MS and GC were purchased from Tokyo Chemi‑
cal Industry, Tokyo, Japan, and used as received. Cation exchange resin (DOWEX 50W‑X8,
50–100 mesh,MerckKGaA,Darmstadt, Germany)was used after treatment byHCl (Tokyo
Chemical Industry, Tokyo, Japan).

3.2. Methods
3.2.1. Acid Hydrolyses and Fractionation

H‑type cation exchange resins, whichwere pre‑treatedwith 2NHCl, were placed into
the sacran aqueous solution (1 g, 0.5 wt%). The mixture was mildly agitated to exchange
sacran sodium ions into H+ to form a jelly matter of sacran. The jelly matter was collected
by filtration and a fraction was isolated as a gel with the ion exchange resins (Fraction A)
under vacuum. The filtrate was collected and condensed by evaporation, and the resulting
viscose solutionwas poured intomethanol. FractionAwas deposited as fibrils inmethanol
(Fraction B), and the part that was soluble in methanol was isolated (Fraction C).

3.2.2. Monosaccharide Analyses
The methanolysis and trimethylsilylation treatments were created for the determi‑

nation of the constituent monosaccharides by gas chromatography–mass spectrometry
(GC‑MS) and GC as follows. First, 1 N HCl‑MeOHwas prepared by mixing dry methanol
(50 mL) with acetyl chloride (3.6 mL); this was added to an obtained fraction (1 mg) and
heated to 70 ◦C and stirred for 16 h. Themethanolized samplewas evaporated andwashed
with t‑BuOH three times. Then, the samples were trimethylsilylated with TMSI‑C (200 uL)
at ambient temperature for 1 h, for analyzing constituent monosaccharides by GC‑MS.
Fraction B was hydrolyzed using 4 M TFA at 110 ◦C for 4 h and then methanolized for
24 h based on an analogous procedureto a methanol‑soluble fraction. Further, monosac‑
charides used as external standards such as Glc, Man, Gal, Rha, Fuc, Ara, Xyl, GlcN,
GalN, GlcNAc, GalNAc, GalA, GlcA, Rib, Mur, andMurNAc were also methanolized and
trimethylsilylate. For guluronic acid (GulA) and mannuronic acid (ManA), the alginate
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was hydrolyzed using 4M TFA at 110 ◦C for 48 h and methanolized for 44 h to reach the
external standards of GulA and ManA.

The constituent monosaccharides were analyzed by GC (GC‑18A, Simadzu, Kyoto,
Japan) and GC‑MS apparatus (Trace DSQ, Termo Fisher Scientific Inc., Waltharm, MA,
USA) equipped with a 30 m × 0.25 mm i.d. fused‑silica capillary column coated with
0.25‑µmTC‑1 (GL Sciences, Tokyo, Japan). TheGC‑MSflow speed ofHe gaswas 1mL/min,
and the injector temperature was 200 ◦C. The column temperature program at onset was
80 ◦C, increasing to 260 ◦C at a rate of 6 ◦C/min. The transfer line and the ion source were
both kept at a temperature of 250 ◦C, whereas the GC injector was kept at a temperature
of 200 ◦C. The flame ionization detection was kept at a temperature of 250 ◦C. The col‑
umn was kept at a temperature of 140 ◦C for 2 min, then raised by a rate of 8 ◦C/min to
260 ◦C, which was maintained for 13 min. The carrier N2 gas was kept at a pressure of
100 kPa. Moreover, the analyses of GC and GC‑MS revealed the absence of GulA, ManA,
or Rib as sugar monosaccharides of sacran, suggesting that sacran has a unique polysac‑
charide chain different from seaweed‑derived chains, or that it is not contaminated with
nucleic acids.

3.2.3. Electrospinning
After dissolving 0.5 g of sacran into 100 mL of each solvent, the mixture was stirred

at 60 ◦C for 48 h using a hot stirrer to prepare a 0.5 wt% sacran solution. Afterward, im‑
purities in the solution were removed using a centrifuge (at 3000 rpm for 1 h at 20 ◦C,
Avanti HP‑26 XP (BECKMAN COULTER, Brea, CA, USA)). This operation was repeated
three times in total to obtain a clear sacran solution. The prepared 0.5 wt% sacran solution
was put into a syringe as a sample solution and installed in the electrospinning machine
NANON (MECC, Tosu, Japan). Regarding electrospinning conditions, we focused on volt‑
age and investigated the optimal conditions for forming fibers. Three types of voltagewere
used, specifically 20 kV, 25 kV, and 30 kV, and three different inner needle diameters (22 G
(0.4 mm)) attached to the syringe were used. In addition, electrospinning was performed
with the sample extrusion speed and the distance from the tip of the needle to the collector
where the fibers are collected (collector distance) fixed at 1.0 mL/h and the collector dis‑
tance at 10 cm. After electrospinning, the sample on the collector was vacuum‑dried for
24 h. Sacran aqueous solution with a concentration of 0.5 wt% was used as a sample; for
PVA‑assisted spinning, PVA aqueous solution with a concentration range of 3–5 wt% was
mixed with sacran solution to use as samples.

3.2.4. Polarized Microscopy
Cross‑polarizing microscopy was used to observe the orientation of microfibers using

a microscope (BX51, Olympus, Tokyo, Japan) equipped with a CCD camera (DP80, Olym‑
pus, Tokyo, Japan). A first‑order retardation plate (530 nm)was inserted into the light path
to identify the orientation direction.

3.2.5. Scanning Electron Microscopy
A scanning electronmicroscope (SEM, JEOL, JCM‑6000PLUS, Tokyo, Japan)was used

to investigate the sacran film and microfibers formed in the electrospinning machine. The
samples were mounted onto metal stubs using carbon tape. The stubs were then coated
with Pt‑Pd using a sputtering machine. Energy‑dispersive X‑ray spectroscopy (EDX) is
carried out for elemental analysis.
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