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Abstract: Compositions based on chitosan/β-glycerophosphate hydrogels with highly porous poly-
lactide granules can be used to obtain moldable bone graft materials that have osteoinductive and
osteoconductive properties. To eliminate the influence of such characteristics as chain length, de-
gree of purification, and molecular weight on a designed material, the one-stock chitosan sample
was reacetylated to degrees of deacetylation (DD%) of 19.5, 39, 49, 55, and 56. A study of the
chitosan/β-glycerophosphate hydrogel with chitosan of a reduced DD% showed that a low degree
of deacetylation increased the MSCs (multipotent stromal cells) viability rate in vitro and reduced
the leukocyte infiltration in subcutaneous implantation to Wistar rats in vivo. The addition of
12 wt% polylactide granules resulted in optimal composite mechanical and moldable properties, and
increased the modulus of elasticity of the hydrogel-based material by approximately 100 times. Exces-
sive filling of the material with PLA (polylactide) granules (more than 20%) led to material destruction
at a ~10% strain. Osteoinductive and osteoconductive properties of the chitosan hydrogel-based ma-
terial with reacetylated chitosan (39 DD%) and highly porous polylactide granules impregnated with
BMP-2 (bone morphogenetic protein-2) have been demonstrated in models of orthotopic and ectopic
bone formation. When implanted into a critical-size calvarial defect in rats, the optimal concentration
of BMP-2 was 10 µg/mL: bone tissue areas filled the entire material’s thickness. Implantation of the
material with 50 µg/mL BMP-2 was accompanied with excessive growth of bone tissue and material
displacement beyond the defect. Significant osteoinductive and osteoconductive properties of the
material with 10 µg/mL of BMP-2 were also shown in subcutaneous implantation.

Keywords: chitosan; deacetylation degree; osteoplastic material; BMP-2; porous polylactide gran-
ules; osteoinduction

1. Introduction

Annually the number of bone grafting procedures in Europe and America grows by
an average of 13–14.4%, and approximately 2.2 million operations are performed every
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year [1–3]. Bone substitutes are mostly used in traumatology, orthopedics, dentistry,
and maxillofacial surgery [4]. The existing materials are not ideal because they do not
thoroughly combine such qualities as osteoinduction, osteoconduction, biocompatibility,
resorption ability, figurability, and ease-of-use [5,6].

The consistency of bone substitutes is divided into bone granules, cement, paste,
sponge, and putty. Putty is the most useful material because it can be molded into any
shape. However, unlike cements, it cannot cure in the wound and hold its shape [7]. Unlike
bone granules, registered putty has a continuous surface that prevents the vessel’s ingrowth
and resorption of material, which limit bone formation inside the putty [8]. In this regard,
the design of thermosetting biocompatible and bioresorbable putty, with pores for vascular
ingrowth and cell migration, is a crucial task.

A possible way is to use a chitosan hydrogel as a base [6]. Chitosan forms thermotropic
hydrogel with β-glycerophosphate. After insertion into the wound, it retains a predeter-
mined shape and can prolong the release of osteoinductors. The use of β-glycerophosphate
as a crosslinking agent is preferred because the resulting materials do not contain organic
solvents or toxic initiators [9]. Moreover, β-glycerophosphate is a component of osteogenic
media and promotes osteogenic cell differentiation [10].

The biological properties of the material for bone regeneration are primarily associated
with osteoinduction—the ability to stimulate bone tissue formation. It is possible to
improve the osteoinductive properties by using BMP-2—the most efficient osteogenic
growth factor [11]. We have previously shown that highly porous polylactide granules
can be used as a BMP-2 carrier. They can release BMP-2 within six days. Small doses
of BMP-2 induce osteogenesis due to prolonged release. Prolonged release should help
reduce the risks that may be associated with excessive BMP-2 concentration: hyperostosis,
inflammation, and anaplasia [12,13]. The use of PLA granules in combination with a
chitosan–glycerophosphate hydrogel will improve the resorption of chitosan by proton
acceptance during the resorption of polylactides. Additionally, the granules will improve
the mechanical properties of the resulting composition [14].

This study aimed to design a biocompatible, osteoinductive, and easy-to-use material
based on chitosan gel and highly porous polylactide granules with BMP-2 for bone tissue
regeneration.

2. Results
2.1. Selection of Biocompatible Components

The effect of the degree of deacetylation (DD%) on chitosan-based hydrogels’ bio-
compatibility in vivo and in vitro was determined (Figure 1). The reacetylation reaction
prepared the chitosan samples with a 19.5–65% degree of deacetylation. The one-stock
chitosan sample used as a substrate eliminated differences in impurities, molecular weight
variations, and other factors that influence polymer biological properties. A sample with a
19.5% degree of deacetylation was insoluble and could not form gels or gel-like structures.
Therefore, it was excluded from further study.

An in vitro MTT test showed that chitosan with a 39 DD% had no cytotoxic effect on
MSC (multipotent stromal cells, Figure 1A,B). A higher degree of deacetylation of 49% had
a moderate cytotoxic effect. A DD% above 55 resulted in an increased number of dead cells
(Figure 1A,B).

The in vivo study in the subcutaneous implantation model showed similar results. A
decrease in the degree of deacetylation correlated with a decrease in leukocyte infiltration
(p = 0.03) (Figure 1C,D). Rare leukocytes were seen by field of view in the implantation site
of chitosan with a 39 DD% (Figure 1C,D).

The incorporation of 10–16 wt% highly porous polylactide granules into the chitosan–
glycerophosphate hydrogel resulted in a significant decrease in leukocyte infiltration
(Figure 1C). At 14 days after subcutaneous implantation, there were 0–2 leukocytes per
field of view (Figure 1D). However, numerous foreign-body giant cells and small number
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of lymphocytes around the polylactide granules were found. This characteristic pattern is
typical for polylactide resorption.
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Figure 1. The effect of chitosan reacetylation on the biocompatibility of the thermosetting chitosan–
β-glycerophosphate hydrogel. (A) MSC viability in the presence of chitosan hydrogels, seven days,
MTT test. (B) Cell adhesion of the chitosan-based hydrogels at the lowest and highest degrees of
deacetylation (65 and 39 DD%), PKH26 staining. (C) Level of leukocyte infiltration 14 days after
subcutaneous implantation of chitosan hydrogels. (D) Tissue sections of the implantation area of the
chitosan-based hydrogels with high and low degrees of deacetylation (65 and 39 DD%).

2.2. Physical Properties of Chitosan-Based Materials

Studying the physico-mechanical properties of hydrogels based on chitosan/β-glycer-
ophosphate showed that the enhancement of the mechanical strength is attributed to the
PLA granules (Figure 2). The addition of 12 wt% PLA granules increased the modulus
of elasticity approximately 100 times more compared with an unfilled system. The most
important factor influencing the elastic modulus in such systems was the overlap of the
particles rather than the properties of the gel. So decreasing the degree of deacetylation of
the chitosan to 39% did not significantly change the mechanical properties of the composite.
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Figure 2. Mechanical properties of composition based on the chitosan and β-glycerophosphate hydrogel and the PLA
granules. (Left) The deformation curves of the composite materials during compression test. (Right) The elastic modulus of
the compositions containing different PLA granule mass fractions.

Excessive filling of hydrogel with PLA granules of more than 20% led to material
destruction at a ~10% strain (Figure 2). This also caused inconvenience when modeling
different shapes in hands. Therefore, a composition containing 12 wt% granules was
selected as the base for the material.

2.3. Induction of Orthotopic Bone Formation

The biological properties of the hydrogel-based materials of reacetylated chitosan
and β-glycerophosphate and highly porous polylactide granules were studied. For this
purpose, materials with different concentrations of BMP-2: 0 (without), 10, and 50 µg/mL
were implanted into critical-size calvarial bone defects in rats. A critical-size defect is
a defect that will not completely heal spontaneously within the lifetime of the animal
or the experiment [15]. In this regard, this model was supposed to clearly show the
osteoconductive (vascular ingrowth and cell migration) and osteoinductive properties
(bone formation in situ) of the material.

After the material had been implanted without BMP-2 for 28 days, the chitosan gel
was resorbed, and collagen fibers took its place. Polylactide granules were resorbed by
foreign-body giant cells. Bone tissue formed only in the region of the bone margins and
was absent in the center. The volume of newly formed bone tissue was 14 ± 6% of the total
material volume (Figures 3 and 4).
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Figure 3. Volume of newly formed bone in the critical-size calvarial bone defect after implantation of
the composition based on the reacetylated chitosan/β-glycerophosphate hydrogel and 12 wt% PLA
granules containing different BMP-2 doses in rats after 28 days. The significance of differences was
indicated in accordance with the requirements of the American Psychological Association (APA):
ns—p > 0.05; ***—p ≤ 0.001.
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Figure 4. Bone regeneration capacity in the critical-size calvarial bone defect area of rats after implantation of the material
based on the reacetylated chitosan/β-glycerophosphate hydrogel and 12 wt% PLA granules containing 0, 10, and 50
µg/mL of BMP-2. H&E and Masson’s trichrome staining after 28 days. PLA—highly porous polylactide granules, NB—
newly formed bone, BV—blood vessel, GC—foreign-body giant cell, CT—connective tissue, IM—implanted material, and
BM—bone marrow.

Implantation of the material with 10 µg/mL of rhBMP-2 led to the bone formation
in both the center and the bone defect margin. A newly formed bone surrounded the
residues of the polylactide granules. The newly formed bone tissue volume was 56 ± 25%
(Figures 3 and 4).

The material extent beyond the bone defect after implantation of the material with
50 µg/mL of rhBMP-2 was observed. The regeneration zone significantly exceeded the
size of the defect. Inside the bone regenerate, lacunae containing bone marrow were
determined. A dose-related effect of BMP-2 was demonstrated: the higher the concentration
of the osteoinductor used, the greater the bone regeneration volume. When implanting
a composition with 50 µg/mL of rhBMP-2, the volume of the newly formed bone tissue
relative to the volume of material (Nb.Ar.%) was 64 ± 4% (Figures 3 and 4). However, the
bone formation was excessive and led to the displacement of the material, and the volume
of bone tissue relative to the volume of the original defect exceeded 106%.

The absence of bone formation when using material without BMP-2 and the excessive
growth of bone tissue using 50 µg/mL showed that the dosage of 10 µg/mL BMP-2 was
desirable: it led to homogeneous newly formed bone distribution within the implanted
composition without displacement.
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2.4. Induction of Ectopic Bone Formation

The osteoinductive potential of the composition based on the chitosan hydrogel with
39 DD% and 12 wt% highly porous polylactide granules impregnated with 10 µg/mL BMP-
2 was shown. The composition induced ectopic bone formation when it was implanted
subcutaneously (Figure 5). The largest accumulation of newly formed bone tissue was
observed on the periphery. In the center of the material, there was a small amount of
newly formed bone. It surrounded some polylactide granules and was ingrown into their
thickness. The chitosan hydrogel was resorbed and replaced by collagen fibers. These
data indicate a high osteoconductive ability of the composition associated with vascular
invasion and cell migration. Foreign-body giant cells were detected around the polylactide
granules. Plasma cells and lymphocytes were found inside the material. Solitary leukocytes
and a few leukocyte clusters were found. This histological pattern corresponded to the
resorption process of polylactides [13,14].
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Figure 5. Bone formation after subcutaneous implantation of the composition containing 10 µg/mL
of BMP-2. H&E and Masson’s trichrome staining after 28 days. PLA—highly porous polylactide gran-
ules, NB—newly formed bone, BV—blood vessel, GC—foreign-body giant cell, LYM—lymphocytes,
and plasma cells.

3. Discussion

A comprehensive in vitro and in vivo study of chitosan/β-glycerophosphate hydro-
gels showed that a high degree of deacetylation of chitosan led to acute inflammation and
cell death. In the literature, some in vitro studies have shown opposite results [16–18].
Chitosan samples with a high degree of deacetylation contributed to increasing the hy-
drophilicity of materials and attaching cells to their surfaces [19,20]. According to these
studies, the results were due to nonspecific electrostatic interactions between protonated
amino groups of chitosan and the cell membrane surface. In another in vitro experiment
on the fibroblast cell line, no effect of deacetylation on chitosan films’ biocompatibility
was reported [21]. This could be related to using chitosan samples with different degrees
of deacetylation. Various chemical characteristics, including molecular weight and ash,
may have significantly impacted the properties of chitosan and chitosan-based materi-
als [17,22,23]. We associated the differences in these results with using in the experiments
cell lines other than MSC. Moreover, the form of different chitosan-based materials could
vary in several characteristics that impact the properties of the materials, apart from the
degree of deacetylation. We previously performed a similar study with an evaluation of the
cytocompatibility of different chitosan forms with MSC. There was no significant difference
between the cell viability on the different chitosan-based material forms [24]. So the use
of a one-stock chitosan sample with different degrees of deacetylation for studying the
mechanical and biological properties of chitosan-based materials was an essential feature
of this work.

The study results also showed that reducing the degree of deacetylation of the chi-
tosan to 39% still obtained gel-like substances compared with chitosan with a 19.5 DD%.
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Moreover, it improved the biological properties compared with a composition based on
chitosan with a high degree of deacetylation. In vitro use of a composition based on chi-
tosan with a 39 DD% resulted in high cytocompatibility, but leukocyte infiltration was still
observed in vivo. The use of highly porous polylactide granules solved this problem. The
reduced leukocyte infiltration may have been related to two aspects: firstly, a decrease
in the amount of gel in the material’s volume due to its replacement with PLA granules;
secondly, the gel’s distribution over the surface of highly porous PLA granules led to an
increase in its contact area with interstitial fluid and blood plasma proteins. In addition
to improving the material’s biological properties, the polylactide granules also improved
the mechanical characteristics of reacetylated chitosan hydrogels. The optimal ability for
modeling had gels filled with 12 wt% PLA granules: their modulus of elasticity was about
100 times higher than that of pure gels. Filling to 20 wt% and higher led to disruption of
the hydrogel phase continuity and a decreased number of effective crosslinking sites. As a
result, destruction of the material at a deformation of more than 10% was shown. Similar
data were obtained when studying other systems where the main components were a
chitosan hydrogel and particles from polylactide or polylactide-co-glycolide [25,26].

Impregnation of BMP-2 enhanced the osteoinductive properties of the composition
based on the reacetylated chitosan/β-glycerophosphate with polylactide granules. The
material contained BMP-2 at a concentration of 2–3 orders of magnitude lower compared
with the known commercial material Infuse Bone Graft (Medtronic, Minneapolis, MN,
USA) with BMP-2 at a concentration of 1.5 mg/mL. However, their effectiveness for bone
tissue regeneration was comparable, and in some cases, was exceeded when the Infuse
material was used. In one of the studies, by the end of 28 days, the Infuse Bone Graft with
1.5 mg/mL of BMP-2 caused approximately 11.5 ± 1.5% new bone formation in critical-size
calvarial defects [27]. This was significantly lower than those in our study. In another
study, where Infuse Bone Graft components consisting of a collagen sponge soaked with
2.50 µg/mL of rhBMP-2 were used in the critical-size calvarial defects in rats, the volume
of newly formed bone was 99.4 ± 1.8% [28]. In that study, the authors did not note a
significant increase in bone tissue volume in the regenerate when a high concentration
of BMP-2 was used. Such results could be related to the fact that the authors calculated
the volume of the regenerate relative to the volume of the original defect. Moreover,
excessive growth of bone tissue beyond the defect was taken into account, which led to an
overstatement of the results, bringing them closer to 100%.

In our study, using a concentration of 50 µg/mL in the composition of a chitosan gel
with polylactide granules led to more than 106% formation of bone relative to the volume
of the bone defect. The volume of the newly formed bone was 64 ± 4% relative to the
volume of the implanted material. As a result, the volume of the newly formed bone tissue
exceeded the relative volume of the defect and went beyond its limits. This effect can
be described as hyperostosis, a dangerous effect of high-dose BMP-2 use. In our study,
using a composition with 10 µg/mL of BMP-2 led to the formation of 56 ± 25% bone in
the material that was not statistically significantly different from using a composition with
50 µg/mL. In addition, the material with 10 µg/mL of BMP-2 induced ectopic osteogenesis
in the absence of a bone environment. The formation of multiple areas of bone tissue in the
center of the material indicated a high osteoconductive ability of the material. The porosity
of the polylactide and the sufficient rate of gel resorption allowed the ingrowing of vessels,
as well as cells to migrate and to spread to the front of newly formed bone tissue [29].

The results of the complex studies indicated that the developed material based on
reacetylated chitosan, β-glycerophosphate, and highly porous polylactide granules with
BMP-2 was highly effective and could be used in the future for bone tissue regeneration.

4. Materials and Methods
4.1. Chitosan Hydrogel

Chitosan (cat. 43040, Sigma Aldrich, Saint Louis, MO, USA) was dissolved in 0.1 M
of acetic acid to prepare a 2.2% solution for 3 days. At a temperature of 4 ◦C, a sterile
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cooled 50% aqueous solution of β-glycerophosphate (Sigma Aldrich, cat. 50020) was added
dropwise to the chitosan solution with constant stirring to a final concentration of 20%.
Chitosan gels were prepared under aseptic conditions in a laminar flow hood.

4.2. Chitosan Reacetylation

The chitosan samples of various DD% were prepared by reacetylation in an aqueous
alcoholic medium in a standard way (Figure 6); 1 g of reprecipitated chitosan (65 DD%)
was dissolved in a 1% acetic acid solution and methanol 37% v/v with stirring for 30 min.
Acetic anhydride was used as the acetylating agent. The reaction was carried out in two
stages: (1) half of the concentration of acetic anhydride was poured into the flask and the
reactions were carried out for 30 min at 22 ◦C, following which the chitosan solution was
titrated with NaOH to pH 7.0; (2) the remaining amount of acetic anhydride in methanol
was added, and the reaction was carried out for 3 h. After the solution’s pH was adjusted
to 8.0, the solution was dialyzed against distilled water to obtain chitosan with DD% of
19.5, 39.0, 48.8, and 55.3.
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Figure 6. Scheme of a two-step chitosan acetylation reaction.

The initial degree of deacetylation of the chitosan was confirmed by means of elec-
trometric titration on SevenMulti pH meter S80 (Mettler Toledo, Gieen, Germany). First,
0.2 g of chitosan was dissolved under constant stirring on a magnetic stirrer for 1 h in
2 mL of a 0.1 N HCl solution. The resulting solution was titrated with 0.1 N of NaOH to
pH 10.5. A solution of 0.1 N of HCl was prepared from a fixanal in a 1 L measuring flask.
To prepare a 0.1 N solution 40 g of NaOH was added in a flask with a 1 L volume. The
exact concentration of the resulting solution was established by titrating three samples of
10 mL volume with a 0.1 N HCl solution. As the reacetylation progressed, the solubility of
the chitosan decreased. In this regard, the extent of deacetylation established was by means
of the Fourier Perkin Elmer Spectrum 100 spectrometer with the prefix of disturbed total
internal reflection (FTIR). FTIR spectra of chitosan: 3450 cm−1 O–H and N–H stretching,
C–H stretching at 2930 and 2870 cm−1, and C=O absorption at 1650 cm−1 (Figure 7).

4.3. Highly Porous Polylactide (PLA) Granules

Highly porous polylactide granules were used as a biocompatible filler of the chitosan
hydrogel. Due to the addition of granules, the contact area of chitosan with tissue fluid
and blood plasma increased. The PLA granules were prepared by spraying and freeze-
drying Nature Works PLLA (4032D) polymer emulsions dissolved in 1,4-dioxane. The PLA
granules had a porosity of 98% and a diameter of 1–2 mm. The granules were sterilized by
gamma irradiation of 15 kGy.
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4.4. BMP-2 Impregnation

Stock solutions with 10 µg and 50 µg of BMP-2 were used. Recombinant human BMP-2
(rhBMP-2, AkronBiotech, Boca Raton, FL, USA, SKU: AK8356, derived by Escherichia coli)
was dissolved in 100 µL of buffer containing 100 µg of BSA and 20 µL of 10 mM acetic
acid. The PLA granules were wetted by a rhBMP-2 solution and vacuumed five times.
Subsequent freeze-drying led to protein adsorption on the surface and in the pores of the
polylactide granules.

4.5. Chitosan Hydrogel Filled with PLA Granules

Sterile high-porosity polylactide granules were added to the cooled chitosan solution.
The concentration of the PLA granules was 1–20 wt%. The chitosan hydrogel and PLA
granules were mixed with a spatula until homogenous distribution. At this stage, the gel
saturate granules and the viscoelastic properties of the composition increased.

For the in vitro studies, the composition was packaged in wells of a 96-well culture
plate and incubated on a heated platform for 2 h at +37–40 ◦C until cured.

For the in vivo studies, compositions of 0.125–0.25 mL were packaged in insulin
syringes without a cannula.

4.6. Material Mechanical Testing

The mechanical strength of the composite material was analyzed by measuring the
tensile strength and Young’s Modulus at room temperature using a universal testing
machine (UTM) (Instron 5583, Instron Corp., Norwood, MA, USA). The deformation
speed was 50%/min with a cylindrical sample size of 10 mm width and ~10 mm length.
Compression tests were performed using a universal testing machine (Instron 5965, Instron
Corp., Norwood, MA, USA).

4.7. In Vitro Studies

Human adipose tissue-derived MSCs were used. The MSCs were cultured in a
medium consisting of Dulbecco’s Modified Eagle Medium (DMEM; PanEco, Moscow,
Russia) with 10% fetal bovine serum (FBS; PAA Laboratories Inc., Toronto, Canada),
0.584 mg/mL of L-glutamine (PanEco, Moscow, Russia), 10 ng/mL of recombinant human
Fibroblast Growth Factor type 2 (rhFGF-2; ProSpec Tany, Israel), 5000 U/mL of heparin
sodium (PanEco, Moscow, Russia), 5000 U/mL of penicillin (PanEco, Moscow, Russia), and
5000 µg/mL of streptomycin (PanEco, Moscow, Russia) at 37 ◦C and 5% CO2.

Cell viability was assessed by the MTT assay. Cells were incubated with 0.5 mg/mL
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT; PanEco, Moscow,
Russia) for 2 h at 37 ◦C. Then the crystals of formazan were eluted using dimethyl sulfoxide
(DMSO; PanEco, Moscow, Russia) and the formazan absorption was measured on xMark
(Bio-Rad, Hercules, CA, USA) at a wavelength of 570 nm, subtracting the background
value at 620 nm.
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To study the cell adhesion of the chitosan-based hydrogels, MSCs were stained using
a PKH26 dye (Sigma Aldrich, Saint Louis, MO, USA) according to the manufacturer’s
recommendations.

4.8. In Vivo Studies

This experiment used 28 male Wistar rats weighing 300–350 g. The rats were randomly
divided into four groups depending on the type of the material and implantation site.
Each group included seven rats. The biocompatibility was tested in a subcutaneous
model. Osteoinductive properties were evaluated on a critical-size calvarial defect model.
All protocols in this study were approved by the Committee on the Ethics of Animal
Experiments of Central Research Institute of Dentistry and Maxillo-facial Surgery, Moscow,
Russia (IACUC permit no:2019-293), in compliance with the Guide for the Care and Use of
Laboratory Animals published by the U.S. National Institutes of Health (NIH publication
no. 85-23, revised 1996), the European Convention for the Protection of Vertebrate Animals
used for Experimental and Other Scientific Purposes, and ISO 10993-2, 2006. The rats
were intraperitoneally anesthetized with 30 mg/kg of Zoletil (Virbac, Carros, France) and
5 mg/kg of Xylazine (Interchemie Werken De Adelaar B.V., Venray, Netherlands).

Subcutaneous implantation: One dorsum midline incision was made after shaving
and ethanol disinfection of the outer skin. Two pockets on each side of the incision were
made. The materials were implanted into subcutaneous pockets, and the wounds were
sutured with Vicryl 5/0 (Ethicon, Somerville, NJ, USA).

Implantation into critical-size calvarial defects: Operations were performed following
the previously developed method [12]. After shaving and disinfection, transverse and
vertical laterally displaced incisions of the scalp were made, forming a triangular flap. The
parietal bones were subsequently exposed bluntly and sharply. A full-thickness calvarial
bone defect was created without venous sinus perforation using a C-reamer trepan of a
5.5 mm diameter and a 1.5 mm height from the SLA Kit (Neobiotech, Seoul, Korea). After
implantation, the periosteum and skin were closed with 5.0 Vicryl sutures.

Euthanasia: Rats were euthanized by CO2 inhalation after 28 days. The calvarias were
submitted to histological study.

Histological examination and morphometry: Calvarias were set in 10% neutral forma-
lin for 24–48 h, washed in running water for 24 h, decalcified in 20% EDTA for 5 weeks,
dehydrated in alcoholic solutions, and paraffin was embedded. The thickness of the
tissue sections was 5–7 µm. Slides were stained with hematoxylin–eosin (H&E) and Mas-
son trichrome (with aniline blue) (BioVitrum, Saint-Petersburg, Russia). The slides were
scanned on an Axioimager M.1 light microscope (Carl Zeiss, Göttingen, Germany) using
the Zen Pro 3.0 software complex. Morphometric analysis was performed on the six serial
sections for each sample. The volume of newly formed bone was evaluated. Morphometric
analysis was made in accordance with generally accepted recommendations [13,14].

4.9. Statistical Analysis

Statistical analysis and graphing were performed with GraphPad Prism 7.0 (USA).
Intergroup differences were statistically analyzed by a Student’s t-test. Differences were
considered significant when p < 0.05.

Author Contributions: Conceptualization, A.V.V., T.B.B., and T.E.G.; methodology, A.V.V., T.B.B.,
T.E.G., V.S.K., and Y.D.Z.; software, A.V.V. and Y.D.Z.; validation, V.S.K., T.B.B., and I.I.B.; formal
analysis, A.V.V., V.S.K., and Y.D.Z.; data curation, T.E.G., S.N.C., and D.V.G.; writing—original draft
preparation, A.V.V. and V.S.K.; writing—review and editing, T.B.B., T.E.G., I.I.B., I.A.N., and A.A.K.;
visualization, A.V.V., Y.D.Z., and I.A.N.; supervision, I.I.B., S.N.C., and D.V.G.; project administration,
A.A.K. All authors have read and agreed to the published version of the manuscript.

Funding: The biocompatibility studies were supported by the Ministry of Science and Higher
Education of the Russian Federation for Research Centre for Medical Genetics. The orthotopic bone
formation and optimal BMP concentration studies were supported by a grant from the Russian



Molecules 2021, 26, 261 11 of 12

Science Foundation (project no. 16-15-00298-P), and the porous PLA particle and composite hydrogel
preparation techniques were supported by the National Research Centre “Kurchatov Institute.”

Institutional Review Board Statement: The study was conducted according to the guidelines ap-
proved by the Committee on the Ethics of Animal Experiments of Central Research Institute of
Dentistry and Maxillo-facial Surgery, Moscow, Russia (IACUC permit no:2019-293), in compliance
with the Guide for the Care and Use of Laboratory Animals published by the U.S. National Institutes
of Health (NIH publication no. 85-23, revised 1996), the European Convention for the Protection of
Vertebrate Animals used for Experimental and Other Scientific Purposes, and ISO 10993-2, 2006.

Informed Consent Statement: Not applicable.

Data Availability Statement: Available upon request.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

References
1. Benzel, E.C.; Francis, T.B. Spine Surgery: Techniques, Complication Avoidance, and Management; Elsevier/Saunders: Philadelphia, PA,

USA, 2012; ISBN 978-1-4557-2332-4.
2. Fonseca, R.J. Oral and Maxillofacial Surgery; Elsevier/Saunders: St. Louis, MO, USA, 2020; ISBN 978-0-323-44442-2.
3. Kulakov, A.A.; Gvetadze, R.S.; Brailovskayav, T.V.; Kharkova, A.A.; Dzikovitskaya, L.S. Modern approaches to the use of the

method of dental implantation for atrophy and defects in the bone tissue of the jaws. Stomatologiya 2017, 96, 43–45.
4. Dental Bone Graft Substitutes Market by Material (Demineralized Bone Matrix, Autograft, Allograft, Xenograft, and Synthetic

Bone Graft Substitute), by Application (Ridge Augmentation, Socket Preservation, Periodontal Defect Regeneration, Implant
Bone Regeneration, Sinus Lift, and Others), by Product (Bio-Oss, Osteograf, Grafton, and Others), and by End-User (Hospitals,
Ambulatory Surgical Centers, and Dental Clinics): Global Industry Perspective, Comprehensive Analysis, and Forecast, 2018–
2025. Zion Market Research (New York). 2019, p. 110. Available online: https://www.zionmarketresearch.com/report/dental-
bone-graft-substitutes-market (accessed on 28 June 2019).

5. Deb, S.; Chana, S. Biomaterials in relation to dentistry. In Frontiers of Oral Biology; Deb, S., Ed.; Karger: Basel, Switzerland, 2015;
Volume 17, pp. 1–12. ISBN 978-3-318-02460-9.

6. Vasilyev, A.V.; Kuznetsova, V.S.; Bukharova, T.B.; Grigoriev, T.E.; Zagoskin, Y.; Korolenkova, M.V.; Zorina, O.A.; Chvalun, S.N.;
Goldshtein, D.V.; Kulakov, A.A. Development prospects of curable osteoplastic materials in dentistry and maxillofacial surgery.
Heliyon 2020, 6, e04686. [CrossRef] [PubMed]

7. Vaishya, R.; Chauhan, M.; Vaish, A. Bone cement. J. Clin. Orthop. Trauma 2013, 4, 157–163. [CrossRef] [PubMed]
8. Verné, E.; Bruno, M.; Miola, M.; Maina, G.; Bianco, C.; Cochis, A.; Rimondini, L. Composite bone cements loaded with a bioactive

and ferrimagnetic glass-ceramic: Leaching, bioactivity and cytocompatibility. Mater. Sci. Eng. C 2015, 53, 95–103. [CrossRef]
[PubMed]

9. Supper, S.; Anton, N.; Seidel, N.; Riemenschnitter, M.; Curdy, C.; Vandamme, T. Thermosensitive chitosan/glycerophosphate-
based hydrogel and its derivatives in pharmaceutical and biomedical applications. Expert Opin. Drug Deliv. 2014, 11, 249–267.
[CrossRef]

10. Langenbach, F.; Handschel, J. Effects of dexamethasone, ascorbic acid and β-glycerophosphate on the osteogenic differentiation
of stem cells in vitro. Stem Cell Res. Ther. 2013, 4, 117. [CrossRef]

11. Kuznetsova, V.S.; Vasilyev, A.V.; Grigoriev, T.E.; Zagoskin, Y.D.; Chvalun, S.N.; Buharova, T.B.; Goldshtein, D.V.; Kulakov, A.A.
Safety and efficiency of application of morphogenetic proteins of bone 2 and 7 in dentistry. Stomatologiya 2017, 98, 66–72.

12. Vasilyev, A.V.; Bukharova, T.B.; Kuznetsova, V.S.; Zagoskin, Y.D.; Minaeva, S.A.; Grigoriev, T.E.; Antonov, E.N.; Osidak, E.O.;
Galitsyna, E.V.; Babichenko, I.I.; et al. Comparison of impregnated bone morphogenetic protein-2 release kinetics from biopolymer
scaffolds. Inorg. Mater. Appl. Res. 2019, 10, 1093–1100. [CrossRef]

13. Vasilyev, A.V.; Kuznetsova, V.S.; Bukharova, T.B.; Grigoriev, T.E.; Zagoskin, Y.D.; Galitsina, E.V.; Fatkhudinova, N.L.; Babichenko,
I.I.; Chvalun, S.N.; Goldstein, D.V.; et al. Osteoinductive potential of highly porous polylactide granules and Bio-Oss impregnated
with low doses of BMP-2. In IOP Conference Series: Earth and Environmental Science; IOP Publishing: Bristol, UK, 2020. [CrossRef]

14. Elsawy, M.A.; Kim, K.-H.; Park, J.-W.; Deep, A. Hydrolytic degradation of polylactic acid (PLA) and its composites. Renew.
Sustain. Energy Rev. 2017, 79, 1346–1352. [CrossRef]

15. Schmitz, J.P.; Hollinger, J.O. The critical size defect as an experimental model for craniomandibulofacial nonunions. Clin. Orthop
Relat. Res. 1986, 205, 299–308. [CrossRef]

16. Hsu, S.; Whu, S.W.; Tsai, C.-L.; Wu, Y.-H.; Chen, H.-W.; Hsieh, K.-H. Chitosan as scaffold materials: Effects of molecular weight
and degree of deacetylation. J. Polym. Res. 2004, 11, 141–147. [CrossRef]

17. Yuan, Y.; Chesnutt, B.M.; Haggard, W.O.; Bumgardner, J.D. Deacetylation of chitosan: Material characterization and in vitro
evaluation via albumin adsorption and pre-osteoblastic cell cultures. Materials 2011, 4, 1399–1416. [CrossRef] [PubMed]

https://www.zionmarketresearch.com/report/dental-bone-graft-substitutes-market
https://www.zionmarketresearch.com/report/dental-bone-graft-substitutes-market
http://doi.org/10.1016/j.heliyon.2020.e04686
http://www.ncbi.nlm.nih.gov/pubmed/32817899
http://doi.org/10.1016/j.jcot.2013.11.005
http://www.ncbi.nlm.nih.gov/pubmed/26403875
http://doi.org/10.1016/j.msec.2015.03.039
http://www.ncbi.nlm.nih.gov/pubmed/26042695
http://doi.org/10.1517/17425247.2014.867326
http://doi.org/10.1186/scrt328
http://doi.org/10.1134/S2075113319050332
http://doi.org/10.1088/1755-1315/421/5/052035
http://doi.org/10.1016/j.rser.2017.05.143
http://doi.org/10.1097/00003086-198604000-00036
http://doi.org/10.1023/B:JPOL.0000031080.70010.0b
http://doi.org/10.3390/ma4081399
http://www.ncbi.nlm.nih.gov/pubmed/28824150


Molecules 2021, 26, 261 12 of 12

18. Foster, L.J.R.; Ho, S.; Hook, J.; Basuki, M.; Marçal, H. Chitosan as a biomaterial: Influence of degree of deacetylation on its
physiochemical, material and biological properties. PLoS ONE 2015, 10, e0135153. [CrossRef] [PubMed]

19. Mathaba, M.; Daramola, M.O. Effect of chitosan’s degree of deacetylation on the performance of PES membrane infused with
chitosan during AMD treatment. Membranes 2020, 10, 52. [CrossRef] [PubMed]

20. Castro, K.C.; Piazza, R.D.; Marques, R.C.; Gabriela, M.; Campos, N. Successful encapsulation of hydrophilic drug in poly (lactic
acid)/chitosan core/ shell nanoparticles. Int. J. Nanotechnol. Nanomed. 2019, 4. [CrossRef]

21. Hamilton, V.; Yuan, Y.; Rigney, D.A.; Puckett, A.D.; Ong, J.L.; Yang, Y.; Elder, S.H.; Bumgardner, J.D. Characterization of chitosan
films and effects on fibroblast cell attachment and proliferation. J. Mater. Sci. Mater. Med. 2006, 17, 1373–1381. [CrossRef]

22. Chou, C.-M.; Mi, F.-L.; Horng, J.-L.; Lin, L.-Y.; Tsai, M.-L.; Liu, C.-L.; Lu, K.-Y.; Chu, C.-Y.; Chen, Y.-T.; Lee, Y.-L.A.; et al.
Characterization and toxicology evaluation of low molecular weight chitosan on zebrafish. Carbohydr. Polym. 2020, 240, 116164.
[CrossRef]

23. Kumari, S.; Annamareddy, S.H.K.; Abanti, S.; Rath, P.K. Physicochemical properties and characterization of chitosan synthesized
from fish scales, crab and shrimp shells. Int. J. Biol. Macromol. 2017, 104, 1697–1705. [CrossRef]

24. Grigoriev, T.E.; Zagoskin, Y.D.; Belousov, S.I.; Vasilyev, A.V.; Bukharova, T.B.; Leonov, G.E.; Galitsyna, E.V.; Goldshtein, D.V.;
Chvalun, S.N.; Kulakov, A.A.; et al. Influence of molecular characteristics of chitosan on properties of in situ formed scaffolds.
BioNanoScience 2017, 7, 492–495. [CrossRef]

25. Hu, X.; Zhou, J.; Zhang, N.; Tan, H.; Gao, C. Preparation and properties of an injectable scaffold of poly(lactic-co-glycolic acid)
microparticles/chitosan hydrogel. J. Mech. Behav. Biomed. Mater. 2008, 1, 352–359. [CrossRef]

26. Hong, Y.; Gong, Y.; Gao, C.; Shen, J. Collagen-coated polylactide microcarriers/chitosan hydrogel composite: Injectable scaffold
for cartilage regeneration. J. Biomed. Mater. Res. Part A 2008, 85A, 628–637. [CrossRef] [PubMed]

27. McKay, W.F.; Peckham, S.M.; Badura, J.M. A comprehensive clinical review of recombinant human bone morphogenetic protein-2
(INFUSE® Bone Graft). Int. Orthop. 2007, 31, 729–734. [CrossRef] [PubMed]

28. Pelaez, M.; Susin, C.; Lee, J.; Fiorini, T.; Bisch, F.C.; Dixon, D.R.; McPherson, J.C.; Buxton, A.N.; Wikesjö, U.M.E. Effect of rhBMP-2
dose on bone formation/maturation in a rat critical-size calvarial defect model. J. Clin. Periodontol. 2014, 41, 827–836. [CrossRef]
[PubMed]

29. Abbasi, N.; Hamlet, S.; Love, R.M.; Nguyen, N.-T. Porous scaffolds for bone regeneration. J. Sci. Adv. Mater. Devices 2020, 5, 1–9.
[CrossRef]

http://doi.org/10.1371/journal.pone.0135153
http://www.ncbi.nlm.nih.gov/pubmed/26305690
http://doi.org/10.3390/membranes10030052
http://www.ncbi.nlm.nih.gov/pubmed/32213825
http://doi.org/10.33140/IJNN.04.01.3
http://doi.org/10.1007/s10856-006-0613-9
http://doi.org/10.1016/j.carbpol.2020.116164
http://doi.org/10.1016/j.ijbiomac.2017.04.119
http://doi.org/10.1007/s12668-017-0411-5
http://doi.org/10.1016/j.jmbbm.2008.02.001
http://doi.org/10.1002/jbm.a.31603
http://www.ncbi.nlm.nih.gov/pubmed/17806117
http://doi.org/10.1007/s00264-007-0418-6
http://www.ncbi.nlm.nih.gov/pubmed/17639384
http://doi.org/10.1111/jcpe.12270
http://www.ncbi.nlm.nih.gov/pubmed/24807100
http://doi.org/10.1016/j.jsamd.2020.01.007

	Introduction 
	Results 
	Selection of Biocompatible Components 
	Physical Properties of Chitosan-Based Materials 
	Induction of Orthotopic Bone Formation 
	Induction of Ectopic Bone Formation 

	Discussion 
	Materials and Methods 
	Chitosan Hydrogel 
	Chitosan Reacetylation 
	Highly Porous Polylactide (PLA) Granules 
	BMP-2 Impregnation 
	Chitosan Hydrogel Filled with PLA Granules 
	Material Mechanical Testing 
	In Vitro Studies 
	In Vivo Studies 
	Statistical Analysis 

	References

