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Abstract: Arthrospira is one of the most studied cyanobacteria and has been reported with practical ap-
plications. Among the substances derived from Arthrospira, polysaccharides have received relatively
less attention than phycocyanins, though they have more abundant structural variations and specific
properties. Herein, a new Arthrospira-derived sulfated polysaccharide was explored for its potential
bioactive functions. The ability of this sulfated polysaccharide to promote the behavior of neural stem
cells (NSCs) in three-dimensional hydrogel was examined for the first time. NSCs encapsulated in the
sulfated polysaccharide-containing hydrogel showed better proliferation than the control hydrogel as
well as a unique cell clustering behavior, i.e., formation of multicellular spherical clusters (40-60 um).
The sulfated polysaccharide, in an appropriate range of concentration (5 mg/mL), also maintained
the stemness of NSCs in hydrogel and facilitated their differentiation. In addition, the potentials
of the new sulfated polysaccharide as a coating material and as a component for drug carrier were
verified. The sulfated polysaccharide-modified substrate exhibited superhydrophilicity (contact angle
~9°) and promoted cell adhesion to the substrate. Composite nanoparticles composed of the sul-
fated polysaccharide and other differently charged polysaccharides were produced with an average
diameter of ~240 nm and estimated drug loading of ~18%. The new Arthrospira-derived sulfated
polysaccharide is a promising candidate for cell culture, surface-modification, and drug-delivery
applications in the biomedical field.
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1. Introduction

Natural polysaccharides are usually complex polymers consisting of a group of
monosaccharide units linked by glycosidic bonds isolated from renewable resources [1].
Natural polysaccharides are often linear or branched structures with molecular weights
greater than 100 kDa, which maintain unique biological activity [2]. Besides their basic
functions as structural support materials in plants and as energy substances in living
organisms, i.e., cellulose and starch, respectively, polysaccharides have a wide range of
pharmacological effects, including anticoagulation, antibacterial, immunoregulatory, and
antiviral effects [3]. A sulfated polysaccharide (SP), as a common, functional naturally
derived polysaccharide, is a heterogeneous group of macromolecules with sulfate groups
in its sugar residues that usually contains glyoxylates [4]. Due to the mature preparation
method, SP is mainly extracted from aquatic plants such as Arthrospira [5].

Arthrospira, a tiny filamentous cyanobacterium, is one of the most studied cyanobacte-
ria and is mostly grown commercially; it is also used as a food supplement [6]. Moreover,
Arthrospira has been considered for many years as an important source of valuable eco-
based extracts such as proteins and polysaccharides, which constitute 55-70% and 15-25%
of the dry weight of Arthrospira, respectively [7,8]. Phycocyanins are the most common
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derivatives of Arthrospira and have applications in healthcare, cosmetics, and pharmaceu-
ticals [9]. In contrast, polysaccharides have received relatively less attention. However,
polysaccharides from Arthrospira sources, especially SP, have been reported to have poten-
tially specific physico-chemical properties and a variety of important biological activities,
including antiviral, immunomodulation, and antioxidant properties [10]. The activity of
Arthrospira polysaccharides varies with the available forms and structure. Therefore, the
development of a new Arthrospira-derived SP (AdSP) and related applications is still of
great potential in biomedical applications.

The application of AdSP is usually as a drug, which is independent of the material
system [11]. The difficulty of AdSP to associate with other polymers or material surfaces
may be related to the abundant hydrophilic groups, obscuring the small number of func-
tional groups that can form bonds with other materials. Meanwhile, published articles
on the effects of AASP on cell behavior are mainly focused on the inhibition of tumor
cell proliferation, anti-angiogenesis, enhancement of hematopoietic stem cells, etc. [12-14].
Only one study focuses on the effects of AdSP on the behavior of neural stem cells [15].
Meanwhile, there are many recent studies on the preparation of composite materials, espe-
cially nanomaterials and hydrogels, with AdSP or modified AdSP [16]. Hydrogels with
the addition of AdSP can be endowed with the characteristic properties of SP [17-19]. This
also offers the possibility to utilize AdSP in cell culture and tissue engineering.

In recent years, some studies exist on the preparation of composite nanomaterials
using AdSP [20], but they are mostly on nanoemulsions prepared by phase transforma-
tion [21,22] and rarely on aqueous synthesis systems or the role of AdSP as a modifier on
nanoparticles [23,24]. Meanwhile, multifunctional AdSP has not been used as a surface
coating material alone, probably due to its strong hydrophilicity and good water solubility.
In the present study, we propose a new promising AdSP and explore its ability to pro-
mote the behavior of neural stem cells in three-dimensional hydrogels. The prospective
formulation from the new AdSP, including the preparation of composite nanoparticles with
other polysaccharides at room temperature with a potential drug-delivery function, and
the coating materials for material surface properties were also evaluated.

2. Results and Discussion
2.1. Basic Properties of AdSP

The AdSP in the present study is a natural polysaccharide with a broad molecular mass
distribution and a variable monosaccharide arrangement, which could be concluded from
the previous studies discussing the diversity of Arthrospira-derived polysaccharides [25].
The molecular weight (M,,) distribution of AASP was confirmed through high-performance
size-exclusion chromatography with refractive-index detection (HPSEC-RI), as shown in
Figure 52 (Supplementary Materials). The AdSP presented a single-peak distribution with
an average molecular weight of ~272 kDa, indicating the high homogeneity of the polysac-
charide. Although there could be reasonable variations in the structure of AdSP, the purity
of the polysaccharide should be clarified. As an attempt to decipher the structure of AdSP
and confirm its purity, two-dimensional diffusion-ordered spectroscopy (DOSY), along
with classic nuclear magnetic resonance spectroscopy (\H NMR), was employed, and the
results are shown in Figure 1. From the classical 'H NMR (upper part of Figure 1), the
arrangement of the monosaccharides of AdSP appeared to be promiscuous, so that the
characteristic peaks overlapped considerably, which made it unlikely to justify a specific
structure. However, the purity of the AdSP was verified by DOSY, excluding the effect
of the residual solvent (D,O and HDO, as shown in Figure 1). The structural heterogene-
ity of AdSP may account for the irregular shape in the diffusion pattern of the DOSY
result. These findings indicated that the AdSP developed in this work was a high-purity
bio-sourced polymer.

An important feature of AdSP, i.e., the zeta potential, was investigated to provide a
basis for further design of the materials. The zeta potential of AdSP was —42.87 &+ 1.80 mV.
Such a negative value indicates the good stability of AdSP in aqueous solution. The
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negative potential may be attributed to the rich hydroxy groups on the polysaccharide
chain. In addition, the strong negatively charge of AASP may allow it to readily interact
with other molecules by electrostatic interaction. The electrostatic interaction can offer an
effective way for AdSP to combine with other polymers to create composite materials.
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Figure 1. The two-dimensional DOSY spectrum of AdSP. The X-axis corresponds to the chemical
shift in classic 'TH NMR, and the Y-axis corresponds to the diffusion dimension.

The small-angle X-ray scattering (SAXS) technique was used to characterize the struc-
tural feature of AdSP. The scattering profile is shown in Figure S3 (Supplementary Materi-
als). AdSP did not show a specific shape in the nanoscale. In addition, AdSP had various
structures within two different scales (separated by 0.03 A~! in the curve). Due to the
complexity of the monosaccharide composition and the uncertain spatial structure of AdSP,
the characteristics of AdSP may deserve further investigation.

2.2. Bioactivity of AdSP-Loaded Hydrogels on Cell Behavior

Gelatin methacryloyl (GeIMA) was successfully synthesized, and the degree of
substitution (DS) of GelMA was verified through 'H NMR spectroscopy (Figure 54,
Supplementary Materials). The DS was about 95%. GelMA hydrogel as a biocompati-
ble and biodegradable hydrogel matrix has been widely used in biomedical fields [26].
Moreover, many previous works certified that GelMA hydrogel was a good supporting
matrix for cell proliferation [27]. To examine the bioactivity of AdSP on cell behavior,
three different AdSP-loaded GelMA hydrogels and a control hydrogel (GelMA hydrogel
without AdSP) were produced for cell experiments, of which the component ratios and
abbreviated names are listed in Table 1. The proliferation of neural stem cells (NSCs)
encapsulated in hydrogel was analyzed by a Cell-counting Kit-8 (CCK-8) assay over a
period of 14 days to assess the effects of AdSP on the behavior of NSCs. The results are
shown in Figure 2. After 14 days, the G1 hydrogel group (with 1.0 mg/mL AdSP) and
G3 hydrogel group (with 3.0 mg/mL AdSP) demonstrated a better proliferation rate of
NSCs than the control hydrogel group (without AdSP) and the G5 hydrogel group (with
5.0 mg/mL AdSP). No significant difference existed between the G1 and G3 groups. All
three AdSP-containing groups showed obvious promotion on the proliferation of NSCs
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compared to the control group. As the concentration of AdSP in the hydrogel increased, the
proliferation rate of NSCs in the hydrogel did not show a completely positive correlation.
When the concentration of AdSP in the hydrogel was greater than 3 mg/mL, the effect
of AdSP in promoting the proliferation of NSCs in the hydrogel was reduced. Previously
reported AdSP has not been investigated individually for its proliferative effects on NSCs,
and only one study showed that Arthrospira exhibited some proliferative effects on human
NSCs [15]. Our finding on AdSP is consistent with the latter observation on Arthrospira.

Table 1. Abbreviated names and compositions of the hydrogels.

Abbreviated Name Concentra:‘t;(t); )of GelMA Concen(t:;;&(;f AdSP
Control 7.5 0
G1 7.5 1.0
G3 7.5 3.0
G5 75 5.0
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Figure 2. The proliferation of neural stem cells (NSCs) encapsulated in different hydrogels for a
period of 14 days. * p < 0.05, ** p < 0.01, and *** p < 0.001 between the indicated groups.

The potential clustering behavior of NSCs encapsulated in the hydrogels was observed
by microscopy, as displayed in Figure 3. After 14 days, for all three AdSP-containing groups,
cellular aggregation to variable extents was observed in the encapsulated NSCs. Eventually,
cells were aggregated and formed multicellular spherical clusters. The average diameters
of the NSC clusters in three AdSP-loaded hydrogels were ~58 pm, ~56pm, and ~39 um
for the G1 hydrogel, G3 hydrogel, and G5 hydrogel, respectively. The size of the single
NSC used in this study was ~11 pm. However, the NSCs in the control group without
AdSP did not show significant aggregation behavior. In the literature, AdSP has not
been reported to present cell-aggregation-promoting activities. Meanwhile, such spherical
clusters may have the potential to prolong stemness and maintain the multi-lineage of
NSCs rather than separate cells [28,29]. Further gene expression assays were performed to
verify the promotive effect of AdSP on cell behavior in hydrogel as well as its influence on
gene expression.

NSCs encapsulated in AdSP-loaded hydrogels and the control hydrogel (non-AdSP-
containing) after a 14-day culture were investigated for their gene-expression profiles, to
determine the differentiation status. The results are displayed in Figure 4. The expression
levels of all genes, including the nestin (stemness marker), glial fibrillary acidic protein
(GFAP, glial marker), 3-tubulin (early neuronal marker), and microtubule-associated pro-
tein 2 (MAP2, mature neuronal marker) genes, showed significant differences between the
AdSP-loaded hydrogels and the control group. No obvious difference existed among three
AdSP-loaded hydrogels for the expression of nestin, indicating that spherical neuro-clusters
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Control

probably maintain stemness longer than the the non-clustered NSCs in the control hydrogel.
All AdSP-loaded hydrogels demonstrated no specific inclination for the differentiation
direction of NSCs. The AdSP-loaded hydrogels tended to induce the differentiation of
NSCs more toward neurons (3-tubulin and MAP2 genes) rather than glial cells (GFAP
gene). This finding is consistent with the relevant literature, reporting that SP can promote
neurosphere formation and may not influence the stemness and multi-lineage potential
of neurospheres [30,31]. In addition, the high concentration of AdSP in the hydrogel
(>5 mg/mL) decreased the expression level of neuron-related genes, though it remained
higher than that of the control group. Therefore, an optimal concentration of AdSP for
bioactivity on NSCs may exist, agreeing with the conclusion drawn by a cell-proliferation
study. In the literature, a different type of AdASP was observed to possess possible neuro-
protective effects in a Parkinsonian mouse model [32]. Arthrospira was also validated for
its anti-inflammatory and inhibitory effects during the response of microglia to oxidative
stress [15]. The new AdSP in this study, when in the appropriate range of concentration,
can effectively promote the proliferation, spheroid formation, and differentiation of NSCs.
This AdSP may, thus, be a promising candidate for the treatment of neurodegenerative
diseases in the future.

Day 6

Day 14

Figure 3. Potential clustering behavior of NSCs encapsulated in four different hydrogels on day 6
and day 14. Red arrows represent the neuro-clusters.
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Figure 4. The stemness and differentiation of NSCs encapsulated in hydrogels. The gene expressions

of neural-related genes, including nestin, GFAP, 3-tubulin, and MAP2, were analyzed by RT-PCR after
14 days. The expression levels are represented by the relative ratios of gene expression normalized to
that of GAPDH. * p < 0.05 and ** p < 0.01 between the indicated groups.
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2.3. Analyses of AdSP-Modified Substrates

A conventional overlay coating method was initially attempted to decorate AdSP
on the substrate dish, which was conducted by overlay coating and washing three times,
followed by drying [33]. The outcome showed that a significant difference between the
dish treated by the overlay coating method and the untreated non-adhesive dish did
not exist, indicating that AdSP was not readily attached to the substrate by the regular
casting. The reason for this failure by the conventional coating may be attributed to the
presence of numerous hydrophilic groups on the AdSP chain, which prevent it from binding
to the substrate by simple contact. If AdSP successfully modifies the substrate surface,
hydrophilicity and cytophilicity could be expected.

To graft AdSP onto the surface, a custom method was developed by using the air plasma
treatment. The surface topography and hydrophilicity of the three groups, including a
commercial non-adhesive polystyrene dish (untreated), plasma-activated dish, and AdSP-
modified dish, were examined to determine if the surface modification of the substrates
was successful. The surface of the untreated and plasma-treated dishes showed a similar
morphology without a specific pattern. By contrast, the surface of the dried AdSP-modified
dish exhibited a dendritic pattern in the substance attachment, as shown in Figure 5. After
repeated moistening and drying, a similar dendritic pattern still remained on the surface of
the ADSP-modified dish. In addition, the average values of the contact angles for the dishes
shown in Figure 6 confirmed the difference among the substrates. The untreated dish and
plasma-activated dish showed contact angles of ~62° and ~33°, respectively, indicating limited
wettability. As for the AdSP-modified dish, a contact angle of less than 10° was detected,
implying that the AdSP-modified surface possesses superhydrophilicity [34]. This result was
also associated with the water solubility of AdSP itself. The changes in the surface morphology
and hydrophilicity of the dish suggest the successful modification of the substrates by AdSP.

Untreated plasma-activated AdSP modified

Figure 5. Surface images of the untreated non-adhesive dish, the plasma-activated dish, and the
AdSP-modified dish observed by microscopy.

Untreated plasma-activated AdSP modified

Figure 6. The average contact angle values for the untreated non-adhesive dish, the plasma-activated
dish, and the AdSP-modified dish.
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2.4. Cell Adhesion on AdSP-Modified Substrates

NSCs were seeded on dishes in three different groups and then were observed by
light microscopy at various pre-set time points within 48 h, as shown in Figure 7. About
80% of the NSCs seeded on the AdSP-modified dish exhibited adherent behavior, with a
spreading cell morphology after a 3 h culture, and all NSCs showed complete attachment
on the AdSP-modified dish after 24 h, along with slight proliferation. At 48 h, the NSCs
on the AdSP-modified dish presented regular proliferation. On the contrary, NSCs were
unable to adhere after 48 h of culture on the untreated dish and showed a wandering cell
state; they were unstable and failed to grow in a continuous monolayer. Meanwhile, the
NSCs growing on the plasma-activated dish attached to the surface slowly, with ~90%
of the cells being adherent and morphologically stretched after 48 h but without obvious
proliferation. The experimental results confirmed that AdSP coating could impart good
cell adhesion to the surface of substrates. A different SP as the coating material has been
used for antimicrobial and anti-fouling applications [35,36] but not for cell adhesion. Most
commercially available tissue culture plates or dishes are made of polystyrene with surface
modification such as hydrophilic polymer decoration or plasma treatment [37]. The finding
in this study suggests AdSP as a promising coating option for substrates used in cell culture.
Moreover, AdSP may have particular promotion effects in cell clustering and influence the
differentiation behavior of some stem cells, based on the aforementioned results.

3h 24 h 48 h

Untreated

plasma-activated

AdSP modified

Figure 7. Cell adhesion behavior of NSCs within 48 h on the untreated non-adhesive dish, the
plasma-activated dish, and the AdSP-modified dish.



Molecules 2023, 28, 732

8of 13

2.5. Potential of AdSP as Drug Carrier

Plant-resourced polysaccharide has been combined with a positively charged poly-
mer to fabricate composite nanoparticles through the formation of a polyelectrolyte com-
plex [38]. The potential of AdSP as a component to prepare composite nanoparticles was
verified by a reaction with chitosan. A photo image of the suspension of AdSP/chitosan
nanoparticles is shown in Figure 8A. The suspension was homogeneous with a milky-white
semi-transparent appearance. The hydrodynamic diameter and polydispersity index (PDI)
of the AdSP/chitosan nanoparticles were 239.67 & 137.44 nm and 0.369, respectively. These
preliminary features confirm the possibility of using AdSP as a component to prepare
nanoparticles. The mechanism may be ascribed to electrostatic interaction and hydrophobic
interaction [39]. The drug-loading capacity of AdSP/chitosan nanoparticles was subse-
quently verified using fast green (FG) as a model drug. A photo image of the suspension of
FG-loaded AdSP/chitosan nanoparticles is displayed in Figure 8B. The suspension was
in the form of a blue-colored homogeneous semi-transparent dispersion. The hydrody-
namic diameter and PDI of the FG-loaded AdSP/chitosan nanoparticles were altered to
306.17 £ 60.33 nm and 0.281, respectively. The drug-loading efficiency of the nanoparticle
was estimated to be 18%, indicating the potential for drug delivery. The reason for the
increment in the size of the drug-loaded particles was hypothesized to be the competition
by the charge of drug in the electrostatic interaction between AdSP and chitosan that
influences the regular self-assembly. Considering the properties of each composition in the
formula, such as the pH sensitivity and antibacterial properties of chitosan [40] as well as
the potential antiviral and immunomodulatory abilities of AdSP [10,11], the capabilities of
AdSP/chitosan nanoparticles as a functional drug carrier may deserve further exploration,
through the optimization of AdSP/chitosan nanoparticles for drug loading and release and
the intensive study of their functions.

A Without drug B Drug loaded

Figure 8. Photo images showing the suspension of composite nanoparticles based on AdSP and
chitosan without model drug (A) and those loaded with drug (B).

3. Materials and Methods
3.1. Materials

The purified sulfated polysaccharide (AdSP, polysaccharide content of ~99%,
Mw = 272 kDa) extracted from self-grown Arthrospira maxima through the pressurized hot
water extraction method was provided by Far East Bio-Tec. Co., Ltd. (Taipei, Taiwan).
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The molar ratio of each monosaccharide composition is listed in Table 2. Methyl acrylic
anhydride (MAA), gelatin (type A, 300 Bloom, from porcine skin), deuterium oxide (D,0),
and sodium bicarbonate were purchased from Sigma-Aldrich (St. Louis, MO, USA). High-
glucose Dulbecco’s Modified Eagle’s Medium (HG-DMEM), Ham's F-12, fetal bovine serum
(FBS), and penicillin—streptomycin-amphotericin (PSA) were purchased from Gibco (Grand
Island, NY, USA). Geneticin (G418) was purchased from Invitrogen (Waltham, MA, USA).
2,2-Azobis(2-methyl-N-(2-hydroxyethyl) propionamide) (VA-086) and FG were purchased
from Wako Chemicals GmbH (Neuss, Germany). Chitosan (Mn~1.4 x 10° Da) was obtained
from Hopax Inc. (Taipei, Taiwan). CCK-8 (Sigma-Aldrich, St. Louis, MO, USA) and KAPA
SYBR Green qPCR kit (Kapa Biosystems, Inc., Wilmington, MA, USA) were applied in the
commercial form.

Table 2. Molar ratios (%) of monosaccharides in the composition of the Arthrospira-derived sulfated
polysaccharide (AdSP) in this study.

Monosaccharide Rhamnose Glucose Mannose Fructose Galactose
Molar ratio 913+ 0.1 1.8+0.2 1.2+0.2 2.6+0.1 1.7+ 0.1

Monosaccharide Xylose Arabinose Glucuronic acid Galacturonic acid
Molar ratio Trace Trace 02+0.1 1.2£05

3.2. Characteristics of AdSP

AdSP, dissolved in D,0O, was analyzed by the DOSY, along with classic 'H NMR
(Bruker AVANCE III™ HD 400 MHz NMR spectrometer, USA) operated at 300 K. The
molecular weight analysis was determined by HPSEC-RI. Samples were separated by the
TSng1® guard column PWH (7.5 mm x 7.5 cm, Tosoh Bioscience, Inc., Tokyo, Japan)
coupled with the TSngl® G4000PW column (7.5 mm x 30 cm, Tosoh Bioscience, Inc.,
Tokyo, Japan) and TSngl® G3000PW column (7.5 mm x 30 cm, Tosoh Bioscience, Inc.,
Tokyo, Japan). Columns were eluted at a flow rate of 0.5 mL/min at 70 °C with 0.3 N
NaNOs3, containing 0.02% NaNj3. The molecular weight was estimated with a calibration
curve of the pullulan standard kit (P82, Lot:16021, Showa Denko America, Inc., New York,
NY, USA). The ¢-potential of AdASP in aqueous solution was measured by a nanoparticle
analyzer (Delsa Nano, Beckman Counter, Brea, CA, USA). The nanoscale structure of SP
was investigated by SAXS, with the scattering vector (q)-range from 3 x 10~3 A~ to
2 x 107! A~ performed at the beamline station 23A of Taiwan Light Source (TLS 23A) at
National Synchrotron Radiation Research Center (NSRRC), China.

3.3. Preparation of AdSP-Loaded Hydrogels

The synthetic procedure of GeIMA followed the previous literature [41]. GeIMA was
prepared by dissolving gelatin (10 w/v %) in 100 mL of 0.25 M carbonate-bicarbonate buffer,
and then 0.2 mL/g (MAA/gelatin) at 45 °C was slowly added under stirring for 90 min to
achieve methacrylation. The resulting mixture was dialyzed through a dialysis membrane
(MWCO = 12-14 kDa) in deionized water for 72 h and then freeze dried to obtain GeIMA
with a DS close to 95%. The obtained GelMA was dissolved in D,O and analyzed by NMR
spectroscopy (‘H NMR, Brucker AV I1I-500 MHz FT-NMR, USA) for the DS.

The composite hydrogel of GeIMA and AdSP was then prepared. Both ingredients
were completely dissolved in HG-DMEM and Ham'’s F12 (1:1) with 1% sodium bicarbonate
at 37 °C, and the VA-086 (photoinitiator) was then added into the prepolymer solution
at 1.5 w/v % of total solid content under light-proof conditions. The weight percentage of
GelMA in the prepolymer solution was 7.5 wt% with different concentrations of AdSP (0, 1,
3, and 5 mg/mL). The prepolymer was pipetted in the 24-well plate and exposed to UV
light (22.4 mW /cm?, 360480 nm) at the distance of 5 cm for 2 min to allow the formation
of the photo-crosslinked network.
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3.4. Cell Culture in AdSP-Loaded Hydrogels

NSCs (passage 7) used in this study were derived from adult mouse brain, as described
in previous studies [42]. The cell medium for NSCs was a mixture of HG-DMEM and
Ham’s F-12 (1:1) with 10% FBS, 400 ng/mL G418, and 1% PSA. NSCs were incubated in a
humidified incubator at 37 °C and 5% CO,, and the medium was renewed every 2 days.
For three-dimensional cell culture in hydrogels, NSCs with the density of 2 x 10° cells/mL
were suspended in the prepolymer solution before UV light exposure. The NSC-loaded
hydrogels were placed into a 24-well plate for incubation. The proliferation of NSCs in hy-
drogels was assessed by the CCK-8 assay at pre-set time points for 14 days. Measurements
with CCK-8 assay were performed using a SpectraMax M5 plate reader at the wavelength
of 450 nm. The behavior of NSCs embedded in hydrogels was observed and captured by a
light microscope coupled with a digital camera (Nikon, Eclipse 80i, Tokyo, Japan).

The expression levels of neural-related genes in NSCs embedded in hydrogels for
14 days were analyzed by real-time reverse transcriptase-polymerase chain reaction (RT-
PCR) using the KAPA SYBR Green qPCR kit. The medium for NSCs in the evaluation of
differentiation was G418-free culture medium. The results were detected and recorded us-
ing a Step One Plus Real-Time PCR instrument (Applied Biosystems, Waltham, MA, USA).
The neurological markers used in this study included nestin, GFAP, 3-tubulin, and MAP2.
All primer sequences used in this research are shown in Table S1. The gene expression
levels were normalized to glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and then
represented in relative proportions.

3.5. Preparation of AdSP-Modified Substrates

AdSP was coated on the material surface based on a self-developed method inspired
from the previous literature [33]. The surface of non-adherent polystyrene dish (diame-
ter/height: 35/10 mm, Greiner Bio-One, Frickenhausen, Germany) was used as the pristine
substrate. The surface of the dish was first activated by air plasma scanning, and then
the AdSP aqueous solution (1 mg/mL) was uniformly coated on the plasma-modified
substrate for 1 min, followed by three washes with deionized water. The plasma was
provided by a high-power open-air plasma system (Openair®) developed by Plasmatreat
(Steinhagen, Germany). The plasma temperature at the nozzle outlet was ~26 °C, and the
air pressure was 2.5 kg/cm?. The plasma power was set at 720 W. The substrate was placed
at a distance of 200 mm from the nozzle, and the nozzle was scanned at a speed of 6 m/min.
All samples were washed and dried at room temperature. The surface of the modified
dish was observed by a light microscope coupled with a digital camera (Nikon, Eclipse 80i,
Tokyo, Japan). Surface contact angles were measured at room temperature using an optical
contact angle meter. To conduct the measurement, the dish was placed on a removable
sample stage and leveled horizontally. A drop of deionized water was carefully placed on
the surface, and the average of five measurements at different positions of the sample was
recorded as the contact angle.

3.6. Cell Adhesion on AdSP-Modified Substrates

The source and culture conditions of NSCs were the same as described in Section 3.4.
Before NSCs were seeded in a density of 5 x 10* cells per dish, each dish was exposed to
UV light for 24 h for sterilization. The cell morphology and adhesion on the dish surface
were observed by light microscopy, where images were taken at pre-defined time points.

3.7. Evaluation of AdSP as a Component of Drug Carrier

The attempt to corroborate the use of AdSP as a nanocarrier was motivated by the
previous literature [39]. Composite AdSP—chitosan nanoparticles were prepared by mixing
the 1.0 mg/mL chitosan solution and 1.0 mg/mL AdSP solution at pH around 6.0 under
the stirring speed of 600 rpm. The whole process to prepare composite nanoparticles
was executed in room temperature. As for the drug-loading attempt, FG as a model
drug was first added in the chitosan solution with a concentration of 500 ppm. Then,
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the AdSP solution was dropped in the chitosan/FG solution and mixed at 600 rpm. The
target nanoparticles were obtained by centrifugation at the speed of 2500 rpm for 15 min.
The PDI and hydrodynamic diameters of the nanoparticle and FG-loaded nanoparticle
were analyzed by a nanoparticle analyzer (Delsa Nano, Beckman Counter). The loading
efficiency was calculated through the formula (W; — Wy)/W; x 100%, where Wi; is the
initial weight of the drug, and W, is the weight of the unwrapped drug. The weight of
the unwrapped drug was estimated in two steps. The absorbance in the supernatant after
centrifugation was tested using a microplate reader (SpectraMax M5, Molecular Devices,
San Jose, CA, USA) at the wavenumber of 552 nm for FG. Then, the concentration of
FG was calculated through the absorbance and the calibration curve of FG (Figure S1,
Supplementary Materials) to acquire the weight of the unwrapped drug.

3.8. Statistical Analysis

All quantitative results were obtained independently with at least three replicates to
exclude unexpected cases (n > 3). Computed data are expressed as mean =+ standard devi-
ation. Statistical differences were made between groups using the commercially distributed
statistics software package GraphPad Prism 9 and a Student’s t-test, and data were deemed
statistically meaningful if p < 0.05.

4. Conclusions

The new, high-purity sulfated polysaccharide extracted from Arthrospira maxima
showed bioactivities. When added to the hydrogel, it effectively enhanced the proliferation
and differentiation of embedded NSCs, along with prolonging the stemness. The formation
of multicellular spherical cell clusters with diameters in a range of 40 to 60 pm was observed
in the AdSP-containing hydrogel. An optimal concentration (less than 5 mg/mL) existed
for the AdSP in the hydrogel to achieve the greatest ability in promoting cellular behavior.
AdSP was also verified as serving as a coating material through the self-developed method
for providing the AdSP-modified substrate with superhydrophilicity, i.e., a contact angle
less than 10° and cell adhesiveness. In addition, AASP was used as a component for prepar-
ing nanoparticles by simple mixing with chitosan at room temperature for drug-carrier
applications. Such composite nanoparticles had an average diameter of about 240 nm,
with a considerable drug-loading efficiency of ~18%. These findings suggest that the new
AdSP proposed in this study may possess great potential in biomedical applications for cell
culture, surface modification, and drug delivery.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /molecules28020732/s1. Table S1: The primer sequences for
PCR used in this study; Figure S1: The calibration curve for the model drug fast green; Figure S2:
The molecular weight distribution of AdSP, showing the high homogeneity of the purified sample;
Figure S3: The SAXS profile of AdSP in the study; Figure S4: 'H NMR of GelMA prepared in
the study.

Author Contributions: Conceptualization, J.X. and S.-h.H.; funding acquisition, S.-h.H.; investigation,
J.X.; methodology, J.X. and S.-h.H.; supervision, S.-h.H.; validation, J.X. and S.-h.H.; visualization,
S.-h.H.; writing—original draft, ] X. and S.-h.H.; writing—review & editing, ].X. and S.-h.H. All
authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the National Science and Technology Council, Taiwan, R.O.C.
(NSTC 108-2221-E-002-082-MY?3), and partially supported by National Taiwan University (NTU-
CC-111L892501). The authors are grateful to the National Synchrotron Radiation Research Center
(NSRRC), the Republic of China (2020-3-083-3), and the TLS 23A beamline group for providing
resources and technical support.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.


https://www.mdpi.com/article/10.3390/molecules28020732/s1
https://www.mdpi.com/article/10.3390/molecules28020732/s1

Molecules 2023, 28, 732 12 of 13

Acknowledgments: The authors thank Far East Bio-Tec. Co., Ltd., Taipei, Taiwan, for providing the
high purity samples used in this work (SHWE-HSB) and for the partial support to National Taiwan
University. The authors also thank Shou-Ling Huang of the Instrumentation Center at National
Taiwan University, funded by the National Science and Technology Council, for their assistance with
the 'H NMR experiments.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Yuan, D, Li, C.; Huang, Q.; Fu, X.; Dong, H. Current advances in the anti-inflammatory effects and mechanisms of natural
polysaccharides. Crit. Rev. Food Sci. Nutr. 2022, 1-21. [CrossRef] [PubMed]

2. Anholeto, L.A.; de Oliveira, P.R.; Rodrigues, R.A.F,; Yamane, L.T.; Castro, K.N.d.C.; Camargo-Mathias, M.I. Morphological
alterations in the ovaries of Amblyomma cajennense semi-engorged ticks exposed to ethanolic extract of Acmella oleracea. Microsc.
Res. Tech. 2018, 81, 1347-1357. [CrossRef] [PubMed]

3. Gandini, A.; Lacerda, T.M.; Carvalho, A.].; Trovatti, E. Progress of polymers from renewable resources: Furans, vegetable oils,
and polysaccharides. Chem. Rev. 2016, 116, 1637-1669. [CrossRef] [PubMed]

4. Arokiarajan, M.S.; Thirunavukkarasu, R.; Joseph, J.; Ekaterina, O.; Aruni, W. Advance research in biomedical applications on
marine sulfated polysaccharide. Int. . Biol. Macromol. 2022, 194, 870-881. [CrossRef] [PubMed]

5. Kang, J.; Jia, X.; Wang, N.; Xiao, M.; Song, S.; Wu, S.; Li, Z.; Wang, S.; Cui, S.W.; Guo, Q. Insights into the structure-bioactivity
relationships of marine sulfated polysaccharides: A review. Food Hydrocoll. 2022, 123, 107049. [CrossRef]

6. Kurd, F; Samavati, V. Water soluble polysaccharides from Spirulina platensis: Extraction and in vitro anti-cancer activity. Int. J.
Biol. Macromol. 2015, 74, 498-506. [CrossRef]

7.  Belay, A. Biology and industrial production of Arthrospira (Spirulina). In Handbook of Microalgal Culture: Applied Phycology and
Biotechnology; John Wiley & Sons: Hoboken, NJ, USA, 2013; pp. 339-358.

8. Wang, B.; Liu, Q.; Huang, Y.; Yuan, Y.; Ma, Q.; Du, M,; Cai, T,; Cai, Y. Extraction of polysaccharide from Spirulina and evaluation
of its activities. Evid. -Based Complement. Altern. Med. 2018, 2018, 3425615. [CrossRef]

9.  Costa, J.A.V,; Freitas, B.C.B.; Rosa, G.M.; Moraes, L.; Morais, M.G.; Mitchell, B.G. Operational and economic aspects of Spirulina-
based biorefinery. Bioresour. Technol. 2019, 292, 121946. [CrossRef]

10. Shiue, S.-J.; Cheng, C.-L.; Shiue, H.-S.; Chen, C.-N.; Cheng, S.-W.; Wu, L.-W.,; Jargalsaikhan, G.; Chan, T.-S.; Lin, H.-Y.; Wu, M.-S.
Arthrospira Enhances Seroclearance in Patients with Chronic Hepatitis B Receiving Nucleos(t)ide Analogue through Modulation
of TNF-alpha/IFN-gamma Profile. Nutrients 2022, 14, 2790. [CrossRef]

11.  Raposo, M.E.d.J.; De Morais, RM.S.C.; Bernardo de Morais, A.M.M. Bioactivity and Applications of Sulphated Polysaccharides
from Marine Microalgae. Mar. Drugs 2013, 11, 233-252. [CrossRef]

12. Uppin, V.; Dharmesh, S.M. Polysaccharide from Spirulina platensis Evokes Antitumor Activity in Gastric Cancer Cells via
Modulation of Galectin-3 and Exhibited Cyto/DNA Protection: Structure-Function Study. ]. Agric. Food Chem. 2022, 70,
7058-7069. [CrossRef] [PubMed]

13. Simon, S.; Sibuyi, N.R.S.; Fadaka, A.O.; Meyer, S.; Josephs, J.; Onani, M.O.; Meyer, M.; Madiehe, A.M. Biomedical Applications of
Plant Extract-Synthesized Silver Nanoparticles. Biomedicines 2022, 10, 2792. [CrossRef] [PubMed]

14. Jung, E; Braune, S.; Jung, CH.G.; Kriiger-Genge, A.; Waldeck, P.; Petrick, I.; Kiipper, J.-H. Lipophilic and Hydrophilic Compounds
from Arthrospira platensis and Its Effects on Tissue and Blood Cells&mdash;An Overview. Life 2022, 12, 1497. [PubMed]

15. Bachstetter, A.D.; Jernberg, J.; Schlunk, A.; Vila, J.L.; Hudson, C.; Cole, M.].; Shytle, R.D.; Tan, J.; Sanberg, PR.; Sanberg, C.D.; et al.
Spirulina Promotes Stem Cell Genesis and Protects against LPS Induced Declines in Neural Stem Cell Proliferation. PLoS ONE
2010, 5, €10496. [CrossRef] [PubMed]

16. Yang, Q.; Peng, J.; Xiao, H.; Xu, X; Qian, Z. Polysaccharide hydrogels: Functionalization, construction and served as scaffold for
tissue engineering. Carbohydr. Polym. 2022, 278, 118952. [CrossRef] [PubMed]

17.  Miguel, S.P; Ribeiro, M.P,; Otero, A.; Coutinho, P. Application of microalgae and microalgal bioactive compounds in skin
regeneration. Algal Res. 2021, 58, 102395. [CrossRef]

18.  Aydmoglu, D. Investigation of pH-dependent swelling behavior and kinetic parameters of novel poly(acrylamide-co-acrylic acid)
hydrogels with spirulina. e-Polymers 2015, 15, 81-93. [CrossRef]

19. Ke, Y,; Wu, Y; Cui, X; Liu, X;; Yu, M,; Yang, C.; Li, X. Polysaccharide hydrogel combined with mesenchymal stem cells promotes
the healing of corneal alkali burn in rats. PLoS ONE 2015, 10, e0119725. [CrossRef]

20. Junter, G.-A.; Karakasyan, C. Polysaccharides against viruses: Immunostimulatory properties and the delivery of antiviral
vaccines and drugs. Crit. Rev. Ther. Drug Carr. Syst. 2020, 37, 1-64. [CrossRef]

21. Wang, B,; Cai, T,; Liu, Q.; Whitney, ].C.C.; Du, M.; Ma, Q.; Zhang, R.; Yang, L.; Cole, S.P.C.; Cai, Y. Preparation and evaluation of
spirulina polysaccharide nanoemulsions. Int. . Mol. Med. 2018, 42, 1273-1282. [CrossRef]

22. Du,M,; Yang, Z.; Lu, W.; Wang, B.; Wang, Q.; Chen, Z.; Chen, L.; Han, S.; Cai, T.; Cai, Y. Design and development of spirulina
polysaccharide-loaded nanoemulsions with improved the antitumor effects of paclitaxel. J. Microencapsul. 2020, 37, 403—412.
[CrossRef] [PubMed]

23. Li, T.; Xu, H. Selenium-Containing Nanomaterials for Cancer Treatment. Cell Rep. Phys. Sci. 2020, 1, 100111. [CrossRef]


http://doi.org/10.1080/10408398.2022.2025535
http://www.ncbi.nlm.nih.gov/pubmed/35021901
http://doi.org/10.1002/jemt.23145
http://www.ncbi.nlm.nih.gov/pubmed/30295373
http://doi.org/10.1021/acs.chemrev.5b00264
http://www.ncbi.nlm.nih.gov/pubmed/26291381
http://doi.org/10.1016/j.ijbiomac.2021.11.142
http://www.ncbi.nlm.nih.gov/pubmed/34843816
http://doi.org/10.1016/j.foodhyd.2021.107049
http://doi.org/10.1016/j.ijbiomac.2015.01.005
http://doi.org/10.1155/2018/3425615
http://doi.org/10.1016/j.biortech.2019.121946
http://doi.org/10.3390/nu14142790
http://doi.org/10.3390/md11010233
http://doi.org/10.1021/acs.jafc.2c00176
http://www.ncbi.nlm.nih.gov/pubmed/35670428
http://doi.org/10.3390/biomedicines10112792
http://www.ncbi.nlm.nih.gov/pubmed/36359308
http://www.ncbi.nlm.nih.gov/pubmed/36294932
http://doi.org/10.1371/journal.pone.0010496
http://www.ncbi.nlm.nih.gov/pubmed/20463965
http://doi.org/10.1016/j.carbpol.2021.118952
http://www.ncbi.nlm.nih.gov/pubmed/34973769
http://doi.org/10.1016/j.algal.2021.102395
http://doi.org/10.1515/epoly-2014-0170
http://doi.org/10.1371/journal.pone.0119725
http://doi.org/10.1615/CritRevTherDrugCarrierSyst.2019027229
http://doi.org/10.3892/ijmm.2018.3717
http://doi.org/10.1080/02652048.2020.1767224
http://www.ncbi.nlm.nih.gov/pubmed/32401077
http://doi.org/10.1016/j.xcrp.2020.100111

Molecules 2023, 28, 732 13 of 13

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Krishnan, V.; Loganathan, C.; Thayumanavan, P. Green synthesized selenium nanoparticle as carrier and potent delivering agent
of s-allyl glutathione: Anticancer effect against hepatocarcinoma cell line (HepG2) through induction of cell cycle arrest and
apoptosis. J. Drug Deliv. Sci. Technol. 2019, 53, 101207. [CrossRef]

Phélippé, M.; Gongalves, O.; Thouand, G.; Cogne, G.; Laroche, C. Characterization of the polysaccharides chemical diversity of
the cyanobacteria Arthrospira platensis. Algal Res. 2019, 38, 101426. [CrossRef]

Liu, T.; Weng, W.; Zhang, Y.; Sun, X.; Yang, H. Applications of Gelatin Methacryloyl (GeIMA) Hydrogels in Microfluidic
Technique-Assisted Tissue Engineering. Molecules 2020, 25, 5305. [CrossRef] [PubMed]

Wu, S.-D.; Hsu, S.-h. 4D bioprintable self-healing hydrogel with shape memory and cryopreserving properties. Biofabrication
2021, 13, 045029. [CrossRef]

Hsu, S.-H.; Lin, Y,; Lin, T.-C.; Tseng, T.-C.; Lee, H.-T,; Liao, Y.-C.; Chiu, I.-M. Spheroid formation from neural stem cells on chitosan
membranes. J. Med. Biol. Eng. 2012, 32, 85-90. [CrossRef]

Tseng, T.-C.; Tao, L.; Hsieh, F-Y.; Wei, Y.; Chiu, I.-M.; Hsu, S.-H. An Injectable, Self-Healing Hydrogel to Repair the Central
Nervous System. Adv. Mater. 2015, 27, 3518-3524. [CrossRef]

Zhang, Y.; Song, S.; Liang, H.; Wang, Y.; Wang, W.; Ji, A. Enhancing effect of a sea cucumber Stichopus japonicus sulfated
polysaccharide on neurosphere formation in vitro. J. Biosci. Bioeng. 2010, 110, 479-486. [CrossRef]

Wang, M.; Yin, Z.; Zeng, M. Microalgae as a promising structure ingredient in food: Obtained by simple thermal and high-speed
shearing homogenization. Food Hydrocoll. 2022, 131, 107743. [CrossRef]

Zhang, F; Lu, J.; Zhang, ] -G.; Xie, ] -X. Protective effects of a polysaccharide from Spirulina platensis on dopaminergic neurons in
an MPTP-induced Parkinson’s disease model in C57BL/6] mice. Neural Regen Res. 2015, 10, 308. [CrossRef] [PubMed]

Xu, J.; Fu, C.-Y;; Tsai, Y.-L.; Wong, C.-W.; Hsu, S.-H. Thermoresponsive and Conductive Chitosan-Polyurethane Biocompatible
Thin Films with Potential Coating Application. Polymers 2021, 13, 326. [CrossRef] [PubMed]

Drelich, J.; Chibowski, E. Superhydrophilic and Superwetting Surfaces: Definition and Mechanisms of Control. Langmuir 2010, 26,
18621-18623. [CrossRef] [PubMed]

Junter, G.-A.; Thébault, P.; Lebrun, L. Polysaccharide-based antibiofilm surfaces. Acta Biomater. 2016, 30, 13-25. [CrossRef]
[PubMed]

Cho, S.; Thuy, L.T; Ko, S.; Jeong, Y.; Kang, S.M.; Choi, ].S.; Cho, W.K. Coordination-driven antifouling spray coating using a
sulfated polysaccharide Fucoidan. Prog. Org. Coat. 2022, 169, 106916. [CrossRef]

The Evolution of Polystyrene as a Cell Culture Material. Tissue Eng. Part B Rev. 2018, 24, 359-372. [CrossRef]

Kulterer, M.R.; Reichel, V.E.; Kargl, R.; Kostler, S.; Sarbova, V.; Heinze, T.; Stana-Kleinschek, K.; Ribitsch, V. Functional Polysac-
charide Composite Nanoparticles from Cellulose Acetate and Potential Applications. Adv. Funct. Mater. 2012, 22, 1749-1758.
[CrossRef]

Pilipenko, I.; Korzhikov-Vlakh, V.; Sharoyko, V.; Zhang, N.; Schifer-Korting, M.; Riihl, E.; Zoschke, C.; Tennikova, T. pH-Sensitive
Chitosan—-Heparin Nanoparticles for Effective Delivery of Genetic Drugs into Epithelial Cells. Pharmaceutics 2019, 11, 317.
[CrossRef]

Yilmaz Atay, H. Antibacterial activity of chitosan-based systems. In Functional Chitosan; Springer: Singapore, 2019; pp. 457—489.
Shirahama, H.; Lee, B.H.; Tan, L.P.; Cho, N.-J. Precise Tuning of Facile One-Pot Gelatin Methacryloyl (GeIMA) Synthesis. Sci. Rep.
2016, 6, 31036. [CrossRef]

Hsu, Y.-C.; Lee, D.-C.; Chen, S.-L.; Liao, W.-C,; Lin, J.-W.; Chiu, W.-T.; Chiu, L.-M. Brain-specific 1B promoter of FGF1 gene
facilitates the isolation of neural stem/progenitor cells with self-renewal and multipotent capacities. Dev. Dyn. 2009, 238, 302-314.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1016/j.jddst.2019.101207
http://doi.org/10.1016/j.algal.2019.101426
http://doi.org/10.3390/molecules25225305
http://www.ncbi.nlm.nih.gov/pubmed/33202954
http://doi.org/10.1088/1758-5090/ac2789
http://doi.org/10.5405/jmbe.864
http://doi.org/10.1002/adma.201500762
http://doi.org/10.1016/j.jbiosc.2010.05.009
http://doi.org/10.1016/j.foodhyd.2022.107743
http://doi.org/10.4103/1673-5374.152387
http://www.ncbi.nlm.nih.gov/pubmed/25883632
http://doi.org/10.3390/polym13030326
http://www.ncbi.nlm.nih.gov/pubmed/33498347
http://doi.org/10.1021/la1039893
http://www.ncbi.nlm.nih.gov/pubmed/21090661
http://doi.org/10.1016/j.actbio.2015.11.010
http://www.ncbi.nlm.nih.gov/pubmed/26555378
http://doi.org/10.1016/j.porgcoat.2022.106916
http://doi.org/10.1089/ten.teb.2018.0056
http://doi.org/10.1002/adfm.201102350
http://doi.org/10.3390/pharmaceutics11070317
http://doi.org/10.1038/srep31036
http://doi.org/10.1002/dvdy.21753

	Introduction 
	Results and Discussion 
	Basic Properties of AdSP 
	Bioactivity of AdSP-Loaded Hydrogels on Cell Behavior 
	Analyses of AdSP-Modified Substrates 
	Cell Adhesion on AdSP-Modified Substrates 
	Potential of AdSP as Drug Carrier 

	Materials and Methods 
	Materials 
	Characteristics of AdSP 
	Preparation of AdSP-Loaded Hydrogels 
	Cell Culture in AdSP-Loaded Hydrogels 
	Preparation of AdSP-Modified Substrates 
	Cell Adhesion on AdSP-Modified Substrates 
	Evaluation of AdSP as a Component of Drug Carrier 
	Statistical Analysis 

	Conclusions 
	References

