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Abstract: Vertical bone defects can result in alveolar bone resorption, which may be
addressed using composite grafts. A combination of demineralized bone matrix (DBM)
and calcium hydroxide (Ca(OH)2) has potential as a bone substitute due to its biological
and structural properties. This study aimed to identify the optimal DBM–Ca(OH)2 ratio
by evaluating their physicochemical properties relevant to bone regeneration. DBM gel
and Ca(OH)2 powder were combined at ratios of 1:1, 2:1, 3:1, and 4:1. The mixtures were
freeze-dried, ground, and sieved to create granules. The composites were analyzed in
terms of their structural and chemical characteristics, including crystallinity, calcium ion
release, functional group composition, particle size, surface morphology, and elemental
distribution. Increasing the proportion of DBM reduced crystallinity and calcium ion release
while influencing particle size. Among all groups, the 2:1 composite demonstrated the most
balanced properties: moderate crystallinity, relatively high calcium release, and favorable
particle size. Chemical analyses confirmed the presence and interaction of both organic
and inorganic components, while elemental mapping showed a uniform distribution of
the key elements essential for bone formation. The DBM–Ca(OH)2 composite at a 2:1 ratio
has the most promising physicochemical profile, making it a strong candidate for bone
graft applications. However, a limitation of this study is the absence of biological testing.
Future research should investigate the in vitro and in vivo performance of this composite in
bone regeneration.

Keywords: bone graft; demineralized bone matrix; calcium hydroxide; crystallinity;
solubility; functional groups; surface morphology

1. Introduction
Vertical bone defects, characterized by bone loss extending below the alveolar crest,

can lead to significant alveolar bone resorption, often requiring a periodontal surgical
intervention to restore bone integrity [1,2]. Periodontal flap surgery aims to remove
damaged tissue and promote healing and is often supported by bone grafts that serve as
scaffolds to stimulate new bone growth and repair defects [3,4]. Optimizing these graft
materials is crucial to improving outcomes in periodontal therapy, especially for complex
bone loss, where it may help avoid dental procedures such as denture placement [5,6].

Demineralized bone matrix (DBM), derived from bovine bone, undergoes deminer-
alization to remove organic components and retain inorganic components—especially
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hydroxyapatite (Ca10(PO4)6(OH)2)—reducing its crystallinity and mimicking the compo-
sition of human bone. DBM contains collagen, non-collagenous proteins, and growth
factors like bone morphogenetic proteins (BMPs) and transforming growth factor-beta
(TGF-β) [7,8], which contribute to its osteoinductive properties by promoting osteogenic
differentiation and bone formation [9,10]. Its collagen matrix provides an osteoconductive
scaffold that supports cell attachment and proliferation during bone healing [11,12]. How-
ever, demineralization lowers its calcium content, making supplementation necessary to
enhance DBM’s bone-forming potential [13].

Calcium hydroxide (Ca(OH)2) supplies osteoinductive calcium ions, encourages hard
tissue formation, possesses antibacterial properties due to its alkalinity, and stimulates an-
giogenesis through growth factor release [14–16]. Combining DBM with Ca(OH)2 has been
shown to improve osteoinductive activity, supporting osteoblast proliferation and mineral-
ization [14]. Composite grafts containing these materials can harness both osteoconductive
and osteoinductive effects, improving bone regeneration [17]. Granular DBM-Ca(OH)2

composites at ratios of 1:1, 2:1, 3:1, and 4:1 were developed, offering favorable structure,
morphology, and clinical handling [18,19].

Physicochemical characteristics, such as crystallinity, calcium content, chemical bond-
ing, and surface morphology, directly influence graft performance and bone regeneration
potential [20–22]. Although previous studies have explored the individual use and com-
bined application of DBM and Ca(OH)2, comprehensive data on the composite’s physico-
chemical properties, especially in granular form, remain limited. There is a lack of detailed
characterization used to determine how varying DBM–Ca(OH)2 ratios affect key param-
eters essential for bone graft efficacy. To address this gap, the present study uses X-ray
diffraction (XRD) to evaluate the composite’s crystallinity and phase composition [23–25];
Atomic Absorption Spectroscopy (AAS) to quantify its calcium ion concentration and solu-
bility [26]; Fourier Transform Infrared Spectroscopy (FTIR) to identify functional groups
and chemical interactions [27]; and Scanning Electron Microscopy with Energy-Dispersive
X-ray Spectroscopy (SEM-EDS) to analyze its surface morphology, particle size, and el-
emental distribution [28]. This approach aims to identify the optimal DBM–Ca(OH)2

ratio with physicochemical properties suitable for further biological evaluation as a bone
graft material.

Understanding these properties is essential as crystallinity influences biodegradability
and osteoblast adhesion, solubility relates to material degradation and bone remodeling
balance, and surface morphology and elemental composition impact cell attachment and
osteoconductivity [29]. Although both DBM and Ca(OH)2 possess osteoinductive potential,
the optimal physicochemical balance for bone regeneration has not been clearly established.
It is hypothesized that increasing the proportion of DBM in the DBM–Ca(OH)2 composite
will result in a lower overall crystallinity due to the amorphous nature of the demineralized
matrix, which lacks ordered mineral phases. Additionally, despite undergoing demineral-
ization, the DBM retains residual calcium and may facilitate greater calcium ion release
through its organic matrix, potentially leading to higher detectable calcium concentrations
than Ca(OH)2 alone. This unique combination may enhance ion availability and elemental
distribution, improving the material’s potential for bone grafting applications. Therefore, it
is hypothesized that a DBM-rich composite will demonstrate a favorable crystallinity, cal-
cium ion availability, and surface morphology, making it a promising candidate for further
bone regeneration studies. This study aims to determine the optimal ratio of DBM-Ca(OH)2

(1:1, 2:1, 3:1, 4:1) in composite grafts by analyzing various physicochemical parameters, like
crystallinity, solubility, functional groups, and surface morphology, in order to evaluate
their potential suitability as bone graft materials.
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2. Materials and Methods
2.1. Fabrication of DBM-Ca(OH)2

Cortical bovine bone was obtained from a licensed slaughterhouse in Surabaya, East
Java. The bone was cut into small sections and thoroughly cleaned using hydrogen peroxide
(H2O2) to remove surface contaminants. To defat the bone, samples were immersed in
an ultrasonic shaker kept at 60 ◦C until they appeared white and free of fatty tissue. The
defatted bone was rinsed 3–4 times with distilled water to remove any residual peroxide
and reduce toxicity.

The cleaned bone was demineralized by immersion in 1% hydrochloric acid (HCl),
which removed the inorganic material while preserving the organic matrix. Following
demineralization, the samples were rinsed 3–4 times with distilled water to eliminate
residual acid. The demineralized bone was then mixed with 0.9% sodium chloride (NaCl)
solution in a 1:1 ratio and homogenized using a blender to produce DBM gel.

Composite preparation was performed at the Tissue Bank, Dr. Soetomo Hospital,
Surabaya, East Java. DBM gel and calcium hydroxide (Ca(OH)2) powder (Merck, Darm-
stadt, Germany) were combined at four different weight ratios: 1:1, 2:1, 3:1, and 4:1.
Each mixture was homogenized using a magnetic stirrer until a uniform consistency
was achieved.

The homogenized mixtures were poured into 10 cm diameter Petri dishes and frozen
at −80 ◦C for 24 h. Freeze-drying was conducted for 48 h at −100 ◦C to obtain a dry
composite. The dried samples were then ground using a bone miller and sieved through a
mesh (>710 µm) to obtain uniform granules (Figure 1).

 

Figure 1. DBM–Ca(OH)2 prepared to four different weight ratios: 1:1, 2:1, 3:1, and 4:1.

2.2. X-Ray Diffraction (XRD)

The sample, initially in granule form, was ground into a fine powder to ensure
homogeneity and improve its diffraction quality. An total of 1 g of the powdered sample
was prepared for each experimental group. X-ray diffraction (XRD) analysis was performed
using CuKα radiation (λ = 1.5406 Å) with a scan range of 10◦ to 90◦ (2θ) and a step size
of 0.01◦. The X-ray diffraction (XRD) peaks obtained from the analysis were compared
with standard reference patterns of known crystal structures to identify the crystalline
phases present in the sample [30]. This phase identification was carried out using “Match!”
software 3.15 version, which utili zes crystallographic databases such as ICDD. Furthermore,
the diffraction peak’s characteristics—including its intensity, position, and full width at
half maximum (FWHM)—were used to evaluate the degree of crystallinity and estimate
the crystallite size. The degree of crystallinity was quantified using “Origin 2024 (10.1)
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version” software through peak deconvolution and area integration methods, providing
insights into the structural ordering of the material.

2.3. Atomic Absorption Spectroscopy (AAS)

To assess their calcium ion release, 25 mg of each granulated DBM–Ca(OH)2 sample
was immersed in 25 mL of Tris-HCl buffer (pH 7.4) to simulate physiological conditions.
The samples were incubated at 37 ◦C for 7 days. Post-incubation, the solutions were filtered
using Whatman filter paper to remove particulates. The calcium ion concentration of the
filtrate was then quantified using a Thermo Scientific iCE 3000 Series Atomic Absorption
Spectrometer (AAS) Waltham City, Massachusetts, United States.

The AAS system operated with acetylene gas and an airflow adjusted to the recom-
mended pressure settings. The instrument’s flame and hollow cathode lamp, which are
specifically used for calcium, were activated, and the sample solutions were aspirated into
the spray chamber. Measurements were taken at a wavelength of 422.7 nm, and calcium
concentrations were recorded in mg/L.

2.4. Fourier Transform Infrared (FTIR) Spectroscopy

The sample, initially in granule form, was subjected to functional group analysis using
an IR Prestige-21 FTIR spectrometer (Shimadzu, Japan). To enhance homogeneity, the
granules were finely ground and thoroughly mixed with potassium bromide (KBr) and
then pressed into transparent pellets to optimize their spectral resolution.

Measurements were performed using the Diffuse Reflectance-Fourier Transform In-
frared Spectroscopy (DRS-FTIR) technique over a spectral range of 400–4000 cm−1. The
spectrometer operated at a resolution of 2.0 cm−1, and each spectrum was averaged from
20 scans. Spectra were recorded as percent transmittance and analyzed to identify func-
tional groups based on their characteristic absorption bands.

FTIR spectral data were compared with reference databases to determine functional
group identities. Further analysis and visualization of absorption peaks were conducted
using Origin software to support their interpretation and facilitate comparison.

2.5. Scanning Electron Microscope (SEM)—Energy-Dispersive X-Ray Spectroscopy (EDS)

Prior to imaging, the sample was mounted on a specimen holder and sputter-coated
with a thin layer of gold–palladium to enhance its electrical conductivity and reduce
charging effects. SEM imaging was performed under high-vacuum conditions using an
accelerating voltage of 20 kV, a working distance of 9.9 mm, a magnification of 1000×,
and a standard probe current of 25. The surface morphology of the samples was visual-
ized and recorded using the SEM system. Subsequent image analysis, including particle
size measurements and surface structure evaluations, was conducted using ImageJ 1.54i
version software.

2.6. Statistical Analysis

Calcium ion concentration data obtained from the AAS analysis were evaluated
using a one-way Analysis of Variance (ANOVA) and followed by a Bonferroni post hoc
test to identify statistically significant differences among the DBM–Ca(OH)2 ratio groups.
Other characterization parameters (XRD, FTIR, SEM-EDS) were analyzed descriptively by
presenting their mean values. All statistical analyses were performed using the Statistical
Package for the Social Sciences (SPSS 30) software for Windows, with the significance level
set at p < 0.05.
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3. Results
3.1. X-Ray Diffraction (XRD)

Figure 2 displays the XRD patterns of Ca(OH)2, DBM, and DBM–Ca(OH)2 composites
with varying ratios (1:1, 2:1, 3:1, and 4:1). The XRD pattern of pure Ca(OH)2 shows distinct
diffraction peaks at 2θ values around 17.9◦, 28.5◦, 34.0◦, 47.0◦, 50.7◦, 54.2◦, 62.5◦, 64.1◦,
71.6◦, and 84.6◦, which are consistent with its known crystalline structure. These peaks
were also observed in the DBM–Ca(OH)2 composite groups, indicating the presence of
crystalline calcium hydroxide in these mixtures.

Figure 2. XRD spectra of DMB, Ca(OH)2, and DBM–Ca(OH)2 composites in ratios of 1:1, 2:1, 3:1, 4:1.

The DBM sample exhibited an amorphous pattern with no distinct peaks, confirming
the absence of crystalline phases after its demineralization. As the proportion of DBM in-
creased (from 1:1 to 4:1), the intensity of the Ca(OH)2 peaks gradually decreased, suggesting
a reduced crystallinity due to dilution by the amorphous DBM.

Quantitative analysis of the degree of crystallinity showed the highest crystallinity in
pure Ca(OH)2 (63.1%), followed by DBM–Ca(OH)2 at a 1:1 ratio (58.6%). The crystallinity
progressively decreased to 48.1% in the 4:1 group (Table 1). These results indicate that
increasing the DBM content attenuates the crystalline structure of Ca(OH)2 in the composite,
potentially enhancing the composite’s bioresorbability and biological performance.

Table 1. Crystal phase and degree of crystallinity (%) of each sample, determined from XRD data.

Sample * Crystal Phase Degree of Crystallinity

DBM–Ca(OH)2 1:1 Ca(OH)2 58.6%
DBM–Ca(OH)2 2:1 Ca(OH)2 51.6%
DBM–Ca(OH)2 3:1 Ca(OH)2 48.5%
DBM–Ca(OH)2 4:1 Ca(OH)2 48.1%

DBM - -
Ca(OH)2 Ca(OH)2 63.1%

* One sample from each group was used for this test.



Crystals 2025, 15, 564 6 of 15

3.2. Atomic Absorption Spectroscopy (AAS)

The calcium ion release profile of Ca(OH)2, DBM, and the DBM–Ca(OH)2 composites
was evaluated using AAS after 7 days of incubation in Tris-HCl buffer (pH 7.4). The results,
presented in Table 2, show a clear trend: the calcium ion concentration decreased with
increasing proportions of DBM in the composite.

Table 2. Calcium ion concentration (mg/L) of Ca(OH)2, DBM, and DBM–Ca(OH)2 composites,
measured by AAS after 7 days of incubation in Tris-HCl buffer.

Sample Number of
Sample

Calcium Ion Concentration (mg/L)
(x ± SD) p-Value

DBM–Ca(OH)2 1:1 3 218.56 ± 1.37

<0.001 *

DBM–Ca(OH)2 2:1 3 214.71 ± 1.53
DBM–Ca(OH)2 3:1 3 209.65 ± 0.80
DBM–Ca(OH)2 4:1 3 205.11 ± 0.99

DBM 3 2.31 ± 0.32
Ca(OH)2 3 229.60 ± 1.94

* There is a significant difference in the one-way ANOVA (p < 0.05).

The largest calcium ion release was observed in pure Ca(OH)2 (229.60 ± 1.94 mg/L),
followed by DBM–Ca(OH)2 composites in decreasing order: 1:1 (218.56 ± 1.37 mg/L),
2:1 (214.71 ± 1.53 mg/L), 3:1 (209.65 ± 0.80 mg/L), and 4:1 (205.11 ± 0.99 mg/L). DBM
alone released a minimal amount of calcium ions (2.31 ± 0.32 mg/L), confirming its
demineralized state.

The one-way ANOVA revealed a statistically significant difference in calcium ion
concentration among the groups (p < 0.001), with the DBM–Ca(OH)2 4:1 group showing the
lowest calcium release among the composites. This suggests that increasing the proportion
of DBM dilutes the calcium content of the composite and reduces its ion release capacity.

3.3. Fourier Transform Infrared (FTIR) Spectroscopy

The FTIR spectra of DBM, Ca(OH)2, and the DBM–Ca(OH)2 composites at ratios of 1:1,
2:1, 3:1, and 4:1 are shown in Figure 3 and Table 3. These spectra illustrate the characteristic
functional groups of each material and confirm the presence of both organic and inorganic
phases in the composites. In the DBM sample, the following characteristic peaks of collagen
were observed:

■ Amide A (N–H stretching) at 3595 cm−1;
■ Amide B (C–H stretching) at 2924 cm−1;
■ Amide I (C=O stretching) at 1634 cm−1;
■ Amide II (N–H bending) at 1547 cm−1;
■ Amide III (C–N stretching) at 1240 cm−1;
■ OH− at 3300 cm−1.

The Ca(OH)2 sample exhibited
OH− stretching at 3641 cm−1;
CO3

2− peak at 1463 cm−1.
In the DBM–Ca(OH)2 composites, notable new absorption bands confirmed the suc-

cessful integration of inorganic content:

■ PO4
3− was detected at ~1056 cm−1 (1057 cm−1 in 3:1 group);

■ COO− bands were observed in the ranges of 1407–1417 cm−1 and 1641–1648 cm−1

across all composite groups, suggesting ionic interaction between Ca2+ and the car-
boxyl groups in collagen;

■ OH− stretching was present at 3638–3639 cm−1 in all composites.
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Figure 3. FTIR results for DBM, Ca(OH)2, and DBM–Ca(OH)2 in ratios of 1:1, 2:1, 3:1, and 4:1.
One sample from 0each group was used for this test.

Table 3. Absorption peaks of functional groups from the amide I, amide II, amide III, amide A,
amide B, phosphate (PO4

3−), carbonate (CO3
2−), carboxylate (COO−), and hydroxyl (OH−) groups

were detected.

Compound Functional Group Infrared Wavelength

Amide I Stretching C=O 1600–1700 cm−1

Amide II Stretching C-N
Bending N-H 1480–1575 cm−1

Amide III Stretching C-N
Bending N-H 1200–1300 cm−1

Amide A Stretching N-H 3300–3500 cm−1

Amide B Stretching N-H 2900–3100 cm−1

PO4
3− Asymmetry Stretching P-O 1030–1090 cm−1

CO3
2− Asymmetry Stretching C-O 1400–1500 cm−1

COO− Symmetry Stretching C-O-O
Asymmetry Stretching C-O-O

1300–1420 cm−1

1550–1650 cm−1

OH− Stretching O-H 3300–3650 cm−1

Characteristic collagen peaks from DBM (amide groups and hydroxyl) and mineral
peaks from Ca(OH)2 (hydroxyl and carbonate) are present in the composites, indicating the
retention of both phases. Importantly, the appearance of phosphate (PO4

3−) and carboxylate
(COO−) bands, along with shifts in hydroxyl stretching frequencies, demonstrates that
chemical bonding and ionic interactions occur between the calcium ions and collagen
carboxyl groups. These spectral changes suggest the formation of a bone-like apatite
structure within the composite, which likely enhances its osteoconductive potential and
suitability for bone regeneration applications.
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3.4. Scanning Electron Microscope (SEM)—Energy-Dispersive X-Ray Spectroscopy (EDS)

The SEM micrographs of DBM, Ca(OH)2, and the DBM–Ca(OH)2 composites with
ratios of 1:1, 2:1, 3:1, and 4:1 are presented in Figure 4. Their visual appearance reveals the
morphological differences among the samples, with Ca(OH)2 particles exhibiting a broad
size distribution. The DBM particles, being primarily organic, did not display distinct
particulate features suitable for size measurements.

Figure 4. (a–f) The morphological characteristics of DBM-Ca(OH)2 (1000× magnification).

The Ca(OH)2 particles ranged from 0.01 µm to 350.68 µm in size, with an average
particle size of 6.34 ± 29.56 µm. The incorporation of DBM into the composites reduced the
maximum particle size and average particle size compared to pure Ca(OH)2. Specifically,
average particle sizes decreased to 4.37 ± 13.42 µm for the 1:1 ratio, 4.50 ± 13.28 µm for 2:1,
3.65 ± 9.35 µm for 3:1, and only slightly increased to 5.00 ± 15.49 µm for 4:1. This trend
suggests that the DBM addition influenced particle agglomeration and dispersion within
the composites (Table 4).

The elemental composition of each sample was analyzed using EDS, with the spectra
shown in Figure 5 and quantitative data detailed in Table 5. The primary elements de-
tected across all samples include carbon (C), oxygen (O), sodium (Na), magnesium (Mg),
aluminum (Al), chlorine (Cl), and calcium (Ca).
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Table 4. Particle size distribution of Ca(OH)2 and DBM–Ca(OH)2 composites of different ratios,
measured by SEM.

Sampel Smallest Particle (µm) Largest Particle (µm) Average Particle Size (µm) x ± SD

DBM * - - - -
Ca(OH)2 0.01 350.68 6.34 6.34 ± 29.56

DBM-Ca(OH)2 1:1 0.01 248.38 4.37 4.37 ± 13.42
DBM-Ca(OH)2 2:1 0.01 149.67 4.50 4.50 ± 13.28
DBM-Ca(OH)2 3:1 0.01 146.75 3.65 3.65 ± 9.35
DBM-Ca(OH)2 4:1 0.01 197.28 5.00 5.00 ± 15.49

* Particle size measurements was not feasible for pure DBM. One sample from each group was used for this test.

 

Figure 5. The Energy-Dispersive X-ray Spectroscopy (EDS) test results and the samples’ composi-
tion: (a) DBM; (b) Ca(OH)2; (c) DBM-Ca(OH)2 1:1; (d) DBM-Ca(OH)2 2:1; (e) DBM-Ca(OH)2 3:1;
(f) DBM-Ca(OH)2 4:1.

In the pure DBM, carbon was the dominant element (71.14 wt%), reflecting the organic
collagen in the matrix, with oxygen present at 28.51 wt%. In contrast, pure Ca(OH)2

exhibited a higher oxygen content (45.55 wt%) and lower carbon content (29.04 wt%),
consistent with its inorganic nature.

For DBM–Ca(OH)2 composites, elemental compositions varied depending on their
mixing ratio. Generally, their carbon and oxygen percentages shifted to intermediate
values between those of pure DBM and Ca(OH)2, indicating the successful integration of



Crystals 2025, 15, 564 10 of 15

both components. Notably, the calcium content was maintained across the composites,
supporting the presence of inorganic mineral phases critical for osteoconductivity, which
contribute to the mechanical strength and stiffness of bone tissue. Phosphorus enhances
the structural integrity and stability of bone. Carbon has been shown to promote the
proliferation and differentiation of bone-forming cells within newly developing tissue.
Meanwhile, oxygen facilitates the process of angiogenesis, which is essential for delivering
nutrients and oxygen to the fracture site during the healing process.

These findings demonstrate the coexistence and homogeneous distribution of organic
(DBM) and inorganic (Ca(OH)2) phases within the composites, which may enhance their
biological and mechanical properties for bone regeneration applications.

Table 5. Elemental composition (weight percentage) of DBM, Ca(OH)2, and DBM–Ca(OH)2 compos-
ites, measured by EDS.

Element DBM Ca(OH)2 DBM-Ca(OH)2 1:1 DBM-Ca(OH)2 2:1 DBM-Ca(OH)2 3:1 DBM-Ca(OH)2 4:1

Wt% Wt% Wt% Wt% Wt% Wt%

C 71.14 29.04 37.7 38.47 42.89 37.60
O 28.51 45.55 42.13 42.35 39.66 42.70

Na 0 0 0.28 0.21 0.48 0.52
Mg 0 0.23 0.14 0.23 0.16 0.20
Al 0 0.24 0.2 0.23 0.15 0.19
Cl 0 0 0.25 0.31 0.53 0.6
Ca 0.35 24.94 19.3 18.2 16.12 18.2

One sample from each group was used for this test.

4. Discussion
This study explored the physicochemical and morphological properties of DBM–

Ca(OH)2 composites with varying ratios to evaluate their potential as bone graft materials.
Each analytical technique—XRD, AAS, FTIR, and SEM—provided valuable insights into
how the combination of DBM–Ca(OH)2 influences structural, chemical, and surface charac-
teristics that are critical for bone regeneration.

XRD analysis revealed important information about the crystallinity and phase com-
position of the composites. Pure Ca(OH)2 exhibited sharp and distinct diffraction peaks,
which correspond to its well-ordered crystalline structure. These peaks serve as finger-
prints confirming the presence of highly crystalline Ca(OH)2. When DBM was added to
the composite in increasing proportions, the intensity of these crystalline peaks diminished
noticeably. This decrease indicates a reduction in crystallinity due to the incorporation of
DBM, which is predominantly amorphous and composed mainly of collagen and organic
matrix components. The highest DBM ratio (4:1) showed the lowest peak intensity, suggest-
ing that the amorphous phase of DBM increasingly disrupted the ordered crystalline lattice
of calcium hydroxide.

The degree of crystallinity is a key factor influencing a material’s behavior in biological
environments. Lower crystallinity tends to enhance bioactivity by improving cell adhesion
and accelerating degradation, which facilitates the natural bone remodeling process [31,32].
However, highly amorphous materials may lack sufficient mechanical strength to support
this process. In this context, the 2:1 DBM–Ca(OH)2 composite exhibited moderate crys-
tallinity, indicating a promising balance between maintaining enough structural integrity
and providing an active surface favorable for osteoblast function [33]. This suggests that
tuning the DBM-to-Ca(OH)2 ratio can modulate crystallinity and thus tailor the composite’s
performance to specific clinical needs.
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Calcium ion release, as measured by AAS, is a crucial parameter because calcium ions
regulate multiple cellular processes essential for bone formation, including osteoblast prolif-
eration, differentiation, and mineralization [34,35]. The results showed that pure Ca(OH)2

released the largest amount of calcium ions, reflecting its high solubility. Conversely, DBM
released minimal calcium due to its largely organic, demineralized nature. Composite
samples exhibited calcium release levels inversely proportional to their DBM content; as
the amount of DBM present increased, calcium release decreased significantly [36–38].

Maintaining calcium ion release within an optimal physiological range is essential
because while calcium is necessary for bone healing, excessive calcium concentrations can
be cytotoxic to osteoblasts [39–41]. The ideal range for promoting osteogenic activity is
generally between 60 and 90 mg/L. In this study, all composite formulations exceeded this
range, but the DBM–Ca(OH)2 composite (ratio 4:1) released the lowest calcium concentra-
tion, suggesting a more controlled release profile that might reduce potential cytotoxicity
while still supporting bone regeneration. The DBM–Ca(OH)2 composite created at a 2:1
ratio released higher levels of calcium, which could accelerate osteoblast activity and bone
formation but might also increase the risk of cellular stress if concentrations become exces-
sive. These findings highlight the importance of optimizing the composite’s formulation to
balance calcium availability with biological safety and efficacy.

The decreasing amount of calcium ion released with the increasing DBM content can
be explained by the presence of collagen-rich, amorphous DBM, which reduces overall
solubility and slows the diffusion of calcium ions from the composite. This slower and more
sustained release may be advantageous for long-term bone healing, providing a steady
supply of calcium ions that supports gradual mineralization without overwhelming the
cellular environment [42]. In contrast, composites with lower DBM contents may degrade
faster, releasing calcium ions rapidly but risking cytotoxicity and impaired osteoblast
function [43]. Thus, both the 4:1 and 2:1 composites represent viable options, with the
former offering safer, sustained release and the latter favoring faster bone regeneration.

Our FTIR analysis further clarified the chemical composition and molecular interac-
tions within the composites. The DBM control exhibited characteristic absorption bands
associated with amide groups (amide I, II, III, A, and B), confirming the presence of collagen,
the primary organic component of bone matrix responsible for structural support and cell
signaling [44,45]. In contrast, the Ca(OH)2 (as control) displayed strong peaks related to
hydroxyl and carbonate groups, consistent with its inorganic mineral composition and high
alkalinity [46,47].

In the DBM–Ca(OH)2 composites, the typical amide bands of collagen were diminished
or absent, while phosphate and carboxylate ion peaks became more prominent [48,49].
This indicates that chemical changes occurred during composite preparation, likely due to
hydrolysis reactions caused by the alkaline environment from the Ca(OH)2. These reactions
may break the peptide bonds in collagen, generating carboxylate-containing groups and
altering the organic matrix’s structure [50–52]. The presence of phosphate bands suggests
that residual mineral components remain within the composite despite the demineralization
process. These phosphate groups could enhance osteoconductivity by supporting mineral
deposition during bone formation. Understanding these molecular-level changes is vital
because they influence both the mechanical properties and the biological responses elicited
by the composite graft.

SEM provided critical morphological data, revealing how surface texture, particle size,
and shape affect the composite’s interaction with cells and its overall bioactivity [53–55].
Rough surface structures were observed, particularly in the DBM–Ca(OH)2 composite
(ratio 4:1), consistent with previous studies demonstrating that roughness enhances protein
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adsorption and promotes osteoblast attachment, proliferation, and differentiation [56,57].
These factors are essential for effective osseointegration and bone regeneration.

Particle size also influences the biological response. Although the literature often cites
particles of around 100 µm as optimal for osteoblast activation [28], the microparticle size
observed in the composites (~5 µm) falls within a size range shown to positively affect
bone growth factors and increase the surface area available for cellular interactions. Smaller
particles may also improve resorbability, allowing the graft to be gradually replaced by
new bone tissue.

Regarding particle shape, Ca(OH)2 typically appears as small granular or blocky
particles, while DBM forms flake-like fragments [58,59]. In the DBM–Ca(OH)2 composite,
particle morphology became more uniform and denser, especially at the 4:1 ratio. This
denser particle arrangement likely facilitates mechanical interlocking and enhances cel-
lular adhesion, both of which are beneficial for osteogenesis and graft stability [60,61].
Together, these morphological features reinforce the composite’s suitability as a scaffold for
bone healing.

In summary, the results demonstrate that increasing the amount of DBM in the DBM–
Ca(OH)2 composite influences its crystallinity, calcium release profile, chemical compo-
sition, and surface morphology, all of which affect its biological performance. The 4:1
composite exhibits a lower crystallinity, controlled calcium ion release, chemically mod-
ified organic components, and an optimal surface morphology that collectively support
sustained bone regeneration with potentially reduced cytotoxicity. The 2:1 composite
maintains moderate crystallinity and releases higher concentrations of calcium, offering a
balance between mechanical support and accelerated bioactivity.

Both composite formulations hold promise as bone graft materials. However, further
biological studies, including cell cultures and in vivo bone regeneration models, are nec-
essary to validate their osteogenic potential and optimize their ratios for specific clinical
applications. In addition, further in vitro studies are recommended to assess the cyto-
compatibility of the ions released from the composites, which is critical for ensuring their
safety and effectiveness in biological environments. This multiparametric characterization
provides a solid foundation for designing bone graft substitutes with properties that are
tailored to meet diverse therapeutic needs. Another limitation of this study is that the
particle size, crystallinity, and elemental analyses were each conducted on a single sample
per formulation. As such, statistical comparisons could not be performed; further replicates
are recommended in future studies to ensure reproducibility and assess variability.

5. Conclusions
This study investigated the physicochemical and compositional characteristics of

DBM–Ca(OH)2 composites with varying ratios to identify a formulation suitable for bone
regeneration. Increasing the DBM content in the composite led to a reduction in crystallinity
and calcium ion release, along with a modulation of particle size distribution. These changes
reflect a shift toward a more bioresorbable and biologically responsive material.

Among the tested formulations, the 2:1 DBM–Ca(OH)2 ratio demonstrated an opti-
mal balance. It maintained sufficient calcium availability to support osteogenic activity,
exhibited a moderately reduced crystallinity conducive to biodegradation, and presented
a favorable average particle size that may enhance cellular attachment and proliferation.
The composite also retained the essential organic and inorganic functional groups from
both components, suggesting successful integration and the potential for mineralized
tissue formation. Overall, the DBM–Ca(OH)2 composite at a 2:1 ratio is a promising
candidate for bone graft applications, offering a combination of structural support and
biological functionality.
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