J. Biomedical Science and Engineering,
2018, Vol. 11, (No. 11), pp: 289-306

http://www.scirp.org/journal/jbise

Hard Tissue-Forming Ability and Ultra-Micro Structure of
Newly Developed Sponges as Scaffolds Made with Sodium
Alginate Gel and Chondroitin Sulfate

Ayano Miyamoto, Masataka Yoshikawa, Hiroshi Maeda

Department of Endodontics, Osaka Dental University, Osaka, Japan

Correspondence to: Ayano Miyamoto, miyamoto-a@cc.osaka-dent.ac.jp
Keywords: Sodium Alginate Sponge, Osteogenesis, Stem Cells, Chondroitin Sulfate, /n Vivo, In Vitro
Received: October 15, 2018 Accepted: November 11, 2018 Published: November 14, 2018

Copyright © 2018 by authors and Scientific Research Publishing Inc.
This work is licensed under the Creative Commons Attribution International License (CC BY 4.0).
http://creativecommons.org/licenses/by/4.0/

ABSTRACT

To regenerate teeth and bones, a scaffold is essential. Hydroxyapatite has been used in many
studies, but scaffolds made of hydrogel or sponge are also effective. The hardness of hy-
droxyapatite is a disadvantageous property for shaping. A sponge is suitable as a scaffold
because the shape of the scaffold can be matched to the defect. Sodium alginate (AL) has
excellent biocompatibility and a sponge can be made from this gel by lyophilization. The
purpose of this study was to promote hard tissue formation with a sponge made of AL gel or
AL gel and chondroitin sulfate (Chs). Sponges were made from AL gel, which were then
used as a scaffold to investigate their effectiveness for the formation of hard tissue or bone.
Hard tissue formation in the pores of these AL sponges was estimated in vitro and in vivo.
In the sponge made from AL gel, the concentration of AL and the addition of Chs affected
bone formation. Concentration of AL would affect the shape and size of the pores. ALP ac-
tivity in the sponges was also enhanced by Chs. The amount of osteocalcin (OC) produced
in the sponge by rat bone marrow cells increased depending on the AL and Chs concentra-
tions in the gel. The level of OC amount in the sponges made from AL gel containing Chs
was notable in vivo. Bone formation in the sponge in vivo was affected by the addition of
Chs in AL gel. The quantity of OC and the bone formation in AL sponges in subcutaneous
tissue in vivo suggested that AL sponges can be useful as a scaffold.

1. INTRODUCTION

In dentistry, partial defective restoration of the hard tissue of the tooth, prosthesis for the loss of all or
several teeth, and reconstruction of the resorption of alveolar bone due to a periapical lesion or periodon-
tal disease are important treatments. Restoration of hard tissue defects by tissue engineering is desired in
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dentistry. Previous studies assessed the reconstruction of teeth [1, 2], and reconstruction of bone [3, 4] has
been performed. Functional restoration has been performed for hard tissue defects of teeth using current
dental treatments. However, reconstruction of teeth with physiological function is desired [5]. Regenera-
tion of teeth including the periodontal ligament may give teeth physiological functionality [6]. Thus, rege-
neration of such teeth is the ideal result of tissue engineering treatment. On the other hand, the recon-
struction of the resorption of alveolar bone due to disease is considered difficult. In the future, absorbed
bones may be reconstructed easily using one of the processes of tissue engineering.

The structure of most tissues and organs is three-dimensional. The three-dimensional culture of ap-
propriate cells or the use of a scaffold may enable their regeneration [7]. Application of a scaffold is consi-
dered to be particularly useful for the regeneration of teeth and bone. Proliferation and differentiation of
stem cells for regeneration should be induced in the scaffold [8]. For the scaffold to be applied to the re-
construction of a tooth or bone defect, properties which allow for easy structural replication of the defect
are desired. Therefore, scaffolds with superior molding capability are needed. A scaffold that can be
shaped according to the defect during treatment is convenient, and a biodegradable sponge scaffold that is
eventually replaced by surrounding tissue is more desirable.

Poly-L-lactic acid [9], polyvinyl alcohol [10] and sodium alginate (AL) [11, 12] are reported as sponge
scaffold materials. Several kinds of AL and its derivatives as hydrocolloids are used for food [13], medi-
cines [14, 15] and biomaterials [16, 17]. AL originates from a plant. AL is known to have excellent bio-
compatibility [18], and hard tissue formation using AL sponges was previously reported [19, 20]. AL has a
strong affinity with water and is used as a thickening or gelling agent [21]. AL can also be used in oral sus-
tained-release beads [22, 23] or a scaffold [24]. Based on these reports, the use of AL sponges as biomate-
rials may be feasible. Therefore, several types of sponges were prepared in this study, and their use as scaf-
folds for osteogenesis was evaluated in vitro and in vivo.

In this study, sponges were made from AL gel containing a chondroitin sulfate A sodium salt (Chs).
Chs is a mucopolysaccharide existing as an intercellular substrate. Based on the results of hard tissue for-
mation in the apical root canals of rat mandibular molars in the previous in vivo study, the chemical sub-
strate was considered to be able to induce hard tissue [25]. It usually exists as a proteoglycan that is cova-
lently linked to a core protein. As the proteoglycan called aggrecan, Chs mainly exists in the extracellular
matrix of cartilage and in connective tissues such as skin. A small amount of Chs was added into the AL
gel before making the sponges to promote adhesion of the stem cells to the AL sponge.

The promotion of hard tissue formation with a sponge made of AL gel or AL gel including Chs was
the purpose of this study. Hard tissue formation in the pores of these AL sponges as the scaffold was esti-
mated in vitro and in vivo.

2. MATERIALS AND METHODS
2.1. Preparation of AL Gel

The AL was dissolved at 4% (1000 cps: Nacalai-Tesque: Kyoto, Japan), 8% (500 cps: FUJIFILM Wako
Pure Chemical Corp., Osaka, Japan) or 10% (500 cps: FUJIFILM Wako Pure Chemical Corp.) (w/v) in ul-
tra-purified water. The 4%, 8% and 10% AL gels were autoclaved for sterilization at 121°C for 20 minutes.
In 5 ml of ultra-purified water, 10 g of Chs (M.W.:10,000 - 150,000 in an average, FUJIFILM FUJIFILM
Wako Pure Chemical Corp.) was dissolved. The solution was sterilized by filtration (Millex-GS®; ¢ 0.22
pum: Merck & Co. Inc., NJ, USA). The Chs solution was mixed with sterilized 10% AL gel at a final concen-
tration of 1% or 10%. In total, five types of gels were prepared. To prepare the 1% Chs containing 10% AL
gel, 0.5 ml of Chs solution was added to 9.5 ml of 10% AL gel (1%Chs-10%AL gel), and to prepare the 10%
AL gel containing 10% Chs (10%Chs-10%AL gel), 0.5 ml of Chs solution was mixed with 9.5 ml of 10% AL
gel.

2.2. Preparation of AL Sponge Scaffolds and Microstructural Observation by SEM

Each gel was poured into a ring made of stainless steel with a 6-mm inner diameter, 8-mm outer
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diameter and height of 10 mm. The gels in the ring were frozen at —80°C for 6 hours. The frozen gels were
taken out from the ring and immersed in a 1% calcium chloride solution (w/v) for 6 hours for chemical
cross-linking. They were frozen again and freeze-dried with a vacuum (Freeze Dryer DC800, Yamato
Scientific Co. Ltd, Tokyo, Japan) for 12 hours. Through these processes, five types of AL sponges (4%AL
Sponge, 8% AL Sponge, 10%AL Sponge, 1%Chs-10%AL Sponge and 10%Chs-10%AL Sponge) were made.

The ultra-micro structure of each sponge was observed with a scanning electron microscope (SEM:
Field emission scanning electron microscope S4800, HITACHI; Hitachi High-Technologies Corporation,
Tokyo, Japan).

2.3. Experimental Animals

This study was performed under the Guidelines for Animal Experimentation at Osaka Dental Uni-
versity. Regarding the use and care of the animals, the Animal Welfare Committee of Osaka Dental Uni-
versity approved the experimental procedures.

Male Fischer 344 rats were kept in standard rat cages with free access to dry pellets and water
with unrestricted movement at all times during feeding. All surgical procedures were performed un-
der general anesthesia by inhalation of isoflurane (Forane®; Abbott Japan Co. Ltd., Tokyo, Japan). At
the time of harvesting bone marrow cells from the rat femur or at completion of the experimental pe-
riod for the subcutaneous implantation of scaffolds, the animals were euthanized by excessive inhala-
tion of isoflurane.

2.4. Rat Bone Marrow Cell Isolation and Preparation of the Cell Suspension

Rat bone marrow cells (rBMCs) were obtained from the bone shafts of the femora of 6-week-old male
Fischer 344 rats (Japan SLC, Inc., Shizuoka, Japan) after euthanasia by excessive inhalation of isoflurane.
Both ends of the femur were cut off at the epiphysis, and bone marrow was flushed out with 10 ml of
minimum essential medium (D-MEM containing L-glutamine and phenol red: FUJIFILM Wako Pure
Chemical Corp., Osaka, Japan) expelled from a syringe through a 21-gauge needle. The MEM used for the
cell culture was supplemented with 15% fetal bovine serum (FBS; Biocera Inc., MO, USA) and antibiotics
(100 units/ml of penicillin, 100 pug/ml of streptomycin and 0.25 pg/ml of amphotericin B, Sigma-Aldrich
Co., MO, USA). Primary culture of rBMCs was performed for 10 days in a cell culture flask (T-75; BD Bi-
osciences, MA, USA) in an incubator at 5% CO, and 95% relative humidity at 37°C. The medium was re-
newed 3 times during the culture period.

After primary culture, rBMCs in T-75 culture flasks were washed three times using phos-
phate-buffered solution without Ca®* and Mg”* (PBS (-); Thermo Fisher Scientific, Inc.). The cells were
isolated from the bottom of the T-75 flasks with 2 ml of trypsin-EDTA solution (0.05 w/v% Trypsin-0.53
mmol/l EDTA-4Na solution with phenol red: FUJIFILM Wako Pure Chemical Corp.) and incubation for 3
hours at 37°C. The cells attached to the bottom were dispersed in MEM by shaking the T-75 flask. To stop
the effects of trypsin, 8 ml of MEM containing FBS was poured into the flask. The cells were transferred to
a centrifuge tube and washed three times by centrifugation at 120 x g using 20 ml of PBS (-). Then, for the
preparation of the rBMC suspension, rBMCs were re-suspended in MEM containing 15% FBS at a density
of 1 x 10° cells/ml.

2.5. In Vitro Hard Tissue Formation by rBMCs in the AL Sponge Scaffolds

2.5.1. Seeding of rBMCs in the Scaffolds for Subculture

rBMCs at 2 x 10° cells were seeded in each AL sponge (n = 6) by soaking with 200 pl of the prepared
rBMC suspension. The sponges were kept in an incubator for 1 hour to ensure attachment of the cells to
the pore walls of the sponge. Then, the sponges containing rBMCs were immersed in 1.5 ml of MEM in a
24-well micro-plate for 3 weeks. The medium was renewed 3 times a week. At the time of exchange of
culture medium, 1 mmol S-glycerophosphate, 82 pg of ascorbic acid and 10 nmol dexamethasone in 10-ul
aliquots were added to 1 ml of MEM in the well.
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2.5.2. Biochemical Analysis of DNA Quantity in AL Sponge Scaffolds after Subculture

The scaffolds taken from culture medium after 3 weeks of subculture were washed two times in PBS
(-) and frozen at —80°C. They were then crushed and homogenized in 0.5 ml of a 10-fold concentration of
TNE butffer solution (pH 7.4; 10 mmol Tris-HCI, 1 mmol EDTA and 100 mmol NaCl) using a Mixer Mill®
(MM301; Verder Scientific Co., Ltd., Tokyo, Japan). The homogenized samples were ultra-sonicated for 20
minutes two times in 10-minute intervals at 3°C (BIORUPTOR® UCW-201; Tosho Denki Co., Ltd., Yo-
kohama, Japan). For quantitative analysis of DNA in the scaffolds, 20 pl of the sonicated suspension was
mixed with 200 pl of Hoechst 33258 (FUJIFILM Wako Pure Chemical Corp.) at 2.5 pg/ml. Salmon sperm
DNA (FUJIFILM Wako Pure Chemical Corp.) was used as the standard. DNA was measured using a fluo-
rescence-spectrum photometer (Spectra-Max® M5; Molecular Devices, Inc., CA, USA) at an excitation
wavelength of 355 nm and fluorescence emission at 460 nm.

2.5.3. Biochemical Analysis of ALP Quantity in AL Sponge Scaffolds after Subculture

The ALP in the scaffolds was measured biochemically using a commercially available kit for mea-
surement of alkaline phosphatase activity (LabAssay ALP®: FUJIFILM Wako Pure Chemical Corp.). The
methods for measuring the quantity of ALP in the scaffold using the kit are described below.

The remaining emulsion used for measurement of DNA was utilized for quantitative analysis of ALP.
Each sample was centrifuged for 1 minute at 15,000 x g. The 20 pl of supernatant was reacted at 37°C for
15 minutes with 100 pl of carbonate buffer solution (pH 9.8) containing p-nitro-phenylphosphate as a
substrate after mixing for 1 minute. Then, the reaction was stopped by adding 80 pl of 0.2 mol/l sodium
hydroxide solution and mixing for 1 minute. Absorbance of the reactant was measured at 405 nm. The
value of ALP was represented as pmol of p-nitrophenol released after 30 minutes of incubation at 37°C.

2.5.4. Immunochemical Analysis of OC in the AL Sponge Scaffold after Subculture

After the subculture for 3 weeks, each culture medium in which the scaffolds were immersed was
immunochemically corrected for quantitative analysis of OC. Supernatants in each well of culture medium
were transferred to a 2-ml microtube. The immunochemical quantitative analysis of OC was performed to
estimate osteogenesis in the scaffold by rBMCs. Rat-MID™ Osteocalcin ELISA (Immunodiagnostic Sys-
tem Ltd., MD, USA) was used in this analysis. The procedure is described below.

The assay was performed at room temperature. All samples were tested in duplicate. Biotinylated
synthetic OC was added to each streptavidin pre-coated well and incubated for 30 minutes on a microtiter
plate mixing apparatus. The wells were washed three times. A monoclonal antibody specific against the
mid-molecular part of OC and PBS buffer for dilution were mixed in a microtube at a volume ratio of 1:
100. In the streptavidin pre-coated wells, 150 pl of the monoclonal antibody was previously pipetted. In the
wells, 20 pl of standard solution, control or specimen was added and mixed for 60 minutes. After washing
the wells, 100 ul of the peroxidase-conjugated mouse IgG antibody was added to each well and incubated
with mixing for 60 minutes. The wells were washed three times. One hundred microliters of a tetramethyl-
benzidine solution as a chromogenic substrate was pipetted into each well and incubated for 15 minutes in
the dark with mixing. The chromogenic reaction in each well was stopped by adding 100 pl of 0.18 mol sul-
furic acid. The absorbance was measured at 450 nm using a spectrophotometer (SpectraMax” M5).

2.6. In Vivo Hard Tissue Formation by rBMCs in AL Sponge Scaffolds

2.6.1. AL Sponge Scaffolds

For the in vivo experiments, 4%AL Sponge, 10%AL Sponge and 10%Chs-10%AL Sponge were used.
These AL sponges were expected to be compressed and flattened in the subcutis due to their weak struc-
ture. Therefore, cylindrical porous hydroxyapatite (HA; Hoya Technosurgical Company, Tokyo, Japan)
with a hollow center was applied as a shell to maintain the shape of the sponge in the dorsal subcutis of
experimental animals. The HA was 10 mm in height, 8 mm in outer diameter and the hollow center was 5
mm in diameter. The total porosity of the structures was 55%. The diameter of each aperture on the sur-
face of the HA structure and the pore size were both approximately 100 - 300 um. The AL sponge was
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inserted into the hollow center of the HA.

2.6.2.rBMC Seeding in AL Sponge Scaffolds

A cell suspension with a concentration of 1 x 107 cells/ml was prepared. In 4%AL Sponge, 10%AL
Sponge and 10%Chs-10%AL Sponge, in order to seed 2 x 10° of rBMCs in the scaffold, 200 ul of the cell
suspension was dropped onto each AL sponge. Nine sponges from each group of 4%AL, 10%AL and
10%Chs-10%AL sponge were used for implantation after seeding of rBMCs. Six of nine sponges after subcu-
taneous implantation were used for biochemical and immunochemical analysis and the remaining three were
used for histological examination. To adhere rBMCs on the wall of the pores of the AL sponges, the sponges
were incubated at 37°C in 5% CO, and 95% relative humidity for 1 hour. Then, the sponges were immersed in
2 ml of MEM and incubated for a day in an incubator at 37°C in 5% CO, and 95% relative humidity.

2.6.3. Implantation of the AL Sponge Scaffolds in the Dorsal Subcutis of Rats

Under general anesthesia by inhalation of isoflurane, the back of the syngeneic rats was shaved and
disinfected with povidone iodine solution (POVIDONE-IODINE SOLUTION 10% [MEII]"; Meiji Seika
Pharma Co., Ltd., Tokyo, Japan). On the back along the spinal column, subcutaneous pockets were in-
cised. One pocket was on the right side and two were on the left side. Incisions for the pockets after inser-
tion of a scaffold in each pocket were sutured using a skin stapler (Precise™ skin stapler; 3M Japan Limited,
Tokyo, Japan) and covered with adhesive (Aron Alpha®; Toagosei Co., Ltd., Tokyo, Japan).

2.6.4. Evaluation of Bone Formation in the Pores of Implanted AL Sponge Scaffolds

Osteogenesis in the scaffolds was estimated biochemically, immunochemically and histologically.
Eight weeks after dorsal subcutaneous implantation of the scaffolds, the rats were euthanized by excessive
inhalation of isoflurane. The implanted scaffolds with the surrounding connective tissue were resected
from the dorsal subcutis.

2.7.Biochemical Measurement of the ALP Level in AL Sponge Scaffolds and Immunochemical
Measurement of OC Quantity in AL Sponge Scaffolds

After removal of the scaffolds from the subcutis of rats, the surrounding connective tissue was re-
moved from the surface of three of nine scaffolds as much as possible. They were immediately frozen at
—80°C. Then, they were crushed and homogenized in 0.5 ml of a 10-fold concentration of TNE buffer so-
lution (pH7.4; 10 mmol Tris-HCI, 1 mmol EDTA, 100 mmol NaCl) containing 50 pl of surface active agent
(TWEEN® 20; 10% concentration: Sigma-Aldrich) using a Mixer Mill® (MM 301; Verder Scientific Co.,
Ltd., Tokyo, Japan). The homogenized samples were sonicated two times for 30 seconds in 10-second in-
tervals with supersonic waves using BIORUPTOR® (UCW-201; Tosho Denki Co., Ltd., Yokohama, Japan)
to collapse the cell bodies.

Then, each sample was centrifuged for 1 minute at 15,000 x g. The quantity of ALP in the scaffolds
was measured biochemically. ALP activity was assayed as the release of p-nitrophenol from
p-nitrophenylphosphate, pH 9.8, and the p-nitrophenol release was monitored by optical density at 405
nm using LabAssay ALP”. The value of ALP activity was presented per scaffold as umol of p-nitrophenol
released after 30 minutes of incubation at 37°C. Absorbance was measured using a spectrophotometer.

After quantitative analysis of ALP, in order to separate OC from HA, 5 ml of 20% formic acid was
added to the precipitate and decalcified at 3°C for 1 week. Then, to collect the OC adhered to the HA, a
total of 500 pl of demineralized sample and buffer was centrifuged for 5 minutes at 14,000 x g using an
ultrafiltration spin column (APRO Science Inc., Tokushima, Japan). This process was repeated three times.
OC was quantified immunochemically using Rat-MID™ Osteocalcin ELISA (Immunodiagnostic Systems
Ltd., AZ, USA). In brief, the procedure was as follows: The desalted supernatants were poured into each
well of a 96-well micro-plate. The bottom of each well was coated with anti-rat OC antibody. Perox-
idase-conjugated anti-rat OC polyclonal antibody was added to each well. An equivalent mixture of pe-
roxidase substrate and hydrogen peroxide water was added, followed by incubation in the dark. Absor-
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bance at 450 nm was measured using a spectrophotometer.

Data are presented as the mean + standard deviation. Statistical comparisons between the mean val-
ues in implanted scaffolds were performed using two-way unrepeated ANOVA followed by post hoc anal-
ysis using the Tukey-Kramer’s test. Differences of p < 0.01 were considered significant.

2.8. Histological Examination of Bone Formation in Implanted AL Sponge Scaffolds

The remaining three scaffolds were used for histological evaluation. The implanted sponges taken out
from the subcutaneous tissue were fixed for 48 hours in 10% neutral buffered formalin solution
(FUJIFILM Wako Pure Chemical Corp.). Decalcification of implanted sponges was performed in 10%
formic acid solution for 3 weeks followed by dehydration in absolute ethanol. They were permeated with
xylene for embedding in paraffin. The paraffin-embedded specimens were serially cut into 9-pm-thick sec-
tions. These serial sections were alternately stained with hematoxylin-eosin for histological examination
under an optical microscope.

3. RESULTS
3.1. Microstructural Observation of Prepared AL Sponge Scaffolds by SEM

By lyophilization, 4%AL Sponge, 8%AL Sponge, 10%AL Sponge, 1%Chs-10%AL Sponge and
10%Chs-10%AL Sponge were made. Then, the internal microstructure of each sponge by SEM was ob-
served. Representative SEM images of each type of sponge scaffold are shown in Figures 1(a)-(e).

The major axis of the 4%AL Sponge was approximately 30 um to 250 um (Figure 1(a)). The pore size
was small. The average pore size was approximately 100 um. SEM observation at higher magnification re-
vealed mutual connection with the apertures. Most of the interconnected pores of the 4%AL Sponge were
approximately 50 pm X 150 pm or smaller. These pores did not accurately exhibit a honeycomb configura-
tion. Apertures between adjacent pores were noted. The diameter of apertures ranged from approximately
30 um to 150 um.

A representative SEM image of the 8%AL Sponge made from 8% alginate gel by freeze drying is pre-
sented in Figure 1(b). Micropores in the sponge were mutually connected with neighboring ones by one
or several apertures. The pores inside the 8% AL Sponge on the major axis ranged in size from approx-
imately 300 um to 750 pm. The diameter of apertures ranged from approximately 200 pm to 600 um. The
shape of each connected pore was not honeycomb.

The internal microstructure of the sponge made by lyophilization of 10% alginate gel was observed
with SEM. A representative image is shown in Figure 1(c). The sizes of internal pores were fairly large
compared with those in the 4%AL Sponge. The pore sizes found in the cross-section on the long axis of the
sponge were approximately 800 um or larger. However, no pores were 1 mm or larger. There was no sig-
nificant difference in the length of the major axis of each pore. A honeycomb structure was not observed.

A representative SEM image of the 1%Chs-10%AL Sponge made by adding 1% Chs to the 10% AL gel
is presented in Figure 1(d). The inner pore surface was not lubricious, but it appeared as a rough surface.
This may be a feature of the stomatal wall surface of sponges made from a gel including Chs. The proper-
ties of the inner surface of the pores were different from those of sponges not containing Chs. The pore
sizes ranged from 100 um to 1000 pm.

A cross-section of the 10%Chs-10%AL Sponge on SEM is shown in Figure 1(e). The major axis of
each pore ranged from 300 pm to 900 pm, with an average of approximately 700 um. The inner pore sur-
face was rough. A honeycomb structure was not observed in the sponges.

3.2. In Vitro Measurement of Alkaline Phosphatase and OC during Hard Tissue Formation in AL
Sponge Scaffolds by rBMCs

3.2.1. Biochemical Analysis of ALP Quantity and Activity in AL Sponge Scaffolds
The amount of ALP in AL sponge scaffolds is presented in Figure 2(a). The amount of ALP in the
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10%AL Sponge was 0.444 = 0.022 mmol/scaffold. The ALP level in the 4%AL Sponge was 0.373 + 0.029
mmol/scaffold and the amount in the 8%AL Sponge was 0.374 + 0.007 mmol/scaffold. A significant dif-
ference was observed among sponges (p < 0.01). The average value in the 10%Chs-10%AL Sponge was the
highest among the three types of sponge scaffolds at 0.459 mmol/scaffold. There was no significant differ-
ence between the 10%AL Sponge and the Chs-10%AL Sponge. The ALP amount was slightly lower in the
1%Chs-10%AL Sponge.

The amount of DNA in each scaffold was measured (Figure 2(b)). The DNA concentration in each
sponge scaffold was 31 to 36 pug/ml. The 4%AL and 10%Chs-10%AL Sponges had slightly significant dif-
ferent DNA concentrations from the 8% and 10%AL Sponges (p < 0.01). The average DNA amount was
highest in the 4%AL Sponge and significantly different from that in the 10%Chs-10%AL Sponge. The
amount of DNA in the 10%Chs-10%AL Sponge was significantly low.

The amount of ALP in each scaffold was divided by the DNA amount in each scaffold. In Figure 2(c),

(d) (e)

Figure 1. (a) A representative scanning electron microscope (SEM) image of the 4%AL Sponge.
Pores mutually connected with neighboring ones were observed. Most pores in the 4%AL Sponge
were generally small. (Bar: 500 pm). (b) A representative SEM image of the 8%AL Sponge. Pores
mutually connected with neighboring ones. Interconnected apertures were noted. No perfect ho-
neycomb-shaped pores were observed. (Bar: 500 pm). (c) A representative SEM image of the 10% AL
Sponge. Most of the pores seemed to be interconnected. The shape in the cross-section formed by
the mutually adjacent pores was not a typical honeycomb structure. The wall surface of each pore
was smooth. (Bar: 500 pm). (d) A representative SEM image of the 1%Chs-10%AL Sponge. The inner
surface of the pore appeared rough. The length of the major axis of each pore was somewhat irregu-
lar. (Bar: 500 um). (e) A representative SEM image of the 10%Chs-10%AL Sponge. The pores were
slightly small. The surface of the pore wall was coarse and rough. Several pores with no aperture
between adjacent pores were observed. (Bar: 500 um).
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Figure 2. (a) Amount of ALP (alkaline phosphatase) in AL Sponges and Chs-AL Sponges in vitro.
There was no significant difference between 4%AL and 8%AL Sponges. The 10%AL Sponge had a
significantly higher ALP amount. The ALP amount in the 4%AL and 8%AL Sponges was not signif-
icantly different from that in the 1%Chs-10%AL Sponges. (a: p < 0.01 v.s. d, *: p < 0.01, N.S.: No
significant, n = 6) (b) Amount of DNA (deoxyribonucleic acid) in AL sponges and Chs-AL Sponges
in vitro. There was no large quantitative difference in the average DNA amount. There was no sig-
nificant difference between the 4%AL Sponge and 1%Chs-10%AL Sponge. There was also no signif-
icant difference between the 1%Chs-10%AL Sponge and the 10%Chs-10%AL Sponge. (p < 0.01, n =
6). (c) Level of ALP activity in AL sponges and Chs-AL Sponges in vitro. The level of ALP activity in
the 4%AL Sponge was significantly low. The ALP activity in the 10%Chs-10%AL Sponge was signif-
icantly high. (p < 0.01, n = 6, *: p < 0.01). (d) Amount of osteocalcin (OC) in AL sponges and
Chs-AL Sponges in vitro. The amount of OC in the 4%AL Sponge was low. There was a significant
difference among the amount of OC in other sponges. The amount of OC in the 8%AL and 10%AL
Sponges was not significantly different from that in sponges containing Chs. (p < 0.01, n = 6).

the results are shown as the ALP activity level. The activity of the 4%AL Sponge was 0.13 £ 0.0042 nmol/pg
DNA. The ALP activity observed in 8% and 10%AL Sponges was significantly higher. There was no signif-
icant difference between the 8% AL Sponge and the 10%AL Sponge in the level of ALP activity. There is a
significant difference in the level of ALP activity between the 1%Chs-10%AL Sponge and the
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10%Chs-10%AL Sponge. The ALP activity in Chs-AL Sponges was significantly higher. The ALP activity
in the 10%Chs-10%AL Sponge was 0.173 nmol/ug DNA. ALP activity in the sponges was enhanced by
Chs.

3.2.2. Immunochemical Analysis of OC in AL Sponge Scaffolds

The 8%AL Sponge had the highest average OC amount at 31.01 pg/ml. The OC amount in the 4%AL
Sponge was significantly lower than that in the other four sponge scaffolds. The amount of OC in the
4%AL Sponge was 24.26 + 0.91 pug/ml. The OC amount in the other four sponge scaffolds ranged from
30.3 to 30.5 pg/ml. There was no significant difference in the amount of OC among the other four sponges.
The OC amount in each sponge scaffold and the differences among them are presented in Figure 2(d).

3.3. In vivo Hard Tissue Formation by rBMCs in AL Sponge Scaffolds

3.3.1. Biochemical Measurement of ALP Level and Immunochemical Measurement
of OC Quantity in AL Sponge Scaffolds

The ALP amount in each sponge after subcutaneous implantation for 8 weeks is shown in Figure 3(a)
(n=6, p<0.01).

The concentration of the gel markedly affected the amount of ALP 7n vivo. In particular, the amount
of ALP was large in sponges made from 10% AL gel. The ALP amount per scaffold of the 4%AL Sponge
was 2.7 = 0.3 mmol. On the other hand, the ALP amount per scaffold of the 10%AL Sponge was 5.6 + 1.1
mmol. There was a significant difference in the amount of ALP after subcutaneous implantation between
the 4%AL Sponge and the 10%AL Sponge. There was no significant difference in the amount of ALP after
subcutaneous implantation between the 4%AL Sponge and the 8%AL Sponge (2.7 = 1.5 mmol). The
amount of ALP in the 10%AL Sponge was high. There was a significant difference in ALP amount between
10%AL Sponge and the other sponges. There was more ALP in the 10%Chs-10%AL Sponge than in the
1%Chs-10%AL Sponge. The ALP amount in the 1%Chs-10%AL Sponge was 2.5 + 0.3 mmol per scaffold,
which was significantly lower.

%k
(mmol/scaffold) | |
10 - (pug/ml) %k %k
80 r |
% *
| 1 | * * *
NS, * i H ‘
ST 40 |
d
| b Ii ﬂ
0
0 Ta%aAL 8%AL 10%AL 1%Chs 10%Chs 4%AL 8%AL 10%AL 1%Chs 10%Chs
sponge sponge sponge -10%AL -10%AL sponge sponge sponge -10%AL -10%AL
’ : sponge sponge sponge sponge
(a,bandc:N.S., a,bandd: N.S. *: P<0.01) (*:P<0.01)

(a) (b)

Figure 3. (a) Amount of ALP in AL sponges and Chs-AL Sponges in vivo. There was a marked
amount of ALP in the 10%0AL Sponges. The amount of ALP in the control HA scaffold was signifi-
cantly lower. There was no significant difference among the other sponges. (p < 0.01, n = 6). (b)
Amount of OC in AL sponges and Chs-AL Sponges in vivo. The small amount of OC in the 4%AL
Sponge was notable. The OC amount in the 8% AL Sponge was significantly greater than that in the
10%AL and 1%Chs-10%AL Sponges. However, the large amount of OC in the 10%Chs-10%AL
Sponge significantly differed from than in the other sponges. (p < 0.01, n = 6).
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The amount of OC in each sponge after subcutaneous implantation is shown in Figure 3(b) (n=6, p
< 0.01). The OC amount in the 10%Chs-10%AL Sponge was the highest at 70.4 + 3.8 ug/ml, which was
significantly different from that in the other sponges. The amount of OC in each scaffold was 19.4 + 3.5
pg/ml for the 4%AL Sponge, 4.1 = 1.4 pg/ml for the 8% AL Sponge and 35.2 = 0.4 pg/ml for the 10%AL
Sponge. The OC amounts varied significantly. The amount of OC in the 1%Chs-10%AL Sponge was 30.2 +
3.1 ug/ml. There was a significant difference in the OC amount between the two 10%AL Sponges.

3.4. Histological Evaluation of Bone Formation in Implanted AL Sponge Scaffolds

A representative optical microscope image of a subcutaneously implanted 10%AL Sponge at 8 weeks
post-operation is shown in Figure 4(a). With the 10%AL Sponge as a scaffold, the pores in the interior
space were extremely narrow. Connective tissue, including small blood vessels, was observed in the narrow
space, and newly formed bone was confirmed. However, the amount of bone formed in the scaffold was
insufficient to fill all of the pores.

Representative histological findings of the 10%Chs-10%AL Sponge scaffold that was removed from
the subcutaneous tissue 8 weeks after implantation are presented in Figure 4(b). New bone was clearly
observed in the structure of the sponge as a scaffold. Bone was formed in relatively narrow areas, which
were considered to be pores in the sponge.

4. DISCUSSION

Stem cells, scaffolds and growth factors are important elements in bone tissue regeneration [26]. Fur-
thermore, the geometric characteristics of scaffolds are considered to play an important role in osteoin-
duction [27]. As teeth and bones are three-dimensional structures, hydroxyapatite with high crystallinity
can be seen on tooth surfaces. Bone consists of amorphous calcium phosphate and considerably low crys-
tallinity hydroxyapatite. Therefore, for the regeneration of a tooth or bone, application of a scaffold may
be useful. In in vivo and in vitro studies on osteogenesis, HA has been commonly used as a scaffold with
and without other factors [28-34]. HA has excellent osteoinductivity and biocompatibility, and amino

Figure 4. (a) A representative optical microscope image of a subcutaneously implanted 10%AL
Sponge (AL-S): 8 weeks postoperative. Connective tissue and small blood vessels infiltrated the
narrow sponge structures, and newly formed bone tissue (Arrow) was observed. (Bar: 100 um). (b) A
representative optical microscope image of a subcutaneously implanted 10%Chs-10%AL Sponge
(AL-S): 8 weeks postoperative. Infiltration of connective tissue and small blood vessels into the
sponge structure was limited. However, newly formed bone tissue (Arrow) was observed within the
microstructure of the sponge. (Bar: 100 pm) Pore: Pore in the sponge.
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acids and proteins adhere well to HA. The use of scaffolds or three-dimensional culture of stem cells is
considered essential for regeneration. The scaffolds should be devised such that the shape and the size of
the pores are optimal for osteogenesis [35]. In an in vivo study, Damien et al previously reported that cy-
lindrical HA scaffolds with pore sizes of 400 - 600 pum and 80% porosity were suitable for the repair of fe-
moral defects in rats [36]. For optimum bone regeneration, it was reported that a minimum pore size of
200 - 400 um would be necessary for inducing sufficient vascularization, osteoconduction and formation
of mineralized tissue within the scaffold [28]. Moreover, pore sizes ranging from 150 to 500 pm favor os-
teoconduction in the scaffolds [28, 37]. Zhang et al found that a hydroxyapatite scaffold with excellent
osteoconductivity had pores of which sizes were ranged from 50 um to 200 um for cell infiltration and
bone ingrowth [38]. Zdravkov et al classified the most frequently used pore sizes as macro-, meso-, mi-
cro-, super-micro-, ultra-micro- and sub-micro-pores [39].

There are many reports in which collagen [40] or gelatin [41] sponges were used as a scaffold, and AL
hydrogel or AL sponge scaffold have been widely used. Although sponges made from AL gel without other
components are likely to be structurally or physically fragile as a scaffold, they have superior biocompati-
bility and biodegradability. AL gel was previously reported to have fluidity at concentrations lower than
4% [19]. The porous AL sponge was prepared via the freeze-drying method [42]. Collapse caused by lyo-
philization was observed in the structure of many sponges made from low concentrations of AL in this
study. From the results, it was considered that the gel concentration of AL should be over 4% to avoid col-
lapse during freeze drying of the gel. Concentrations of AL gel greater than 8% were suggested to be re-
quired to make sponges without structural destruction by lyophilization. Most of the sponges made from
10% AL gel did not collapse structurally during formation and had a stable structure. On in vitro examina-
tion of bone formation by rBMCs using the sponges, the 10%AL Sponge had the highest ALP activity and
amount of OC. The 10%AL Sponge was suggested to have superior osteogenesis promoting ability. The
rBMCs may have attached well to the pore walls. The pore sizes of the AL sponges prepared and used in
this study ranged from 350 - 500 pm. Based on previous reports, the pore sizes of the scaffolds in this study
were sufficient for inducing osteogenesis by rBMCs. The pore sizes of 10%AL Sponges were more suitable
for bone formation when comparing different concentrations of AL gel. The pores in the sponges made
from low concentrations of AL gel may have been inappropriate in size and shape for bone formation. As
the shape and sizes of the pores of AL sponges were unable to be controlled in this study, the pore sizes
were only different due to the concentration of AL in the gel. A mechanically stable AL sponge may be
prepared by lyophilization of an appropriate concentration of AL gel. The pores of the AL sponge scaffolds
in this experiment, which were made and used for experiments in vitro and in vivo, were mutually con-
nected with apertures but did not have a well-ordered honeycomb construction. In the future, the tech-
nique to constitute a honeycomb construction to the sponge must be established.

Based on OC amount in the AL sponge measured immunochemically in this in vivo and in vitro stu-
dies, bone formation was poor in the 4%AL Sponge. Differences in the consistency of the gel may have led
to variances in pore size depending on the concentration of AL. There was a time interval between injec-
tion of the gel into the metal ring and freezing. The 4% AL gel had low viscosity and many bubbles were
easily discharged from the gel. Large bubbles are released more quickly due to their buoyancy. The pore
sizes of the AL sponges varied depending on the concentration of AL gel. During mixing of the gel, many
air bubbles were contained in the gel. The relatively large air bubbles may have been released just after
pouring the gel into the metal ring. Thus, only small bubbles retained in the gel should cause the forma-
tion of a number of small pores in the sponge scaffold. From these findings, it was considered that the
sponges made from 4% AL gel might be unsuitable for the sponge. So, the sponges made from 4% AL gel
with Chs was not used in this study.

In this study, OC was measured in the AL sponges in vitro and in vivo, and osteogenesis was observed
in the scaffolds by histological examination in vivo. It is desirable that all the pores in a scaffold be filled
with bone. However, induction of bone into the all of pores in the scaffold was not achieved. The goal is to
form bone in all of the pores and assimilate the scaffold into the surrounding hard tissue. Tissue engineer-
ing involves seeding cells in pores of a scaffold, followed by culturing in vitro prior to implantation of the
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scaffold in vivo. It is an essential role of the scaffold to provide an appropriate environment to make in-
oculated cells adhere to the pore wall of the scaffold [43]. Moreover, scaffolds should have suitable proper-
ties to promote the proliferation and differentiation of the cells. The wettability, softness and stiftness,
roughness on the pore walls of a scaffold, and porosity, pore size, configuration of pores and interconnec-
tivity of the pores of a scaffold significantly influence cell behavior such as adhesion, growth and differen-
tiation [44, 45]. The differentiation and adhesion capacity of stem cells is affected not only by chemical
factors, but also by the physical properties of the substance in contact with the cells [46]. These factors
have also been demonstrated to affect the bioactivity of scaffolds used for in vivo [47] regeneration of nu-
merous tissues such as cartilage.

Chs involves in cell adhesion, proliferation, differentiation and mineralization [48-50]. Therefore,
Chs may play a function in bone formation, and its activity is drawing attention. A small amount of Chs
was included in the AL gel for the purpose of promoting proliferation and differentiation of stem cells, and
forming bone in the sponges. It was previously reported that bone was induced by bone marrow cells in
the pores of a sponge scaffold made from gel containing Chs and other chemical substances [51]. Bone had
also been reconstructed in the periapical region by a porous ceramic cement scaffold with Chs [52]. Chs
may directly affect adhesion on the cell surface. Cell adhesion is inhibited by removing cell surface Chs
[50, 51]. On the other hand, Chs may inhibit the differentiation of mesenchymal stem cells into hyper-
trophic chondrocytes. Negative charges due to a large amount of Chs inhibit the biological activity of
growth factors and may inhibit the differentiation of stem cells [53]. According to this theory, the amount
of Chs contained in the AL sponges used in this study was not excessive. It was reported in a previous in
vivo study that, in the periapical region of rat mandibular molar root canals after pulp extirpation, ce-
mentum-like hard tissue was markedly induced by application of the combination of calcium phosphate
and Chs [25]. The properties of the adhesive surface of the cells, the tension applied to the cells, and the
ability of the cells to differentiate and adhere to the sponge scaffolds are likely related. Furthermore, the
morphological properties of the surface for cell adhesion are involved in the differentiation and adhesion
of stem cells to a scaffold. Many fine protrusions on the surface of the pore wall of 10%Chs-AL-Sponges
were thought to be structures that allowed many cells to adhere well to the pore walls. Moreover, the cell
adhesion and mineralization functions of Chs were considered to have enhanced the osteogenic potential
of rBMGCs in the scaffolds. There have been many reports of scaffolds made from numerous materials.
Materials being used for implantation can be classified as bioinert, bioactive or biodegradable depending
on the interaction of materials with the host tissue. Biomaterials that chemically interact with the host tis-
sue are bioactive. Materials that are resorbed over time are biodegradable [54, 55]. AL sponges can be con-
sidered suitable as scaffolds because they are biodegradable [56]. However, nonabsorbent scaffolds with
mechanical stiffness may be desirable in many cases. After repairing defective bone, a load is applied to the
bone. The highly crystalline porous HA containing newly formed bone is sufficiently hard and can with-
stand loads. Ideally, bone is formed in the pores of HA and the scaffold is integrated with bone. No tissue
interaction and a lower risk of adverse local or systemic effects may be advantages of bioinert materials as
implant materials.

AL sponges were considered to be biodegradable scaffolds, but the sponges removed from the subcu-
tis demonstrated less biodegradability during this experimental period. Bioactive materials often accumu-
late on ceramic and may strongly integrate. As a polycrystalline ceramic dissolves, and the extracellular
concentrations of calcium and phosphate rise, a carbonate-apatite-crystal layer is precipitated on the ce-
ramic [57]. This crystalline layer facilitates the bonding of native tissue to the biomaterial, which increases
the strength of the bond between the tissue and scaffold [58]. However, it was considered that the AL
sponges used in this study would exhibit physical weakness in the implanted subcutaneous tissue. There-
fore, the sponges were inserted into the hollow center of the cylindrical HA in order to avoid the physical
load from the surrounding environment. The AL sponge was not degraded during transplantation. There-
fore, in this study, the phenomenon described in previous reports was not observed. Sponge scaffolds are
considerably inferior to HA in physical strength. On the other hand, depending on the material, such
sponge scaffolds can be easily deformed into any shape desired [40, 41]. In addition to collagen, calcium
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carbonate [59], synthetic polypeptide [60] and polylactic acid-polyglycolic acid copolymers [61] can be
considered as suitable materials for sponge scaffold preparation for bone tissue regeneration. George et al
stated that scaffolds must be mechanically stable, biocompatible and resorbable, must permit cell adhe-
rence and proliferation, and be suitable for surgical implantation for tissue engineering [62]. AL gel pre-
sented excellent biocompatibility and biodegradability [18, 63], and has been used as a scaffold for osteo-
genesis by three-dimensional culture of stem cells [64]. Previously, Kakigi e a/ examined the possibility of
osteogenesis by rBMCs in AL sponges in vitro, and found that AL gels at 2% or 4% containing calcium
phosphate had low viscosity and were easy to prepare [19]. In this study, the sponges were made from 4, 8
or 10% AL gel. High-concentration AL gel has a high viscosity. Excessive concentrations of AL solution
may not be able to be kneaded to obtain a gel because of their high viscosity. In these sponges made from
high-concentration gel, a larger amount of OC was made by rBMCs than in sponges made from lower
concentration gel. This may have been because the sponge made from a high-concentration gel had a
greater physical strength, and the pores became a place to attach or grow for cells.

Sponges implanted in the dorsal subcutaneous tissue may be compressed between epithelium and
muscle. In the cage, the back of the animal may be pressed against floor or wall of the cage and the subcu-
taneously implanted AL sponges will be squashed by the load. The sponge contents containing rBMCs
may be flow out into the surrounding tissue due to the pressure. In the squashed sponges, the space com-
posed of pores should be very narrow for fiber tissue to infiltrate. The diameter of the pores would have
become too small for the stem cells to maintain adhesion to the pore wall for osteogenesis. Therefore, HA
scaffolds with a hollow center were used in combination. The HA had to prevent deformation of the
sponge due to the pressure applied from the surrounding environment. Such protectors must be porous
cylinders. If materials with a dense structure without pores are used, the tissue fluid may not permeate the
AL sponge in the hollow center of the HA or circulate in the sponge. The biological reaction should have
been transmitted through the pores of the HA to the AL sponge.

Previously, in vivo experiments using formalin-treated polyvinyl alcohol (PVF) sponges were per-
formed [65]. A PVF-HA complex as a scaffold was implanted subcutaneously. PVF with rBMCs was re-
moved from the complex and only the HA was implanted into the subcutis. Porous cylindrical HA were
used as a control. After the experimental period, the amount of OC in the HA was subtracted from the to-
tal amount of OC detected in the PVF-HA complex scaffold to calculate the OC amount in the PVF
sponge. The result represents the correct amount of OC in the PVF sponge.

In the porous HA used as a protector for the AL sponges, rBMCs were seeded on all inserted sponges.
The cells may have penetrated into the pores of the HA. Following subcutaneous implantation of the
AL-HA complex, bone formation occurred within the pores of both materials. As a result, the amount of
OC in the HA was considered to be included in the OC amount measured in the AL gel. Thus, the amount
of OC measured in the AL-HA complex should be subtracted from the total. The amount of OC in the HA
was of course subtracted from the total amount in the AL-HA complex to obtain the OC amount origi-
nating from the bone formed in the AL sponge in this study.

5. CONCLUSIONS

The purpose of this study was to create AL sponges as scaffolds from AL gel with and without Chs to
estimate osteogenesis in vitro and in vivo.

Several AL scaffolds made from AL-only gel or Chs-containing AL gel were seeded with rBMCs ob-
tained from the rat femur. On in vitro estimation, ALP activity in the AL sponges was highly dependent on
the concentrations of AL and Chs in the gel. OC was significant in scaffolds made from 10% AL gel but
was low in scaffolds made from the 4% gel. /n vivo, scaffolds made from 10% AL gel containing 10% Chs
were seeded with rBMCs and implanted subcutaneously. After removal of the scaffolds from the subcutis,
the amount of OC in that scaffold was markedly high.

It was concluded that the porosity of the sponge made from the low concentration AL gel was small;
however, gel concentration affect the shape of the pores. Pores in AL sponges made with higher concen-
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tration gels in a range that can be kneaded showed an appropriate size for bone formation by seeded stem
cells. And, it is sure that bone formation by rBMCs is promoted in AL sponge. However, it was also con-
cluded that it is difficult to induce bone formation in all the pores in the AL sponge.
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