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Sulfated polysaccharide fucoidan (FD) is widely applied in biomedical applications owing to
its outstanding bioactivities. In addition to the biochemical features, the architecture of
biomaterials plays a critical role in tissue repair and regeneration. Particularly, nanofibers
have elicited great interest due to their extracellular matrix-like structure, high specific
surface area, and favorable biological properties. Herein, chitosan-modified FD/ultra-high
molecular weight polyethylene oxide (UHMWPEQ) nanofibers are developed via green
electrospinning and electrostatic interaction for studying their interaction with endothelial
cells. The appropriate solvent is screened to dissolve FD. The electrospinnability of FD/
UHMWPEQO aqueous solutions is greatly dependent on the weight ratios of FD/
UHMWPEO. The incorporation of UHMWPEO significantly improves the
electrospinnability of solution and thermo-stability of nanofibers. Also, it is found that
there is good miscibility or no phase separation in FD/UHMWPEO solutions. In vitro
biological experiments show that the chitosan-modified FD/UHMWPEQO nanofibers greatly
facilitate the adhesion of endothelial cells and inhibit the attachment of monocytes. Thus,
the designed FD-based nanofibers are promising bio-scaffolds in building tissue-
engineered blood vessels.

Keywords: fucoidan, electrospun nanofibers, extracellular matrix, endothelial cells, biointerface, cell-material
interface

INTRODUCTION

In the past few decades, marine polysaccharides have gained increasing attention in the area of
diversified biomedical applications owing to their inherent (bio)physicochemical features, such as
biocompatibility, biodegradability, favorable bioactive, biomechanical properties, and structural
functionalities (Bidarra et al., 2014; Fernando et al., 2019; Hao et al., 2020; Jana et al., 2020; Yin et al.,
2021; Zheng et al.,, 2021). Particularly, sulfated polysaccharide fucoidan, extracted from marine
brown seaweed, has been well-known to possess various biological activities, e.g., antibacterial,
antiviral, antioxidant, anticoagulant, anti-inflammatory, antitumor, antithrombotic, antifibrotic, and
immunomodulatory activities, facilitating the generation of angiogenesis and fibrillar collagen matrix
(Li et al, 2008; Senthilkumar et al., 2017; Oka et al, 2020; Yao et al, 2020). These unique
characteristics make them remarkable candidates for blood vessel tissue engineering, which has
not been examined closely.

Besides the biochemical properties, their biophysical structure can significantly mediate cell
attachment, shape, viability, the differentiation or pluripotency of stem cells, and even tissue repair
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and regeneration (Li et al., 2018; Cui et al., 2020; Yu et al., 2020;
Yu et al,, 2021; Zhou et al.,, 2020; Liu et al.,, 2021; Yang et al,,
2021a; Yang et al, 2021b). Recently, the development of
nanofibrous materials has received increasing attention in
tissue engineering and regenerative medicine due to their
outstanding properties, such as their favorable biological
properties, sufficient mechanical strength, highly porous mesh
with interconnectivity, extremely high specific surface area, and
aspect ratio (Zhou et al,, 2015; Zhou et al., 2017; Kenry and Lim,
2017; Xue et al, 2019; Ahmadi et al., 2021). In addition,
nanofibers can mimic the natural extracellular matrix (ECM)
structure in the blood vessel and have been widely used as a blood
vessel tissue-engineering scaffold (Xu et al., 2004; Devolder et al.,
2011). In the recent 2 decades, the electrospinning technique has
been widely used to prepare polymeric fibers with diameters
typically ranging from tens of nanometers to several micrometers
(Zhang et al., 2005; Xue et al., 2019; Daraeinejad and Shabani,
2021; Fetz et al, 2021; Peng et al, 2021). However, the
electrospinning of fucoidan (FD) remains a challenge due to
its low viscoelasticity and solubility issues. It was reported that
other nature polymers [e.g., chitosan (CS), cellulose, sodium
alginate, protein] with a small amount of ultra-high molecular
weight polymer (UHMWP) [e.g., polyethylene oxide (PEO),
polyvinyl alcohol (PVA), polyvinyl pyrrolidone (PVP)] can

allow their preparation in nanofibers via electrospinning
(Zhang et al, 2008; Li et al, 2015). In this sense, the
combination of FD and UHMWP could also be considered to
address the issue of spinnability.

Vascular endothelial cells (VECs) are the predominant cell
type and generate a continuous inner monolayer of blood vessels,
which are responsible for regulating inflammation and vascular
homeostasis in healthy blood vessels (Coultas et al., 2005). Also,
the attachment of monocytes to VECs is vital for the occurrence
of atherosclerosis and inflammation (Rajendran et al., 2013; Yang
et al,, 2019; Li et al,, 2021a; Li et al., 2021b; Zong et al., 2021).
Herein we hypothesize that FD-based nanofibers would be able to
exhibit favorable physicochemical properties to mediate VEC
responses in engineering vascular tissues. To test the hypothesis,
FD/UHMWPEO nanofibrous films were fabricated using green
electrospinning. Figure 1A displays the overall strategy to
develop CS-modified FD/UHMWPEO nanofibers and their
interaction with VECs. H,O and a small amount of
UHMWPEO were selected as the solvent and co-spinning
polymer for electrospinning of FD. Then, positively charged
CS was selected to interact with negatively charged FD via the
electrostatic interaction. The chemical structures of FD,
UHMWPEO and CS used are shown in Figure 1B. The
physicochemical ~ features  of  FD-based  nanofibers,
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i.e,, morphology, crystallization, and thermal properties, were
systematically tested by different characterization techniques.
Further, FD-based nanofibers were seeded with human
umbilical VECs (HUVECs) to investigate the effects of
material physicochemical properties on cellular attachment
and the adhesion of monocytes to HUVECs.

MATERIALS AND METHODS

Materials

Fucoidan (FD, Mw = 276 kDa, sulfate: 29.65%) was provided by
Qingdao Bright Moon Seaweed Group Co., Ltd. (Qingdao, China).
UHMWPEO (Mv = ~6,000,000 g/mol_l), chitosan (CS, Mv =
300 kDa and deacetylation degree >90%), and acetic acid (HAc,
purity >99.8%) were supplied by Shanghai Macklin Biochemical
Co., Ltd. (Shanghai, China). Both the human umbilical vein
endothelial cells (HUVECs) and human acute monocytic
leukemia cells (THP-1) were bought from the Shanghai
Institutes for Biological Sciences (Shanghai, China). Dulbecco’s
Modified Eagle Medium/Nutrient Mixture F-12, RPMI 1640
media, and fetal bovine serum were supplied by Biological
Industries (Israel). FITC phalloidin and DAPI were provided by
Solarbio (Beijing, China). Cell Counting Kit-8 was purchased from
Absin Bioscience Inc. (China). Carboxyfluorescein diacetate
succinimidyl provided by MedChemExpress
(Shanghai, China). Other chemical reagents were of analytical
grade and used without further purification. Ultrapure water
used in all experiments was obtained with a Milli-Q apparatus
(Millipore, Bedford, MA, USA).

ester was

Preparation of Electrospun FD-Based
Nanofibers

The FD aqueous solutions were doped with a small amount of
UHMWPEO (i.e., FD/UHMWPEO = 100/0, 98/2, 97/3, 96/4, 95/
5, 94/6, 93/7, 92/8, 91/9, and 90/10). The mixed solutions were
stirred for ~6 h at room temperature prior to processing to ensure
thorough mixing. The solution was loaded into a 20 ml plastic
syringe attached with a 25-gauge blunt-ended needle as the
spinneret which was charged at a high electric potential of
10-15kV by a high voltage power supply (Tianjin Dongwen
High Voltage Power Supply Plant, China). The solution feeding
rate (0.3-1 ml/h) was precisely controlled by a syringe pump
(Baoding Longer Precision Pump Co., Ltd., China). The FD-
based nanofibers were collected onto an aluminum foil-covered
collector placed 15 cm away from the needle tip. Electrospinning
processes were performed on a horizontal electrospinning setup
at 20-25°C with an ambient humidity of 30-35%.

Modification of FD-Based Nanofibers by CS
FD-based nanofibers prepared from FD/PEO (90/10) were
particularly selected for modification with CS. First, 1% CS
was dissolved in an aqueous mixed solvent system consisting
of 30, 60, and 90wt% HAc, respectively. The FD-based
nanofibers were immersed in the CS/HAc solution for ~60 s.
All modified samples were dried for 2-3 days in a vacuum oven

Nanofibers Mediate Cell Responses

(DZF-6050AB, Beijing, China) at 35°C to remove any potential
residual solvent.

Characterization

The morphological structure of the prepared nanofibers was
observed using a scanning electron microscope (SEM) (VEGA3,
TESCAN, Czech) operated at an acceleration voltage of 8-10kV.
Prior to observation, samples were sputter-coated with gold for
120 s to increase the electronic conductivity. The mean diameter of
nanofibers was identified by randomly detecting at least 50 fibers
from various SEM images for each type of sample using Image J
software.

The rheometer (MCR301, Anton Paar, China) equipped with
a parallel plate (20 mm) was used to measure the viscous property
of FD/PEO aqueous solutions.

A Nicolet iN10 FTIR spectrometer (Thermo Fisher Scientific,
Waltham, MA, USA) was used to characterize Fourier transform-
infrared (FTIR) spectra of the samples over the range of
500-4,000 cm ™" at a scanning resolution of 2 cm™" during 32 scans.

X-ray diffraction (XRD) spectroscopy was performed by
DX2700 (Dandong, China) to measure the crystal structures of
nanofiber samples. The samples were tested between 10 and 80°
(20) at a scanning rate of 0.05° (20) per min operating with
voltage 40 kV and current 30 mA equipped with Cu Ka radiation
(A = 15418 A).

Thermogravimetric analysis on the nanofiber samples was
conducted in a thermogravimetric analyzer (NETZSCH,
Germany) at a scan range from 0 to 800°C with continuous
nitrogen flow.

Differential scanning calorimetry (DSC, TA, USA) was used to
measure the thermal properties of the electrospun FD-based
nanofibers. A nitrogen atmosphere (flow rate = 50 ml/min) was
used throughout. All samples were first quenched to -80°C with
liquid nitrogen and then heated at a rate of 10°C/min to 180°C.

Cellular Assays
HUVECs (passage: 3-5) were cultured in Dulbecco’s Modified
Eagle Medium/Nutrient Mixture F-12 (Biological Industries,
Israel) supplemented with 10% fetal bovine serum (Biological
Industries, Israel) and 1% Penicillin-Streptomycin Liquid
(Biological Industries, Israel) in a humidified incubator of 5%
CO, at 37°C. THP-1 cells were cultured in RPMI 1640 media
(Biological Industries, Israel) supplemented with 10% FBS in a
humidified 37°C and 5% CQO, incubator. THP-1 cells were used in
the following experiments.

All substrates (@14 mm) were immersed into 75% ethanol for
2 min and then irradiated with UV for 1 h, placed in 24-wells, and
washed by PBS. After that, HUVECs were incubated on the
substrates in 24-well plates at a density of 3 x 10* cells/well for cell
adhesion. All plates were stored in an incubator at 37°C and 5%
CO, for 24h. Then, HUVECs were fixated by 4%
paraformaldehyde (Solarbio, Beijing, China) for 20 min.
Subsequently, the cell membrane was permeabilized with 0.5%
Triton X-100 (Sigma) solution for 3 min. Finally, the cells were
stained by FITC phalloidin and DAPI for 30 and 10 min,
respectively (Solarbio, Beijing, China). The images were
captured by Fluorescence Microscopy (Nikon Al MP, Japan).
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TABLE 1 | The solubility of FD in different solvents.
H.O DCM EA DMSO TCM

+ — — — —

Nanofibers Mediate Cell Responses

DMF Diox CCl, CAN Hex THF

DCM, Dichloromethane; EA, Ethyl acetate; DMSO, Dimethyl Sulphoxide; TCM, Trichloromethane; DMF, Dimethyl Formamidine; Diox, Dioxane; CCl,, Carbon Tetrachloride; CAN,
Acetonitrile; Hex, Hexyl hydride; THF, Tetrahydrofuran. “=" means insolubilization; “+” means solubilization.

HUVECs were seeded onto the sterilized substrate (14 mm)
in 24-well plates at a density of 5 x 10" cells/well for forming cell
monolayers. After 1 day, THP-1 cells (1.5 x 10° cells/well) stained
by Carboxyfluorescein diacetate succinimidyl ester (CFSE, MCE,
China) were seeded onto HUVEC monolayer, and co-cultured for
4 h. Afterward, each well was washed with PBS three times and
counted the number of THP-1 adhered by HUVECs using the
Fluorescence Microscopy (Nikon Al MP, Japan).

Statistical Analysis

All data were expressed as mean + SD. Statistical analysis was
performed using Origin 9.0. All the data were analyzed using one-
way analysis of variance (ANOVA) with Tukey’s test to
determine differences between groups. A value of p < 0.05 was
considered to be statistically significant.

RESULTS AND DISCUSSION
Solubility of FD in Various Solvents

It was demonstrated that the selection of solvent is critical to
determine material  solubility, viscoelasticity, electrical
conductivity and electrospinnability of the solution, as well as
the productivity and morphology of nanofibers (Zhou et al., 2013;
Casasola et al., 2014). However, no studies have been performed
to find out which solvents FD could dissolve in. In our study, FD
was first dispersed into 11 solvents as shown in Table 1 under
magnetic stirring at room temperature. After 12 h, it was found
that FD was only dissolved in the water (Table 1), which formed a
hazel homogeneous solution (data not shown). The maximum
solubility of FD in the water at room temperature is 10%. When
water was heated to 40°C, FD dissolved faster and the amount of
dissolved FD significantly increased. Therefore, in the following
experiment water was used as a solvent to prepare FD nanofibers
via electrospinning. Also, water-based electrospinning, also
named “green electrospinning,” has several advantages of
being environmentally friendly, non-toxic, and non-flammable.
It was reported that organic solvents remaining in the fibers had a
negative effect on cellular adhesion and proliferation both in vitro
and in vivo (Mooney et al., 1996; Lv et al., 2018). The water-based
electrospinning strategy here for preparing FD nanofibers is a safe
and versatile route to numerous applications in biology,
medicine, and pharmacy.

Preparation of FD-Based Electrospun

Nanofibers
To obtain the adequate viscosity of FD solution, the maximum
FD concentration (10% w/v) at room temperature was used in the

following experiment. However, when 10% w/v FD aqueous
solution was used for electrospinning, only droplets were
formed as shown in Figure 2A, probably because the used FD
solution still did not have enough viscosity.

As reported, the electrospinnability of naturally derived
polymer solutions can be greatly improved by introducing a
small amount of UHMWPEO (Zhang et al., 2008; Li et al,,
2015). As shown in Figure 2B, with the decrement of the
weight ratios of FD/PEO from 100:0 to 98:2, FD/PEO
microbeads were fabricated. When the mass ratio of FD/
PEO was further decreased from 97:3 to 91:9, the
nanofibers with bead-string morphology were generated,
the microspheres were elongated, and the average diameter
of nanofibers decreased (Figures 2C-E). The defect-free
nanofibers with an average diameter (560 + 88 nm) were
prepared in the electrospinning of the FD/PEO (90:10)
solution (Figure 2F). Figure 2G showed the variation in
viscosity with the weight ratios of FD/PEO solutions. By
adding PEO with different ratios relative to FD (FD/PEO =
98/2, 95/5, and 90/10), it was found that the viscosity of
solutions was increased from 0.0114 to 0.0879 Pa-s. It was
reported that the chain entanglements caused by the
increased polymer concentration can play a vital role in
fiber formation during electrospinning (Shenoy et al., 2005;
Zhou et al., 2013).

Quantification shows that the fiber diameter first decreased
and then increased with increasing the amount of PEO
(Figure 2H). The size of microbeads initially increased with
increasing the amount of PEO and then was relatively
independent of the amount of PEO. The increased chain
entanglements can serve to stabilize the electrospinning jet
by inhibiting jet breakup, which elongated beads (Shenoy et al.,
2005). These results indicate that the morphology and

diameter of electrospun FD/PEO nanofibers greatly
depended on the weight ratios of FD/PEO. Also,
UHMWPEO as the co-spinning polymer significantly

improved the spinnability of FD.

It was well-demonstrated that the diameter of nanofibers
can affect the drug release, modulate cell adhesion,
migration, proliferation, differentiation, siRNA uptake,
and gene silencing, as well as even tissue repair and
regeneration (Jaiswal and Brown, 2012; Higgins et al,
2015; Pelipenko et al., 2015; Yau et al., 2015). As depicted
in Figures 3A,B, the diameter of FD/PEO nanofibers slightly
increased and then decreased with increasing the applied
voltage and collecting distance. The nanofiber diameter
remained unchanged with the increment of feed rate
(Figure 3C).
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Characterization of the FD-Based
Nanofibers

FT-IR spectra were performed to ascertain the molecular interactions
in FD/PEO nanofibers (Figure 4A). PEO revealed a relatively sharp
peak at 2,938 cm ™", which is attributed to—CH, stretching (Shariful
etal, 2017). And its typical peaks at 1,148 and 1,110 cm™" correspond
to C-O-C vibration. In addition, FD showed absorption bands at
3,434 cm™" (O-H stretching), 1,642 cm™ (C=0 stretching), 1,232 cm ™"
(S=0 bending), and 833 cm ™ (C-O-S bending). The absorption band
associated with C-O-C disappeared in FD/PEO nanofibers, probably
because C-O-C is a proton acceptor and may form hydrogen bonding
with the OH group in FD molecules (Kondo et al., 1994).

Figure 4B displays the XRD patterns of raw materials and the
beaded nanofibers (FD/PEO = 95:5), nanofibers (FD/PEO = 90:
10). The PEO powder showed two characteristic diffraction peaks
at 19.2 and 23.3°, corresponding to (120) and (112) planes,
respectively. Pure FD powder at 23° displayed low overall
crystallinity, which suggests that it is a semicrystalline
polymer, which is consistent with other reports (Saravana
et al, 2016). The XRD patterns of FD-based nanomaterials
were similar to that of FD. There were no significant
differences between nanomaterials with different ratios. Also,
the diffraction peaks of PEO were largely depressed in the
nanomaterials probably due to a small amount of added PEO
and/or good miscibility between FD and PEO.
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Raw TGA thermograms and their first-order derivative curves
are shown in Figures 4C,D. It was found that the pure PEO is
found to thermally decompose at 375°C and decomposed
completely at 433°C. The FD powder showed a weight loss of
approximately 28% between 35 and 200°C and a continuous
weight loss until the temperature reaches 800°C. The thermal
behavior of FD/PEO nanomaterials displayed a similar trend to
that of FD powder. The first stage of weight loss (<100 °C) was
due to moisture evaporation. The second stage exhibited a sharp
decrease in weight owing to the decomposition of FD. With an
increased amount of PEO, the maximum decomposition rate of
FD/PEO nanomaterials slightly increased from 186 to 206°C. The
reason may be due to a small amount of added PEO in composite
nanofibers. Also, the introduction of PEO increased the thermal
stability of FD/PEO nanomaterials.

Moreover, DSC analysis of the prepared FD/PEO
nanomaterials displayed shifts in glass transition temperature
with the incorporation of PEO to FD. No extra transition signals
appeared as compared to the DSC curve of FD. Taken together,
these results indicate that there was good miscibility or no
obvious phase separation between FD and PEO.

FD/PEO Nanofibers Modified by CS

Because PEO and FD have a high solubility in water, the structure
of prepared FD/PEO fibrous membranes in the aqueous
environment can be destroyed. To maintain the structure of
FD/PEO nanofibers in the cell culture medium, it is necessary
to modify the nanofiber surface with an H,O-insoluble polymer.

Here, positively charged CS was selected which could interact
with negatively charged FD via the electrostatic interaction. The
FD/PEO nanofibers were soaked in 2 wt% CS solutions with
various HAc/H,O percentages (i.e., 30, 60, and 90%).
Representative SEM images of FD/PEO nanofibers before and
after modification are shown in Figure 5. After the treatment of
CS solution in HAc/H,O = 30 wt%, the integrity of the fiber
structure was retained (Figure 5A). After the modification of CS
solution in HAc/H,0 = 60 and 90 wt%, the fibers swelled largely
and the fiber structure was disappeared (Figures 5B,C). Next, CS-
modified FD/PEO nanofibers were soaked in water for 30 min
and their fiber morphology remained. However, the nanofibers
had obvious swelling and adhesion (Figure 5D). Although
chemical crosslinking has been widely used to make natural
polymers stable, the crosslinkers used are cytotoxic.
Meanwhile, the chemical crosslinking of fucoidan has been not
reported. Therefore, positively charged CS was selected which
could interact with negatively charged FD via the electrostatic
interaction.

HUVEC Attachment and Their Interactions

With Monocytes

HUVECs were selected because they are the main cell type and
play a critical role in the function of the blood vessel (Yang
et al, 2017; Kang et al., 2019; Rocha et al., 2020). Cell
attachment is regarded as the first and critical response of
cells with their surrounding bio-scaffold, which precedes all
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modified FD-based nanofibers in HAc/H,O = 30% after infiltrating with HoO.

FIGURE 5 | SEM images of CS-modified FD nanofibers with different weight ratios of HAc/H,O [i.e., (A) 30%, (B) 60%, and (C) 90%]. (D) The SEM image of CS-

(D) FD/CS/UHMWPEQ nonfibrous film. Scale bars = 50 um.

FIGURE 6 | Fluorescent images of HUVECs for 1 day on the (A) coverslip control, (B) CS-modified FD/UHMWPEQ nanofibers, (C) CS/UHMWPEOQ nanofibers, and

other cellular events, e.g, survival, viability, function, and
differentiation (Zhou et al., 2015; Zhou et al., 2020). As shown
in Figure 6, HUVEC adhesion in all samples after 1 day of cell
culture was studied with a double-label fluorescence staining of the
nucleus (blue) and actin cytoskeleton (green). More adhered cells
were found on the CS-modified FD/UHMWPEO nanofibers
compared to the CS/UHMWPEO nanofibers and FD/CS/
UHMWPEO nonfibrous films, indicating that FD and fiber
structure could greatly promote cell adhesion. This result
suggests that the CS-modified FD/UHMWPEO nanofibers
possessed excellent cytocompatibility as a bio-scaffold for blood
vessel tissue engineering.

The adhesion and migration of monocytes to endothelial
cells is a process of the inflammatory response, which is
mediated by specific molecules on endothelial cells and
monocytes (Ross, 1999; Bian et al., 2017; Lin et al., 2018;
Liuetal., 2020). THP-1 cells were seeded on HUVECs exposed
to different materials. As shown in Figure 7A, the number of
adhered monocytes on HUVECs cultured on the CS-modified
FD/UHMWPEO nanofibers was less than those of other
groups, indicating that the CS-modified FD/UHMWPEO
nanofibers could inhibit the inflammatory response.
Quantification shows that there significant
differences among the samples.

were no
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FIGURE 7 | (A) Fluorescent images of THP-1 cells on HUVECs cultured on the (a) the coverslip control, (b) CS-modified FD/UHMWPEQ nanofibers, (c) CS/
UHMWPEO nanofibers, and (d) FD/CS/UHMWPEO nonfibrous film. Scale bar = 50 um. (B) The number of THP-1 cells on HUVECs cultured on different samples.
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CONCLUSION

In summary, chitosan-modified FD/UHMWPEO nanofibers were
fabricated using green electrospinning. Water was screened and used
as a solvent to dissolve FD. The defect-free nanofibers with an average
diameter (560 + 88 nm) were prepared in the electrospinning of the
FD/UHMWPEO (90:10) solution. The addition of UHMWPEO
greatly improved the electrospinnability of the solution and
thermo-stability of nanofibers. Cellular experiments demonstrated
that the chitosan-modified FD/UHMWPEO nanofibers facilitate
HUVEC adhesion and suppressed the attachment of monocytes.
Thus, the developed FD-based nanofibers display great potential for
vascular tissue engineering.
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