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Abstract: A suitable bone substitute is necessary in bone regenerative medicine. Hyaluronan (HA)
has excellent biocompatibility and biodegradability and is widely used in tissue engineering. Addi-
tionally, research on fucoidan (Fu), a fucose- and sulfate-rich polysaccharide from brown seaweed, for
the promotion of bone osteogenic differentiation has increased exponentially. In this study, HA and
Fu were functionalized by grafting methacrylic groups onto the backbone of the chain. Methacrylate-
hyaluronan (MHA) and methacrylate-fucoidan (MFu) were characterized by FTIR and 1H NMR
spectroscopy to confirm functionalization. The degrees of methacrylation (DMs) of MHA and MFu
were 9.2% and 98.6%, respectively. Furthermore, we evaluated the mechanical properties of the
hydrogels formed from mixtures of photo-crosslinkable MHA (1%) with varying concentrations of
MFu (0%, 0.5%, and 1%). There were no changes in the hardness values of the hydrogels, but the
elastic modulus decreased upon the addition of MFu, and these mechanical properties were not sig-
nificantly different with or without preosteoblastic MG63 cell culture for up to 28 days. Furthermore,
the cell morphologies and viabilities were not significantly different after culture with the MHA,
MHA-MFu0.5, or MHA-MFu1.0 hydrogels, but the specific activity and mineralization of alkaline
phosphatase (ALP) were significantly higher in the MHA-MFu1.0 hydrogel group compared to the
other hydrogels. Hence, MHA-MFu composite hydrogels are potential bone graft materials that can
provide a flexible structure and favorable niche for inducing bone osteogenic differentiation.

Keywords: fucoidan; hyaluronan; hydrogel; osteoblast

1. Introduction

Traumatic brain injury (TBI) is a life-threatening condition characterized by internal
brain swelling, the degree of which can vary greatly. Currently, treatment of TBI consists
mainly of two-stage surgical procedures, decompressive craniectomy (DC) and cranio-
plasty [1]. In the first stage, DC is conducted to remove a large portion of the calvarial
bone to allow unimpeded brain swelling, which is considered to be a critical defect, as
the bone will not naturally heal by itself. After brain swelling has subsided, the second
stage, termed cranioplasty, is performed to close the cranial vault [2]. The average time
between DC and cranioplasty has been reported to be up to several weeks; during this time,
the craniectomy site typically develops a more concave shape, and there are functional
and neurologic declines that are independent of the original injury. These declines have
variably been termed the syndrome of the trephined (SoT), which is a severe neurological
condition characterized by mood swings, fatigue, seizures, problems with motor skills,
and concentration issues occurring at an average of five months following DC [3]. In ad-
dition, hydrocephalus or subdural effusion may form during the latter stage of DC, and
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additional shunt surgery is required [4], which is one of the reasons for delaying the course
of cranioplasty treatment. Following the DC stage, materials that are utilized for cranial
reconstruction include autografts, allografts, polymethylmethacrylate (PMMA), polyether
ether ketone (PEEK), hydroxyapatite, and titanium in cranioplasty [5].

The current two-stage surgical treatment is disadvantageous because it requires two
separate surgeries, extends the patient’s recovery time, and may lead to the neurological
disease SoT. To cope with various changes in the different periods after TBI, cranial repair
surgery needs a suitable scaffold that can be used to treat TBI in a single-stage surgery,
which can maintain flexibility during brain swelling and then change into bone tissue after
brain swelling has subsided [6].

Hydrogels are a three-dimensional (3D) network of hydrophilic polymers that are able
to absorb large amounts of water or biological fluids [7]. Hydrogels have a high degree of
flexibility that is similar to natural tissue due to their large water content. Hydrogels mimic
the complexity of the extracellular microenvironment and have been recommended to
overcome the limitations of two-dimensional (2D) culture platforms. Hydrogels can be en-
gineered to recapitulate fundamental parameters of the extracellular matrix (ECM), such as
stiffness, porosity, and hydration, which are able to act as mechanotransductors to influence
cell differentiation [8]. Therefore, hydrogels have been increasingly used in tissue regenera-
tion, as they can provide scaffolds with excellent biodegradability and biocompatibility [9].
Hyaluronan (HA), [α-1,4-D-glucuronic acid-β-1,3-N-acetyl-D-glucosamine] is a naturally
occurring hydrophilic high-molecular-weight amine polymer sugar. It is a polymer found
abundantly in the ECM that provides mechanical support [10]. HA is a natural biomate-
rial commonly used as a hydrogel matrix in bone tissue engineering. It can absorb large
amounts of water and has adjustable physical properties, uniform cell distribution, high
permeability, and metabolic waste [11,12]. Due to its disadvantages of hydrophilicity and
lack of mechanical integrity, HA needs to be chemically modified and crosslinked for use in
bone tissue engineering applications [13,14]. Methacrylated HA (MHA) hydrogels with the
addition of a photoinitiator can polymerize for network formation upon UV exposure and
result in network formation, leading to increased rigidity and therefore better resistance
against degradation [15,16]. However, HA only supports the attachment and proliferation
of osteoblast cells but does not support cell mineralization [17,18]. Therefore, remodeling
MHA hydrogels by incorporating components is needed to induce osteogenesis [19,20].

Methacrylated chondroitin sulfate (MCS) has been combined with MHA to yield
hydrogels. Guo et al. [21] reported that collagen/MHA/MSC mixed hydrogel was efficient
in chondrocytes secreting glycosaminoglycan and collagen II, and Costantini et al. [22] also
reported that methacrylated gelatin (MGel)/MHA/MSC mixed hydrogels enhanced the
viability and chondrogenic differentiation of bone marrow-derived human mesenchymal
stem cells (BM-MSCs). However, the natural sulfated polymer, fucoidan (Fu), has not
been mixed with MHA hydrogels. Fu is a class of sulfated, fucosylated polysaccharides
found in brown seaweed, identified by Kylin [23]. They have a backbone made of α(1→3)-l-
fucopyranose residues or alternating α(1→3) and α(1→4)-linked l-fucopyranosyl residues,
and both forms may be sulfate-substituted [24]. The Fu biological activity intensity varies
with species, route of extraction, composition, structure, and molecular weight [25]. It has
been reported that Fu can promote osteoblast differentiation via JNK- and ERK-dependent
BMP2-Smad 1/5/8 signaling [26], and our previous study demonstrated that Fu promotes
bone osteogenic differentiation properties [27], which is important regarding the pharma-
ceutical and biomedical applications of this polysaccharide. Currently, only a few studies
have used Fu as a hydrogel structure and support material [28–30]. To our knowledge, the
role of Fu in hydrogels to induce bone osteogenic differentiation has not yet been addressed.

In this study, we established a methodology for the preparation of Fu-mixed HA
photo-crosslinked structures to provide a favorable niche to induce bone osteogenic dif-
ferentiation. We hypothesized that the methacrylated-Fu (MFu)-MHA photo-crosslinked
hydrogel could support osteogenic differentiation and mineralization of osteoblasts for
use in bone tissue engineering. We tested this hypothesis by evaluating the effects of MFu-
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MHA on the hydrogel mechanical properties, cell proliferation, cell attachment, alkaline
phosphatase (ALP) production, and mineralization and compared these effects with those
of MHA hydrogels.

2. Materials and Methods
2.1. Materials

HA (sodium salt form, 620–1200 kDa) was purchased from NovaMatrix (Sandvika,
Norway). Fu was purified using protocols based on previous methods [31] in which
Laminaria japonica was treated with distilled water and boiled at 100 ◦C for 30 min. The
supernatant was added with 4 M CaCl2 to precipitate alginic acid and recentrifuged at
10,000× g for 20 min. The polysaccharides were dialyzed by molecular weight cutoff
membrane (10 kDa, Thermo Fisher Scientific Inc., Waltham, MA, USA) with deionized
water for 48 h. A 3 times volume of ethanol was then added to precipitate crude fucoidan.
The crude fucoidan was fractionated through DEAE-Sephadex A-25 chromatography (Cl-
form, Pharmacia, Uppsala, Sweden) with 1.5 M NaCl elution. The final fucoidan sample
had an average molecular weight of 35–40 kDa [32], 214.36 ± 0.29 µmol fucose [33], and
30.4 ± 2.8% sulfate [34].

2.2. Preparation MHA and MFu

MHA was modified following an adapted protocol by Leach et al. [35]. HA (1.0 g)
was dissolved in 100 mL of reverse osmosis (RO) water and stirred overnight at 5 ◦C for
complete dissolution. Subsequently, dimethylformamide (DMF) (BioSolve, Valkenswaard,
the Netherlands) was added dropwise to obtain a DMF/water ratio of 2/3 (v/v). Then,
12 mL of a solution of methacrylic anhydride (MA) in a DMF/water solution (1/1 v/v) was
added while maintaining the pH at 8 using NaOH (0.5 M). After overnight stirring at 5 ◦C,
the solution was precipitated with 2 times the volume of ethanol, and the precipitate was
dissolved in distilled water and transferred to a dialysis membrane (MWCO 12–14 kDa,
Medicell, London, UK) and dialyzed for 5 days at 4 ◦C against RO water. The remaining
MHA solution was freeze-dried and stored at −20 ◦C until characterization and use.

MFu was modified following an adapted protocol by Reys et al. [30]. Fu (1.0 g) was
dissolved in 100 mL of RO water and stirred overnight at 50 ◦C for complete dissolution.
MA (12 mL) in a DMF/water solution was added while maintaining the pH at 8 using
NaOH (0.5 M). After 6 h of stirring at 50 ◦C, the solution was precipitated with 2 times the
volume of ethanol, and the precipitate was dissolved in distilled water, transferred to a
dialysis membrane (MWCO 12–14 kDa), and dialyzed for 5 days at 4 ◦C against RO water.
The remaining MFu solution was freeze-dried and stored at −20 ◦C until characterization
and use.

2.3. Characterization of MHA and MFu Using Fourier Transform Infrared Spectroscopy (FTIR)
and 1H NMR Spectroscopy

The molecular structures of HA, MHA, Fu, and MFu were investigated using an
MIDAC 2000 FTIR (MIDAC Corporation, Costa Mesa, CA, USA). The powdered samples
were mixed with potassium bromide (KBr) and processed into pellets, and the FTIR spectra
were recorded between 400 and 2000 cm−1. The degree of methacrylation (DM) of MHA
and MFu was quantified by 1H NMR spectroscopy. The 1H NMR spectra of HA, MHA, Fu,
and MFu were collected in deuterated water (D2O) at a concentration of 5 mg/mL at 50 ◦C
and recorded on Bruker Advance III with the following spectral conditions: 300 Hz spectra
with 90◦ impulses and 4 s of acquisition time.

DM was calculated by comparing the two methylene (=CH2) protons of the MA group
at δ–6.2 ppm and δ–5.8 ppm [36] to three methyl (−CH3) protons (δ–2.1 ppm) of HA [36],
and six methyl (−CH3) protons (δ–1.3 ppm) of Fu [28]. Imethylene and ICH3 correspond
to the relative integration of methylene protons of MA and methyl protons of HA or Fu.
Nmethylene and NCH3 correspond to the number of protons in methylene of MA and methyl
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of HA or Fu. NOH corresponds to the number of reactive −OH groups per unit in HA or
Fu structure.

The DM of MHA and MFu were determined according to the equation below [28].

DM =
[(

Imethylene/Nmethylene

)
/(ICH3/NCH3)

]
/NOH × 100% (1)

2.4. Preparation of the MHA and MHA-MFu Hydrogels

Hydrogel formation was achieved following an adapted protocol from Hachet et al. [37].
MHA was dissolved in phosphate-buffered saline (PBS, Invitrogen, Carlsbad, CA, USA) at
1% w/v as a precursor solution. MFu (0.5 and 1.0% w/v) was added to the MHA precursor
solution to generate MHA-MFu0.5 and MHA-MFu1.0 precursor solutions, respectively.
All gel precursor solutions contained 0.1% of the photoinitiator Irgacure 2959 and were
added to 96-well plates and exposed to 365 nm light at 2.6 mW/cm2 (UVP CL-1000, Up-
land, CA, USA) for 7 min to form the hydrogels (Figure 1A). As mentioned above, Fu
is a sulfated polysaccharide, and the position of sulfur (S) can indirectly represent the
location of Fu. To confirm the existence of Fu in the hydrogel, the atomic composition of S
in the MHA-MFu hydrogel was determined by energy-dispersive spectroscopy (EDS) cou-
pled with scanning electron microscopy (SEM) (Hitachi S-3400, Tokyo, Japan). Figure 1B
shows that the MHA-MFu hydrogel contained Fu. The hydrogels were prepared in 96-well
plates (6.5 mm × 10.0 mm, diameter × height), 100 µL of MHA, MHA-MFu0.5, and MHA-
MFu1.0 precursor solutions and photoinitiator were added into per well, and then exposed
to 365 nm light to form the hydrogels. Finally, the hydrogels were removed and washed
with PBS to remove all residues of non-photo-crosslinked and photoinitiator. The size of
each hydrogel (wet state) was approximately 6.5 mm × 3.5 mm (diameter × height).
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2.5. Mechanical Properties Assay

The hardness and elastic modulus of hydrogels were measured by texture profile
analysis (TPA) (TA-TX2 texture analyzer, Stable Micro Systems Ltd., Surrey, UK) [38], and
hydrogels were prepared in 96-well plates as mentioned above and removed from the
plates before testing. A 75 mm diameter compression plate was used to compress twice the
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cylindrical shape of hydrogels to 40% of the original height, and TPA test conditions were as
follows: 90.0 mm/min pretest speed, 60 mm/min test speed, 90 mm/min post-test speed,
10 mm target mode distance, 49 N trigger force, auto trigger type, and a 200 points/s data
acquisition rate. The waiting time between the first and second compression was 5 s. The
TPA analysis was complete within 100 s at room temperature. Three repeat measurements
were taken for each sample in the same batch, and the value was calculated with the
software provided with the instrument [39]. All hydrogels with or without preosteoblastic
MG63 cell culture were stored in culture medium at 37 ◦C, and the hardness and elastic
modulus were assayed on Days 0 and 28.

2.6. Culture Conditions and Proliferation of Preosteoblastic MG63 Cells on MHA and MHA-MFu
Hydrogels

The human preosteoblastic MG63 cell line was purchased from Bioresource Collection
and Research Center (BCRC NO. 60279, Hsinchu, Taiwan). MHA, MHA-MFu0.5, and
MHA-MFu1.0 hydrogels were prepared in 96-well plates. The hydrogels were seeded with
a density of 5 × 103 cells/well (100 µL/well) MG63 cells in minimum essential medium
(MEM) supplemented with 10% (v/v) fetal bovine serum (FBS), 50 µg/mL ascorbic acid,
10 mM β-glycerophosphate and antibiotics (100 U/mL penicillin, and 100 µg/mL strepto-
mycin) at 37 ◦C, 5% CO2. In a 2D plate cell culture, 0.5% and 1.0% w/v Fu were added to
MEM (Fu0.5 and Fu1 groups, respectively) and then cultured under the same conditions.
Cell proliferation was tested by MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide) colorimetric assay on Days 1, 3, and 7.

2.7. ALP-Specific Activity

The cell-seed hydrogels were washed with PBS and incubated in a cell lysis buffer
solution (1% Triton, X-100, 0.1 M glycine, and 1 mM MgCl2 in PBS) for 20 min. 50 µL
of the lysate was added with 150 µL of the ALP activity reagent (Randox ALP detection
kit, Crumlin, UK) at 37 ◦C for 1 h, and the absorbance of the solution was measured at a
wavelength of 405 nm. The ALP-specific activity was assayed on Days 3, 7, and 14.

2.8. Cell Attachment Using Immunofluorescence and SEM

The cell-seeded hydrogels were washed with PBS and fixed with formaldehyde
solution (3.6% in 0.02 M PBS) for 10 min, quenched for 10 min twice with 0.3 M glycine
in PBS, then permeabilized with 0.1% Triton X-100 for 5 min. The F-actin was stained by
Alexa Fluor™ 488 phalloidin (Thermo Scientific, Waltham, MA, USA) for 30 min, and cell
nuclei were stained by 100 ng/mL DAPI (Sigma, Saint Louis, MO, USA) for 30 min in
PBS. All images were captured using a laser scanning confocal microscope (Leica TCS
SP8, Wetzlar, Germany) and merged with ImageJ software (National Institute of Mental
Health, Rockville, MD, USA) for qualitative assessment of the cell morphology. The cell-
seeded hydrogels were sputter-coated with gold and imaged by SEM (Hitachi S-3400). Cell
attachment was assayed on Day 7.

2.9. Mineralization Analysis

Mineralization of MG63 cells on the hydrogels was analyzed using alizarin red-S (ARS)
dye [40]. The cell-seeded hydrogels were washed with PBS and fixed in formaldehyde for
15 min. Subsequently, the hydrogels were washed with deionized water and stained with
ARS solution (2%, pH 4.2) for 15 min. The bound ARS was dissolved in 10% acetic acid,
and the concentration of ARS was assessed by measuring absorbance at a wavelength of
430 nm. The calcium deposits were observed from the red color by microscopy (Nikon
TS-100, Tokyo, Japan), and ARS staining was assayed on Day 28.

2.10. Statistical Analysis

Quantitative data were collected in triplicate (n = 3) and are reported as the mean± standard
deviation where indicated. Statistical analyses were performed using SPSS v. 10 (Inter-
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national Business Machines Corporation, Armonk, NY, USA). Values of p < 0.05 were
considered significant.

3. Results and Discussion
3.1. Characterization of MHA and MFu

The raw spectra of the HA and MHA samples are shown in Figure 2A. The MHA
spectrum revealed the appearance of a characteristic ester peak (C=O) at 1723 cm−1, which
is present in the methacrylate group but not in HA, thus confirming the methacrylation
of MHA.

The DM of MHA was calculated by 1H NMR from the presence of two groups of peaks;
one at δ = 6.21 and 5.78 ppm, which was due to the methylene (=CH2; Ha and Hb) in the
double bond region of MA, and the other at δ = 2.05 ppm, which corresponds to the methyl
(CH3; Hc) of HA (Figure 2B). From these data, it was determined that the DM of MHA
was 9.2%. The infrared spectra in Figure 3A show signals in the range of 1005–1253 cm−1

corresponding to the stretching vibration of the sulfur-oxygen double bond (S=O) [30] of
the sulfate group in both Fu and MFu. MFu also had the characteristic ester peak (C=O) at
1723 cm−1, which is present in the methacrylate group but not in Fu. Methylene protons
(=CH2; Ha and Hb) on MA were found at δ = 6.27 and 5.80 ppm, and the δ = 1.36 ppm
peak corresponded to the methyl group (CH3; Hc) of Fu (Figure 3B). From these data, it
was determined that the DM of MFu was 98.6%. Successful methacrylation of MHA and
MFu was confirmed by the presence of ester peaks (C=O) by FTIR and methylene protons
(=CH2) by 1H NMR analyses. In addition, there was a signal appearing at δ = 1.98 ppm in
Figures 2B and 3B, which corresponds to the methyl (CH3) of MA [36].
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3.2. Effect of Osteoblast Cells on the Mechanical Properties of the MHA and MHA-MFu Hydrogels

The mechanical properties of the matrix environment have been shown to affect cell
function and differentiation [41]. Moreover, substrate elasticity is a potent regulator of
osteoblast functionalization, which may pave the way for further understanding bone
diseases and be a potential therapeutic alternative for tissue regeneration [42]. Therefore,
we first analyzed the mechanical properties of the hydrogels with different components,
after different storage times and in the presence or absence of cell attachment. The MHA,
MHA-MFu0.5, and MHA-MFu1.0 hydrogels were formed by photopolymerization at
365 nm from precursor solutions in the presence of the photoinitiator Irgacure 2959, which
was selected for its known biocompatibility with cells [43].

In our study, the hardness of the hydrogels showed no change after the addition
of MFu, and there was no significant difference in hardness after 28 days of storage
(Figure 4A). However, the elastic modulus after MFu addition showed a significant de-
crease compared to that with MHA alone. The elastic moduli of the MHA, MHA-MFu0.5,
and MHA-MFu1.0 hydrogels were 107.3 ± 12.2 kPa, 74.5 ± 7.8 kPa, and 66.8 ± 2.8 kPa
on Day 0, respectively. Additionally, the hardness and elastic modulus of the hydro-
gels were not significantly different between Days 0 and 28 (Figure 4B). Xue et al. [44]
demonstrated that hydrogels composed completely of high-molecular-weight HA have the
highest hardness and elastic modulus values, and the elastic modulus decreases when low-
molecular-weight HA is mixed with high-molecular-weight HA. The molecular weights
of HA and Fu used in this experiment were 620–1200 KDa and 35–40 KDa, respectively,
and the MHA-MFu hydrogels were composed of two different molecular weight polysac-
charides. We report similar results to those of Xue et al. [44] for the MHA-MFu0.5 and
MHA-MFu1.0 hydrogels, so the elastic moduli of the MHA-MFu0.5 and MHA-MFu1.0
hydrogels are lower than that of the MHA hydrogel. Current literature has reported that
the enzymes and metabolites produced when cells interact with hydrogels may affect their
mechanical properties [45]. Therefore, next, preosteoblastic MG63 cells were seeded on
hydrogels for 28 days to measure the mechanical property changes. The results showed
that seeding preosteoblastic MG63 cells on hydrogels did not affect the hardness or elastic
moduli of the hydrogels on Days 0 and 28. There was no significant difference between
the samples with or without preosteoblastic MG63 cells on Day 28 (Figure 5A,B). Our data
demonstrated that MHA-MFu0.5 and MHA-MFu1.0 hydrogels could maintain scaffold
stability to bear loads and fulfill defects.
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without cells.

3.3. Effects of Fu on Osteoblast Cells in Plate Culture

In this study, to identify the beneficial effects of Fu in promoting osteogenesis in
preosteoblastic MG63 cells, we examined whether Fu can affect cell viability and ALP-
specific activity and observed the cell morphology under a microscope. On all experimental
days, the addition of Fu decreased cell viability. The cell viability in the Fu0.5 group was
higher than that in the Fu1 group, and there was a statistically significant difference
(Figure 6A). It has been suggested that a high concentration of Fu would inhibit the
viability of preosteoblastic cells under plate culture [46]. The effect of Fu on the maturation
of preosteoblasts to osteoblasts was studied by determining ALP-specific activity [47].
Our results showed that Fu increased ALP-specific activity after three days (Figure 6B)
and was not affected by the inhibition of cell viability. Cho et al. [48] also reported that
Fu can increase ALP-specific activity as a phenotypic marker for early-stage osteoblastic
differentiation of MG63 cells. To investigate the effects of Fu on MG63 cells in detail, we
examined changes in cell morphology after the cells were treated with Fu for seven days.
Cells that were in the presence of 0.5% and 1% Fu (Fu0.5 and Fu1 groups, respectively) were
rounder than those in the control group (Figure 6C). Fu has been reported to induce the
accumulation of F-actin in the cell cortex via the PI3K and Akt signaling pathways [26,49,50].
Our results suggested that Fu decreased cell viability and promoted ALP-specific activity
to induce MG63 differentiation. Thus, Fu might compensate for the defects of HA that do
not support cell mineralization
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3.4. Cell Behavior on MHA and MHA-MFu Hydrogels

The spreading of attached osteoblasts was also dependent on the chemistry of the
hydrogel surface. Lam et al. found that HA hydrogels showed that RGD peptides promoted
spreading and motility of cells [51] Li et al. identified that decoration of the bioactive
motif in HA hydrogels could promote cell adhesion and osteogenic differentiation [52]. In
this study, preosteoblastic MG63 cells adhered to the MHA, MHA-MFu0.5, and MHA-
MFu1.0 hydrogels were stained with Alexa Fluor™ 488 phalloidin to detect the actin
cytoskeleton and with DAPI to detect nuclei and were observed under a confocal laser
scanning microscope. The cells on the MHA-MFu0.5 and MHA-MFu1.0 hydrogels showed
spherical morphologies with very low cell spreading that was similar to the cells attached to
the MHA hydrogel (Figure 7). This indicated that the incorporation of Fu did not alter the
cell morphology within the hydrogel. Studies have reported that cell shape can regulate cell
growth [53], gene expression [54], and ECM metabolism [55]. Moreover, our SEM analysis
results showed that the MG63 cells adhered to the MHA hydrogel had smooth surfaces.
However, the surface and the surroundings of the cells were rough in the MHA-MFu0.5
and MHA-MFu1.0 hydrogel groups (Figure 7). Karunanithi et al. [27] reported that this
difference in the cell surface and surroundings may arise from a higher production of
ECM-related components when cells are attached to Fu-containing hydrogels. Our results
suggested that MHA-MFu0.5 and MHA-MFu1.0 hydrogel incorporation might support
ECM formation in MG63 cells.

The molecular composition of a hydrogel can affect cell behavior, such as attachment,
proliferation, and differentiation [56]. The effects of Fu in a hydrogel on cell attachment,
viability, and differentiation were examined by an MTT assay and an ALP-specific activity
assay. Quantitative measurements of cell viability on MHA, MHA-MFu0.5, and MHA-
MFu1.0 hydrogels at one, three, and seven days showed that the cell viabilities in the
three groups were not significantly different after seven days (Figure 8A). ALP-specific
activity, an early marker of the osteoblastic phenotype, was higher in the MHA-MFu1.0
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hydrogel group than in the MHA and MHA-MFu0.5 hydrogel groups at 7 and 14 days
(Figure 8B). The above results indicated that Fu inhibited cell viability when directly added
to the medium (Figure 6A). However, Fu modified with methacrylate and prepared into
a hydrogel had no significant effect on cell viability (Figure 8A) and still promoted ALP-
specific activity (Figure 8B) as was observed in medium (Figure 6B). The purpose of this
study was to provide a scaffold that can maintain flexibility during brain swelling and
then turn into bone after swelling to implement a single-stage surgery to treat TBI. Finally,
we analyzed the mineralization ability of MG63 cells on the hydrogels by colorimetric
calcium quantification. Mineralization was significantly higher in the MHA-MFu0.5 and
MHA-MFu1.0 hydrogel groups than in the MHA hydrogel group after 28 days. In addition,
the level of mineralization increased as the concentration of Fu in the hydrogel increased
(Figure 9). These results indicate that the MHA-MFu1.0 hydrogel promotes osteoblast
differentiation and activity.
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4. Conclusions 
In conclusion, we demonstrated that the MHA-MFu hydrogels enhanced osteoblast 

differentiation, probably due to stimulation of ALP-specific activity and mineralization. 
This marine-sourced sulfated polysaccharide can be found in nature and is easily availa-
ble, so it can be considered a promising additive to promote effective and reliable bone 
graft materials. Altogether, our results suggested that Fu could be used as a potential can-
didate to form a biocomposite scaffold for bone tissue engineering applications because it 
allows attached cells to differentiate and mineralize. 
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4. Conclusions

In conclusion, we demonstrated that the MHA-MFu hydrogels enhanced osteoblast
differentiation, probably due to stimulation of ALP-specific activity and mineralization.
This marine-sourced sulfated polysaccharide can be found in nature and is easily available,
so it can be considered a promising additive to promote effective and reliable bone graft
materials. Altogether, our results suggested that Fu could be used as a potential candidate
to form a biocomposite scaffold for bone tissue engineering applications because it allows
attached cells to differentiate and mineralize.

Author Contributions: Data curation, P.-A.H. and F.-Y.H. and J.-J.C. Formal analysis, F.-Y.H., P.-A.H.,
W.-C.S. and J.-J.C. Methodology, F.-Y.H., P.-A.H. and W.-C.S. and J.-J.C. Writing–original draft, P.-A.H.
and F.-Y.H. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Council of Agriculture of Taiwan 108AS-14.2.3-ST-a2,
Ministry of Science and Technology of Taiwan 109-2320-B-019-008-MY3, and Ministry of Science and
Technology of Taiwan, grant number MOST 108-2221-E-019-029-MY2.

Institutional Review Board Statement: Ethical review and approval were waived for this study, due
to the human preosteoblastic MG63 cell line involved in this study was from commercial source and
its location has been provided at Section 2.6.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data is contained within the article.

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

References
1. Omary, R.; Chernoguz, D.; Lasri, V.; Leker, R. Decompressive hemicraniectomy reduces mortality in an animal model of

intracerebral hemorrhage. J. Mol. Neurosci. 2013, 49, 157–161. [CrossRef]
2. Stiver, S.I. Complications of decompressive craniectomy for traumatic brain injury. Neurosurg. Focus 2009, 26, E7. [CrossRef]
3. Viviek, J.; Reilly, P. Syndrome of the trephined. J. Neurosurg. 2009, 111, 650–652.

http://doi.org/10.1007/s12031-012-9922-2
http://doi.org/10.3171/2009.4.FOCUS0965


Materials 2021, 14, 1168 13 of 14

4. Herold, T.J.; Taylor, S.; Abbrescia, K.; Hunter, C. Post-traumatic subdural hygroma: Case report. J. Emerg. Med. 2004, 27, 361–366.
[CrossRef]

5. Morselli, C.; Zaed, I.; Tropeano, M.P.; Cataletti, G.; Iaccarino, C.; Rossini, Z.; Servadei, F. Comparison between the different
types of heterologous materials used in cranioplasty: A systematic review of the literature. J. Neurosurg. Sci. 2019, 63, 723–736.
[CrossRef]

6. Townsend, J.M.; Andrews, B.T.; Feng, Y.; Wang, J.; Nudo, R.J.; Van Kampen, E.; Gehrke, S.H.; Berkland, C.J.; Detamore, M.S.
Superior calvarial bone regeneration using pentenoate-functionalized hyaluronic acid hydrogels with devitalized tendon particles.
Acta Biomater. 2018, 71, 148–155. [CrossRef]

7. Slaughter, B.V.; Khurshid, S.S.; Fisher, O.Z.; Khademhosseini, A.; Peppas, N.A. Hydrogels in regenerative medicine. Adv. Mater.
2009, 21, 3307–3329. [CrossRef] [PubMed]

8. Amorim, S.; Reis, C.A.; Reis, R.L.; Pires, R.A. Extracellular matrix mimics using hyaluronan-based biomaterials. Trends Biotechnol.
2021, 39, 90–104. [CrossRef] [PubMed]

9. Welzel, P.B.; Prokoph, S.; Zieris, A.; Grimmer, M.; Zschoche, S.; Freudenberg, U.; Werner, C. Modulating biofunctional starPEG
heparin hydrogels by varying size and ratio of the constituents. Polymers 2011, 3, 602–620. [CrossRef]

10. Fraser, J.R.E.; Laurent, T.C.; Laurent, U. Hyaluronan: Its nature, distribution, functions and turnover. J. Intern. Med. 1997, 242,
27–33. [CrossRef]

11. Oommen, O.P.; Wang, S.; Kisiel, M.; Sloff, M.; Hilborn, J.; Varghese, O.P. Smart design of stable extracellular matrix mimetic
hydrogel: Synthesis, characterization, and in vitro and in vivo evaluation for tissue engineering. Adv. Funct. Mater. 2013, 23,
1273–1280. [CrossRef]

12. Collins, M.N.; Birkinshaw, C. Hyaluronic acid based scaffolds for tissue engineering—A review. Carbohydr. Polym. 2013, 92,
1262–1279. [CrossRef]

13. Poldervaart, M.T.; Goversen, B.; De Ruijter, M.; Abbadessa, A.; Melchels, F.P.; Öner, F.C.; Dhert, W.J.; Vermonden, T.; Alblas, J.
3D bioprinting of methacrylated hyaluronic acid (MeHA) hydrogel with intrinsic osteogenicity. PLoS ONE 2017, 12, e0177628.
[CrossRef]

14. Prestwich, G.D.; Kuo, J.W. Chemically-modified HA for therapy and regenerative medicine. Curr. Pharm. Biotechnol. 2008, 9,
242–245. [CrossRef]

15. Mamada, A.; Tanaka, T.; Kungwatchakun, D.; Irie, M. Photoinduced phase transition of gels. Macromolecules 1990, 23, 1517–1519.
[CrossRef]

16. Suzuki, A.; Tanaka, T. Phase transition in polymer gels induced by visible light. Nature 1990, 346, 345–347. [CrossRef]
17. Cui, N.; Qian, J.; Liu, T.; Zhao, N.; Wang, H. Hyaluronic acid hydrogel scaffolds with a triple degradation behavior for bone tissue

engineering. Carbohydr Polym. 2015, 126, 192–198. [CrossRef]
18. Huang, L.; Cheng, Y.; Koo, P.; Lee, K.; Qin, L.; Cheng, J.; Kumta, S. The effect of hyaluronan on osteoblast proliferation and

differentiation in rat calvarial-derived cell cultures. J. Biomed. Mater. Res. A 2003, 66, 880–884. [CrossRef]
19. Quade, M.; Knaack, S.; Weber, D.; König, U.; Paul, B.; Simon, P.; Rösen-Wolff, A.; Schwartz-Albiez, R.; Gelinsky, M.; Lode, A.

Heparin modification of a biomimetic bone matrix modulates osteogenic and angiogenic cell response in vitro. Eur. Cell. Mater.
2017, 33, 105–120. [CrossRef]

20. Fu, C.; Yang, X.; Tan, S.; Song, L. Enhancing cell proliferation and osteogenic differentiation of MC3T3-E1 pre-osteoblasts by
BMP-2 delivery in graphene oxide-incorporated PLGA/HA biodegradable microcarriers. Sci. Rep. 2017, 7, 1–13. [CrossRef]

21. Guo, Y.; Yuan, T.; Xiao, Z.; Tang, P.; Xiao, Y.; Fan, Y.; Zhang, X. Hydrogels of collagen/chondroitin sulfate/hyaluronan
interpenetrating polymer network for cartilage tissue engineering. J. Mater. Sci. Mater. Med. 2012, 23, 2267–2279. [CrossRef]

22. Costantini, M.; Idaszek, J.; Szöke, K.; Jaroszewicz, J.; Dentini, M.; Barbetta, A.; Brinchmann, J.E.; Święszkowski, W. 3D bioprinting
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