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Abstract: The occurrence of bone-related disorders and diseases has increased dramatically in recent years around the world. Demineralized bone matrix (DBM) has been widely used as a bone
implant due to its osteoinduction and bioactivity. However, the use of DBM is limited because it is
a particulate material, which makes it difficult to manipulate and implant with precision, in addition, these particles are susceptible to migrate to other sites. To address this situation, DBM is commonly incorporated into a variety of carriers. An injectable scaffold has advantages over bone grafts
or preformed scaffolds, such as the ability to flow and fill the bone defect. The aim of this research
is to develop a DBM carrier with such viscoelastic properties to obtain an injectable bone substitute
(IBS). The DBM carrier developed consisted of a PVA/glycerol network cross-linked with borax and
reinforced with CaCO3 as a pH neutralizer, porosity generator, and source of Ca. The physicochemical properties were determined by the injectability test, FTIR, SEM, and TGA. Porosity, degradation, bioactivity, possible cytotoxic effect, and proliferation in osteoblasts were also determined. The
results show that the developed material has great potential to be used in bone tissue regeneration.
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1. Introduction
With the increasing number of bone defects in the world, methods to achieve rapid
and efficient healing of defective bones are attracting more attention. In particular, injectable bone substitutes (IBS) have been identified as suitable biomaterials for bone regeneration [1]. These materials, unlike solid and preformed scaffolding, allow them to be applied using minimally invasive surgical techniques, reducing intervention time, recovery
time, and risk of infection [2]. In addition, IBS facilitates the filling of any irregularly
shaped defect and this allows direct contact between the injected material and the surface
of the bone tissue to be treated [3]. Injectable hydrogels have attracted much attention,
especially because their structures are similar to the extracellular matrix [4] and provide
adhesion, proliferation, differentiation and migration of stem cells [5]. In recent years, various injectable hydrogels with good formability and three-dimensional structure have
been studied for their application in bone tissue engineering [6]. Although these hydrogels
exhibit great potential for promoting bone regeneration, their poor mechanical properties
limit their further clinical application [7].
The choice of the most appropriate polymer depends on the biocompatibility, the
lack of side effects upon implantation (such as inflammation or allergy), and the physicalchemical properties such as degradation, and reabsorption [8][9]. Polyvinyl alcohol (PVA)
has been extensively studied for its biocompatibility, hydrophilic properties, chemical resistance and biochemical properties [10][11]. In addition, it is a non-toxic, water-soluble,
biocompatible, biodegradable, and safe polymer for medical use [12]. With a large number
of hydroxyl groups in the chain, combined with excellent water retention, PVA is an ideal
choice for self-healing hydrogels, which can self-heal after the material has cracked or
broken. This self-repairing design not only extends the life of the material but also restores
and/or maintains its original performance[13]. Borax-crossed PVA hydrogels have a physical crosslinking network through hydrogen bonds and reversible diol-borate ester [14].
The specific mechanism of the complexity of PVA with borax is as follows: a borax mol is
dissociated into 2 mol of borate ions and borate acid as shown in

Figure 1. The complexity mechanism of PVA-borate ions has two balances governed
by interaction with hydrogen, monodiol, and didiol complexities [15]. The complex of
PVA and Borax in aqueous solutions has been thoroughly studied for several decades
[16][17]. Its compatibility with biological environments has been proven and its properties
have allowed hydrogels to be considered promising for various applications such as tissue
engineering [18], drug release [19], and wound dressing [20]. As a flexible material, the
PVA - Borax hydrogel received the attention of this work, as a carrier of DBM because it
can form a self-healing hydrogel, which would increase the stability of the injectable system during and after injection.
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Recently, through the introduction of bioactive inorganic compounds, many composite hydrogel scaffolds with enhanced mechanical properties have been developed for
bone regeneration [21]. DBM is currently still considered a good candidate in clinical practices due to its osteoinductive and osteoconductive properties [22][23][24][25]. For this
reason, this research combined the physicochemical properties of borax cross-linked PVA
hydrogel with the osteoconductive and osteoinductive properties of DBM to create an injectable bone substitute. In addition, CaCO3 was incorporated to increase osteoconductivity and neutralize pH [26][27][28]. The injectability of the developed materials was evaluated, they were also characterized by FTIR, SEM, and TGA. The porosity was determined
by the liquid displacement technique. The in vitro degradation kinetic was determined by
the immersion technique in simulated body fluid (SBF), and this fluid was also used for
the evaluation of bioactivity, which consists of analyzing the surface of the materials after
immersion in SBF, looking for calcium phosphates. Finally, the cytotoxicity of the IBS was
evaluated by the MTT assay and the cell proliferation using Alamar Blue Kit.

Figure 1. (A) Chemical equations of dissociation of sodium tetraborate (borax) in water. (B)
Model of dissociation (C) Physical-chemistry crosslinking process and complexity balance between
PVA chains and borate ions

2. Materials and Methods
2.1 Materials: The demineralized bone matrix (DBM) with particle size between 125
- 300 μm was obtained by the Tissue Bank Foundation, Medellín, Colombia. PVA polyvinyl alcohol [-CH2CHOH-] n Mw 130,000, 99% hydrolyzed; calcium carbonate [CaCO3];
and borax [Na2B4O7·7H2O] were acquired from Sigma Aldrich Co (USA). Glycerol was
acquired in JM chemicals (Colombia). For simulated body fluid (SBF) were used: sodium
chloride (NaCl), sodium bicarbonate (NaHCO3), potassium chloride (KCl), dipotassium
hydrogen phosphate trihydrate (K2HPO4·3H2O), magnesium chloride hexahydrate
(MgCl2·6H2O), hydrochloric acid (HCl), calcium chloride (CaCl2), sodium sulfate
(Na2SO4), and basic TRIS purchased from Sigma Aldrich Co (USA). All solutions were
prepared with Milli-Q Water with an electrical conductivity of approx. 0.18 μS.
Human osteosarcoma osteoblasts (Saos-2 ATCC ® HTB-85 ™ cell line), McCoy’s 5A
culture medium with bicarbonate, L-glutamine, fetal bovine serum (FBS), and antibiotics
(penicillin-streptomycin) were used for the biological evaluation. Phosphate saline buffer
(PBS), MTT (Thiazolyl blue tetrazolium bromide) by Thermo Fisher was used for cytotoxicity evaluation and Alamar-Blue Invitrogen from Thermo Fisher for the evaluation of cell
proliferation.
2.2. Methods
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2.2.1 Injectable Bone substitute preparation: A liquid phase composed of PVA/glycerol solution in a 1/3 ratio and borax 3% were mechanically mixed with a solid phase of
DBM and calcium carbonate. Final injectable bone substitute samples were added in syringes for ease of application. The
Table 1 specifies the composition percentages of each sample or formulation.
Table 1. The composition of formulations evaluated in this study.
Approx. weight composition (%)
Formulation
1
2
3

DBM
26
25
24

Powders
CaCO3
2
5
5

PVA
2
2
3.6

Glycerol
6.5
6.5
6.5

Liquids
Borax
0.5
0.5
0.4

Water
63
61
60.5

2.2.2 Injectability
To measure the extrusion force necessary to inject the substitutes, an equal volume
(1 mL) of each of the formulations was filled into a 2 mL syringe without a needle, which
was fixed vertically and perpendicularly to the clamp in a universal machine. Instron mechanical test machine, model: 3345, at 26 °C with a load cell of 5000 N and a speed of 5
mm/min. Each experiment was repeated three times. This methodology was based on the
methodology employed by Dyah Hikmawati and co-authors [29].
𝐼𝑛𝑗𝑒𝑐𝑡𝑎𝑏𝑖𝑙𝑖𝑡𝑦 (%) =

𝑥 100% (1)

2.2.3. Physicochemical characterization
Scanning electron microscopy (Phenom ProX Desktop SEM) was used to examine
sample morphology and microstructure of the sample, then, by Image J the pore sizes
were measured. Using the liquid displacement methodology (hexane) implemented by
Rutusmita Mishra et al. the percentage of porosity was measured [30]. Fourier transform
infrared ray (FTIR - ATR, Perkin Elmer Spectrum 100) spectroscopy was performed in the
range of 4000 – 550 cm−1 with the resolution of 4 cm− 1 to evaluate the binding of all the
components of the injectable system. In order to know the thermal behavior of the injectable formulations, a thermogravimetric analyzer, TA Instruments, model TGA Q500 was
used. The heating ramp used was 5 °C/min from 30 ° C to 1200 °C under Nitrogen atmosphere.
2.2.4. Degradation
To evaluate the degradation of the injectable bone substitute, samples of the different
formulations were immersed in plastic containers containing 5 mL simulated physiological fluid (SBF) at a temperature of 37 °C for periods of 3, 7, 14, 21, and 28 days. The
samples were measured for pH (acidity test) and weighed before immersion and on each
proposed day of observation (according to ASTM F2900-11, which describes mass loss as
a degradation kinetics test for biomedical hydrogels). The test is carried out with the SBF
prepared in the Biomaterials laboratory according to the Kokubo protocol [31]. At the end
of each proposed period, the samples were frozen and subsequently lyophilized to guarantee that the moisture acquired during the immersion time was eliminated [32]. Weight
loss (WL) was calculated as shown in Eq. (2) where W 0 denotes the initial dry weight of
the samples, and Wd represents the weight of the dry samples after the programmed immersion time [33].
𝑊𝑒𝑖𝑔ℎ𝑡 𝑙𝑜𝑠𝑠 (%) =
𝑥 100 (2)
2.2.5. Bioactivity evaluation
To determine the bioactivity property of IBS, the methodology proposed by Kokubo
was used, which requires simulated body fluid (SBF) with pH adjusted to 7.4 to immerse
the samples in for a specified time at a temperature of 37 °C. The samples after completing
3, 7, and 14 days of immersion in SBF, were left to dry in a vacuum desiccator at 37 °C
temperature, and finally, they were analyzed by means of scanning electron microscopy
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(SEM) in order to analyze the surface of the material and identify the possible formation
of apatite crystals [31] [34]. The composition of the material formed on the surface was
evaluated by means of Energy Dispersive X-ray Spectroscopy (Phenom ProSuite v2.8.0
EDX).
2.2.6. Cell culture
The Saos-2 cell line (ATCC ® HTB-85 ™) human osteosarcoma osteoblasts were
grown in McCoy's 5A culture medium reconstituted with 2.2 g/L bicarbonate, 10 mL/L Lglutamine and 10% supplemented with fetal bovine serum (FBS) and 1% antibiotics (penicillin-streptomycin). The culture medium was changed every two or three days and the
incubation conditions were 37 °C and 5% CO2.
2.2.7. MTT assay
During the assay, the medium was removed and replaced by 10 % MTT solution in
cell medium; it was then incubated for 4 h at 37 °C and protected from light. After this
time, this reagent was removed, and the formazan crystals were dissolved adding 200 μL
of DMSO. The MTT reduction was quantified by measuring the light absorbance with a
BIO-RAD X Mark microplate reader at a wavelength of 570 nm for 10 sec with orbital
motion.
2.2.8 Cell proliferation
The osteoblast monolayer was used for the evaluation of cell proliferation using the
Alamar blue kit from Thermo Fisher, which evaluates the mitochondrial ability to reduce
resazurin in the fluorescent product resorufin. 50,000 cells/well were seeded in a 96-well
dish. Before carrying out the assay, the Alamar Blue medium was prepared by mixing
medium with Alamar Blue solution in a ratio of 10:1, after treatment with the formulations
for 24, 48, and 72 h, the medium was discarded and replaced by the medium with Alamar
Blue. The microplates were incubated at 37 °C for 3 h and the fluorescence was measured
using a BIO-RAD X ELISA reader at an excitation wavelength of 535 nm and an emission
wavelength of 590 nm. Cell viability was calculated using the ratio between the fluorescence of the treated cells and the fluorescence of the control cells.
2.2.9. Statistical analysis
After testing the normal distribution of the data with the Shapiro-Wilk test, the
groups were compared using one-way analysis of variance (ANOVA) and then the post
hoc test (Tukey) was used. Significant differences were verified by Student's t-test. Values
of p < 0.05 were considered statistically significant. All measurements in the different tests
were collected at least in triplicate and expressed as mean ± standard deviation (SD). Statistical analysis was performed with Minitab 19 software.
3. Results
3.1. Injectability
Injectable hydrogels are a class of hydrogels that can be extruded through a syringe
[35]. The objective of the test is to determine the force necessary to extrude the material
through a syringe, as well as the percentage of that injectability using Equation 1. The
results are summarized in Error! Reference source not found. .
Formulation
1
2
3

Table 2. Injectability test results
Máx. compression load (N)
Injectability (%)
50 ± 2
93 ± 1
13 ± 1
94 ± 1
193 ± 29
59± 19

The injection behavior of formulations 1 and 2 is shown in Figure 2, where the y-axis represents the compression stress (N) exerted by the load cell on the syringe plunger, and the
x-axis the displacement made by this same. This figure identifies three relevant events in
injection behavior, which are reported by other authors [36][37] and indicated in said figure from left to right as follows:
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1. "Overexertion" or "overshoot": initial overstrain is required to overcome hydraulic
pressure inside the syringe.
2. Platea or plateau: this area indicates a greater presence of solids, the plateau in this case
is wide.
3. Maximum effort at the end of the injection: indicates the point of mechanical resistance, exerted by the plunger against the end of the syringe.

Figure 2. Injectability behavior of formulations 1 and 2.

3.2. Physicochemical characterization
One of the reasons for incorporating calcium carbonate is because this material produces
a powerful and prolonged neutralization of acidity, forming CaCl2 and CO2 [38]. In this
work, it was also decided to take advantage of the release of CO2 generated by effervescence [39] that happens when the system is prepared to generate porosity to the material.
The results of the liquid displacement test show that F2 has the highest percentage of porosity concerning F1, 53.19 ± 0.01 and 50.8 ± 0.1 respectively. It is important to note that F2
is composed of 5% CaCO3 and F1 is 2%, consequently, it is possible to suggest that as the
content of CaCO3 in the system increases, the porosity also increases. The pore sizes obtained by Image J of both injectable formulations were analyzed by ANOVA. It was found
that between F1 and F2 there were no statistically significant differences, which suggests
that when decreasing the percentage of CaCO3 from 5% to 2%, the pore size does not vary
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significantly, however, the percentage of porosity does. Histograms of pore size values
are represented in Error! Reference source not found..

Figure 3. Histogram of pore diameters

Error! Reference source not found. shows the results of the physicochemical characterization of F1 and F2. SEM micrographs show, in all cases, a heterogeneous surface with
pores and clusters of cubic morphology, which correspond to calcium carbonate. This was
verified by EDS. CaCO3 clusters could provide roughness to the surface of the material,
which could favor cell adhesion [40], however, this hypothesis must be verified by a cell
adhesion assay for these composite materials.

Figure 4. Physicochemical characterization. (A and B) SEM of F1; (C and D) SEM of F2; (E) FTIR spectrum of the main components, F1 and F2; (F) TGA.

An FTIR analysis was performed on main IBS components, to characterize the most representative functional groups of each material, Error! Reference source not found.(E)
shows the IR spectra of PVA, DBM, F1, and F2. The red spectrum corresponds to the DBM
showing a band around 3400 cm-1 associated with OH groups. The most representative
DBM peaks were identified at 1600 and 1500 cm-1, which are attributed to vibrations of the
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amide groups of collagen and other proteins [41]. The band at 1032 cm-1 and the beginning
of a band at 550 cm-1 are associated with the bending mode caused by vibration of phosphate group PO43-, confirming the presence of calcium phosphates, a mineral component
of bone, which remains as a residual mineral component after demineralization of DBM
[42]. The black spectrum corresponding to PVA shows the characteristic bands of polyvinyl alcohol. Around 2900 cm-1 there appears a band attributed to the stretching of the CH alkyl and broadband at 3300 cm-1 is typical of the hydroxyl group (free alcohol, OH
stretching). A band was also identified around 1090 cm-1 and a small one at 1740 cm-1 [43]
which, according to the literature [44] [45] [46], is mainly attributed to the crystallinity of
PVA, related to the carboxyl stretch band (C=O). The band at 1142 cm-1 has been used as
an evaluation tool for the structure of the semi-crystalline PVA [47]. The spectra of F1 and
F2 appear to be an overlap of the spectra of PVA and DBM. It is observed in the two spectra, the broadband at a height of 3300 cm-1 that is attributed to moisture absorption and a
small one at 1637 cm-1 that is attributed to hydroxyl vibrations. The peaks at 2921 cm-1,
1436 cm- 1, 1242 cm- 1, 1035 cm- 1 and 8345 cm- 1 in the broadband can be assigned to the
vibrations of CH2, double bond C=C and C-O respectively [48]. The band at 1042 cm-1 is
related to an asymmetric P-O stress due to PO43-. The vibrations around 1180 cm-1 correspond mainly to minerals, in this case, the source of calcium is CaCO3 [49]. The band that
appears at 1337 cm-1 is due to the O–H bending of the hydroxyl groups that interact with
borate ions or forming intermolecular hydrogen bonds [50] confirming the crosslinking
between PVA by means of borax [51].
It is important to know the material's thermal stability to determine under what conditions it can be handled, stored, and sterilized. Therefore, the samples that met the criteria
for injectability underwent TGA. As expected, the samples do not vary much from each
other, since their composition is similar. Error! Reference source not found. (F) shows the
result of the thermogravimetric evaluation from 25 ° to 1200 °C corresponding to F1,
where the blue curve represents the TGA, and the orange one the DTG. The thermogram
clearly identifies that the weight decreases with the increase in temperature, where 6 thermal events stand out. The first event around 100 °C with a weight loss of 5.5% attributed
to the loss of moisture and volatile functional groups. This same event was reported by J.
Barrera and co-authors, wherein their thermal analysis of PVA they found a percentage
of surface water between 3 - 5% [52]. The PVA degradation process occurs in three steps
[53]. The first occurs due to the degradation of the side chain of the polymer [54], in this
case, it was identified around 225 °C with a weight loss of 2.81%. Then, at approximately
390 °C, the degradation of 26% of the material is identified, associated with the dehydration of the hydroxyl groups of the main chain of PVA [55]. Around 480 °C, a weight loss
of 5.5 % occurs, which is attributed to the third stage of decomposition of PVA, where the
C-C division of the main polymer chain occurs, called carbonation [56]. The localized processes after the one mentioned above, correspond to the degradation of proteins and fats
of high molecular weight present in the demineralized bone matrix, in addition, it can be
attributed to the loss of carbon dioxide, which was generated from the thermal decomposition of CaCO3 in CaO + CO2 [57]. Calcium oxide is the residual material in the sample,
as it does not degrade at 1200 °C. Finally, the percentage of total weight loss was 84.5%,
the residual percentage corresponds to possible phosphates present in the DBM and calcium oxides of CaCO3 [58].
3.3. Degradation
The rate of degradation is one of the most important indicators to evaluate the quality of
scaffolds since too fast or too slow degradation will seriously affect the application of the
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scaffold [59]. Error! Reference source not found. shows the weight loss of F1 and F2 concerning the immersion time in days.

Figure 5. Degradation kinetics of the two formulations evaluated.

F2 lost about 35% of its weight after 28 days of immersion, and the rapid degradation of
the material is an unfavorable aspect concerning the application that this research seeks.
However, F1 had lost only 20% of its weight after 28 days of immersion, concluding that
it is more stable compared to F2. Finally, when all the samples were weighed, the pH was
also measured, that is, on days 3, 7, 14, 21, and 28. The results showed that until the end
of the experiment, there were no significant differences in the values, given that all the
formulations (at all times) maintained the pH of the fluid at 7.4 ± 0.2.
2.4. Bioactivity evaluation
The suitability of the present composite was examined by immersion in SBF for two
weeks, followed by the analysis of the resulting surface layer by SEM-EDS. In Error! Reference source not found. the SEM micrographs of the two formulations that meet the
injectability criteria are shown, before their immersion in SBF.

Figure 6. Bioactivity evaluation after 7 days of immersion (A) F1, (B) F2, and (C) EDS. Bioactivity
evaluation after 14 days of immersion (D) F1, (E) F2, and (F) EDS.

After 7 days of immersion in SBF, the surface of these samples showed significant changes.
In Error! Reference source not found., the beginning of the formation of calcium
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phosphate clusters is observed, whose Ca/P ratio was determined by EDS and was found
in a range between 2.3 and 2.9 approx. The calcium/phosphorus ratio of apatite is reported
between 1.5 and 2.6 [60], however, the evaluated formulations showed a layer formation
of calcium phosphates with a slightly higher Ca/P ratio. This increase in the Ca/P ratio of
the samples, compared to those reported in the literature, could be explained by the presence of calcium ions contributed by CaCO3. After 14 days, the apatite clusters were able
to deposit more uniformly, forming a predominant layer on the surface of the material,
and reaching an approximate Ca/P ratio of 1.30, which is compared to the Ca/P ratio of
amorphous calcium phosphates present in natural bone [61]. formulations (at all times)
maintained the pH of the fluid at 7.4 ± 0.2.
2.5. MTT assay
The possible cytotoxic effect of demineralized bone matrix and the two injectable formulations developed in this work was evaluated using the MTT test, a colorimetric method
that quantifies the activity of Succinic Dehydrogenase (SDH) [62], and is widely used as
an indication of cellular mitochondrial function [63]. The results are shown in Error! Reference source not found.(A). For each treatment, the extract was tested at 100% and also
its dilution at 50% in fresh medium. The absorbance values at 570 nm were analyzed by
ANOVA and a post hoc test (Tukey's test). The statistical analysis of all treatments and
the control, resulted in a p value > 0.05 by ANOVA, which denotes rejection of the null
hypothesis that presumes equality of variances. The Tukey grouping with a confidence
level of 95%, in the results of the extracts at 100%, showed that formulation 2 is significantly different from the control and the other treatments. However, in all cases the cell
viability was higher than 70%, consequently, it is concluded that none of the materials
generated a cytotoxic effect on the osteoblasts, even with the 100% extract.

Figure 7. (A) Results of the MTT evaluation in percentage of cell viability. (B) Cell proliferation
results. * p <0.05, ** p <0.01 and *** p ≤ 0.001 compared to the control. Error bars represent ± standard deviation.

2.6. Cell proliferation
The proliferation of Saos-2 osteoblasts treated with DBM and the injectable formulations
were evaluated by quantifying the metabolic activity using the Alamar Blue kit at 24, 48,
and 72 hours of incubation. The results are shown in
Figure 7(B) where the Y-axis represents the percentage of cell proliferation and the X-axis
that of incubation in hours. At 24 hours, a lag phase in the culture was identified, since all
the treatments significantly reduced cell viability. This event was attributed to cell adaptation [64] because proliferation was later evidenced, that is, the increase in cell viability
as the incubation period was longer and compared to the control in each period of time.

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 22 June 2021

doi:10.20944/preprints202106.0545.v1

These results support those obtained by MTT, where none of the formulations were
shown to have a cytotoxic effect on cells.
4. Discussion
Neves and co-authors indicate that for a bone substitute to be considered injectable, the
force to extrude it through a syringe must be less than 100 N [65]. Under this criterion it
is possible to conclude that with the exception of Formulation 3, all the formulations evaluated are injectable and whose injectability is greater than 90%. The percentages of injectability of these two formulations, when compared with those reported by Dorati and his
collaborators, are high. They reported an injectable material, with an injectability between
70 and 75% and considered it acceptable for this type of application [66].
The formulations referred to in this work as Formulation 1 and Formulation 2 showed
ease to be extruded by a syringe, which is a great advantage in minimally invasive surgeries, which reduce the risks of infections in the patient, decrease the time of the intervention and facilitate implantation to the surgeon [67]. IBS can be used to treat bone defects and/or irregularly shaped fractures because it can take its exact shape. This means
that they can have closer or direct contact with the entire surface of the tissue to be treated,
and also avoids the complications of block or preform grafts, which frequently present
necrosis and mucosal perforation [68]. In addition, when the material is injected, it is not
wasted because it enters to directly fill the bone defect. Formulation 3 presented an injectability of 59% ± 19, showing its low homogeneity at the time of injection, the force necessary to overcome the hydraulic pressure inside the syringe exceeds 100N, and this varies
with the displacement. This could be explained by a phenomenon reported in the literature known as phase separation in injectable materials [69]. This fact occurs more frequently in injectables that have an aqueous phase, where a part of this can lodge near the
needle with some precipitated solids, which generates a greater initial resistance to injection and then the material in the body of the syringe is a less homogeneous [70]. Therefore,
this research continued evaluating Formulation 1 (F1) and Formulation 2 (F2).
A scaffold cannot provide appropriate microenvironments to protect cell proliferation
and differentiation if the rate of degradation is too rapid. A slower rate of degradation can
cause the scaffold residue to become foreign tissue or even induce an inflammatory response that will make it difficult to repair the bone defect site [71]. With this, it could be
concluded that F1 compared to F2 would be the most appropriate to be used in bone regeneration, due to its structural stability and controlled degradation rate. Ziting bao et al.
manufactured a Pluronic diacrylate hydrogel F127 (F127-da) and incorporated nanoCaCO3 to improve bone regeneration, the results in the degradation test showed that the
weight loss of the hydrogel decreased by approximately 15%. By incorporating calcium
carbonate, and after 40 days of immersion in PBS, the hydrogel maintained approximately
85% of its mass, which, according to the authors, is beneficial in supporting bone tissue in
its regeneration [7]. The pH remained balanced during the immersion time, this is attributed to the presence of CaCO3, which has been widely reported and implemented to
neutralize pH in degradation processes [72]. Furthermore, calcium carbonate improves
cellular reaction relative to pure polymer, since it is a source of calcium ions that promote
bone regeneration [73].
Bioactivity is the ability of a material to interact chemically with the living tissues of the
body, this ability results from the release of ions until the formation of a mineralized
layer on the surface of the material [74]. Bioactive materials must be able to form hydroxyapatite (HA) on their surface during immersion in SBF [75]. HA formation on the implant
surface is considered the key factor for the creation of bone junction and the index of boneforming capacity [76]. Both formulations evaluated showed the formation of calcium
phosphates on their surfaces after immersion in SBF, therefore, qualitatively, it can be
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suggested that when the DBM is conveyed, in the polymeric and viscoelastic system developed, the bioactivity properties are not affected, and that the prototype of the injectable
bone substitute obtained also has the ability to be bioactive, when in contact with simulated body fluid (SBF). These are formed from the free calcium ions, which bind with the
phosphate ions in the SBF solution and then precipitate again at the active sites on the
surface of the material. This demonstrates the capacity for biomineralization, which is an
essential factor in promoting osteogenic bone-binding capacity for bone repair materials
[34]. The calcium phosphates present in materials can cause bone induction through their
high capacity to bind proteins (including growth factors), through their specific architectures, or the calcification of the living surface. For this reason, calcium phosphates
(Ca3(PO4)2) are widely used in bone repair and regeneration due to their osteoconductive
and bioactive nature (osteointegration) [77].
In the case of the demineralized bone matrix, this proliferative effect was expected in human osteoblasts since DBM is composed of collagen and bone morphogenetic proteins.
While the collagen matrix provides an osteoconductive effect, the BMPs provide osteoinductivity [78][79]. These results are consistent with those reported by Adkisson and his
co-authors, who reported that human Saos-2 osteosarcoma cells proliferate in response to
DBM [80]. Furthermore, they quantitatively correlated this proliferative activity with the
osteoinductive capacity in vivo, however, this correlation was not significant [81] [82]. Jordan M. Katz and his collaborators also made efforts to determine the correlation of specific
growth factors and cell proliferation in vitro versus ectopic bone formation in vivo. They
found a significant positive correlation, but not sufficient to extrapolate the in vitro results
with those obtained in vivo [83]. It should be noted that osteoinduction refers to the ability
of a material to stimulate the differentiation of a cell towards a lineage of osteoblasts that
will deposit minerals [84]. The high expression of alkaline phosphatase (ALP) is an early
indicator of the differentiation and maturation of osteoblasts [85] and is one of the most
reported forms of evaluation of in vitro osteoinduction [86]. Based on the above, we can
conclude that when DBM is carried in the carrier polymeric system developed in this
work, its proliferative capacity in human osteoblasts is not affected. It could also be suggested that the injectable material developed in this research has great potential to be an
osteoinductive bone substitute, however, to conclude osteoinduction in vitro, quantitative
bone differentiation tests such as ALP and semi-quantitative tests such as red staining
should be performed. of alizarin [87] [88].
5. Conclusions
In this research, a polymeric system was developed to carry DBM and be used as an injectable bone substitute, which promises regenerative characteristics of bone tissue. The
injectability test showed that two formulations capable of being extruded by a needleless
syringe were developed, with a compression force of less than 100 N. It was also found
that the injectability of both formulations was greater than 90%. The developed material
is microporous with a porosity of around 50% that could favor protein adsorption and
nutrient transport processes. When immersing the samples in simulated body fluid (SBF)
and determining the degradation of the formulations, it was established that F1 was the
one with the highest cohesion, that is, it was the one that showed less particle loss and
greater stability in contact with the fluid. This formulation degraded by approx. 20%. after
spending 28 days submerged in SBF. It was also found that none of the formulations altered the pH of the SBF during the time of the experiment. From the evaluation of the
bioactivity, it can be determined that the IBS developed is a bioactive material, since all of
the formulations evaluated promote the formation of calcium phosphates on the surface
of the material. This means that the bioactive capacity of the DBM is not affected when it
is integrated into the carrier system. By quantifying the mitochondrial activity of osteoblasts treated with DBM and injectable formulations using the MTT assay, it could be concluded that none of these materials induce cytotoxicity in cells. The results of the
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quantification of the metabolic activity of osteoblasts using the Alamar Blue kit showed
that when DBM is carried in the developed carrier system, its proliferative property in
osteoblasts is not affected. Furthermore, this proliferative effect of injectable formulations
suggests that these materials are osteoinductive, however, more evidence is needed to
conclude it, for example, by quantifying markers of differentiation in osteoblasts and biomineralization.
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