
Preparation and Characterization of Novel Hydroxyapatite/
Montmorillonite/Gelatin-Based Composites with Bone
Remineralizing Potential
José M. Posada-Lotero, Maby M. Martínez-Garzón,* Milton Rosero-Moreano,
Francy N. Jiménez-García, Laura R. Giraldo-Torres, and Daniel F. Hincapié-Rojas

Cite This: ACS Omega 2025, 10, 15116−15128 Read Online

ACCESS Metrics & More Article Recommendations

ABSTRACT: Bone wear caused by injury or deterioration due to
age leads to the use of autologous and allogeneic implants that are
sometimes rejected by the body. Currently, work is being carried
out on the development of composites that induce bone repair. In
this study, composites with montmorillonite clay (MMT),
hydroxyapatite (HAp), and gelatin were prepared. Initially, various
ratios of HAp/MMT composites (1:1, 2:1, and 1:2) were
examined, and the 2:1 ratio provided a better biological response.
Finally, the HAp/MMT/Gel ternary mixtures were prepared using
different percentages of gelatin: 10, 50, and 90% and maintaining
the 2:1 HAp/MMT ratio. All materials were assayed in a
biomineralization proof using simulated biological fluids. In the
HAp/MMT/Gel diffraction pattern, the peaks associated with MMT and HAp are preserved at 20 and 32° in 2θ, respectively; the
addition of gelatin promotes structural changes. Biocompatibility studies show that there are no morphological changes in the
platelets since it does not exceed 5 μm of pseudopodia, which suggests that there is no rejection of the material. On the other hand,
the biomineralization study, followed by SEM and FTIR characterization, showed the generation of apatite and demonstrated its
potential application in bone tissue regeneration.

1. INTRODUCTION
In recent years, injuries and wear in bone tissues have usually
been treated surgically through autologous and allogeneic
implants, which sometimes involve rejection of the organism.
The cellular matrix of bone tissues contains organic and
inorganic materials that interact with the implant material
through components such as glycosaminoglycans, collagen
types I and III, and hydroxyapatite.1 This has led the scientific
community to focus its research on materials with potential
applications in bone regeneration that could play a
fundamental role in the development of new therapies.1

Current approaches have focused on the design of composite
materials of synthetic or natural origin that are biocompatible
or bioactive.2 One natural polymer that has been explored for
the fabrication of these materials is gelatin (NH2COOH−
CH−R). This protein is obtained by the hydrolytic process of
collagen and contains the amino acids: glycine, aspartic acid,
and arginine, which favor cell adhesion and proliferation;
additionally, it is biocompatible, noncytotoxic, and biodegrad-
able.3

Another material used in the manufacture of these materials
is hydroxyapatite (HAp: Ca10(PO4)6(OH)2), a bioactive
ceramic characterized by its osteoconductive, nontoxic, and

biocompatible capacity, which promotes cell proliferation and
osteoblastic cell differentiation, due to its bioactivity.4 HAp can
bond with natural bone to promote an interaction between the
host bone and inserted material.5,6 However, materials based
on this bioceramic have high porosity and brittleness, which
affects their mechanical properties and limits their use in tissue
regeneration.5,7−9 One material used to overcome the
limitations of HAp is the biocompatible clay montmorillonite
(MMT: (Na, Ca)0.3(Al, Mg)2Si4O10(OH)2−nH2O), which is a
member of the smectite group of clays.10,11 The MMT is
composed of two tetrahedral silica sheets sandwiched between
a central octahedral alumina sheet. Its adsorptive capacity, high
surface area, and filling capacity allow the interaction with
various compounds, which improves the mechanical and
thermal properties of the developed material.12−15
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In the literature, there are reports of Gel/HAp,16 Gel/
nHAp,17 Gel/MMT,15,18,19 and HAp/MMT,20 in which
improvements in mechanical strength, bioactivity, cell
adhesion, thermal resistance, among others, are reported.21

These characteristics mean that the synthesized material has
potential application in tissue engineering.22,23 However, the
reports found on the preparation of materials from the mixture
of HAp, MMT, and Gel in one pot are limited.24 In the present
work, novel composites were prepared from HAp, MMT, and
Gel; first HAp/MMT binary mixture in weight ratios 1:2, 1:1,
and 2:1 and, subsequently, HAp/MMT/Gel ternary mixture in
mass ratios 10, 50, and 90% of gelatin starting from the HAp/
MMT 2:1 binary mixture. The characterization of these
compounds involves X-ray diffraction (XRD), scanning
electron microscopy (SEM), Fourier transform infrared
spectroscopy (FTIR), thermogravimetric analysis (TGA),
nitrogen adsorption and desorption isotherms (BET), and Z-
potential. The biocompatibility study of the compounds was
carried out using human plasma and simulated biological fluid
(SBF).

2. RESULTS AND DISCUSSION
2.1. Distribution of Molecular Weights by HPLC-SEC.

The molecular weight distribution of hydrolyzed and
unhydrolyzed gelatin was determined by high-performance
liquid chromatography-size exclusion (HPLC-SEC) in a
molecular exclusion column; the values obtained are presented
in Figure 1. The unhydrolyzed sample presents a size
distribution between 1.5 and 800 kDa, while the hydrolyzed
sample presents a size distribution between 1.5 and 80 kDa.
This size reduction is because the hydrolysis process generates
the breaking of protein bonds by the endopeptidase enzyme.
The use of hydrolyzed gelatin provides proteins of lower
molecular mass and greater availability of −COO− and
−NH3

+ groups to interact with precursor materials and the
extracellular environment. The gelatin is known for its ability
to absorb water. This characteristic is highly valued in tissue
regeneration since porosity ensures the diffusion of nutrients as
well as oxygen for proper cell growth.25

2.2. X-ray Diffraction Analysis. Figure 2 presents the X-
ray diffraction patterns of both the precursors and binary
mixtures (where Quartzo:Q, MMT:• y HAp:*). In the XRD
pattern of MMT, characteristic diffraction peaks of this clay are
observed at 2θ = 5.88, 12.28, 17.80, 20.08, 20.95, 25.30, and

35.26°, besides other phases such as muscovite at 2θ = 8.95°
and quartz at 2θ = 26.71° are presented. In the HAp
diffractogram, the characteristic peaks of this material,
according to the ICCD-JCDPS chart (09-0432), are observed.
Peaks of higher intensity are observed at 2θ = 25.8, 31.72, and
32.94°; 2θ = 34.12°

In the binary mixture, it is observed that for the HAp/MMT
2:1, the intensity of the peaks associated with MMT begins to
decrease and those associated with HAp increase, which is
evidence that a mixture of precursors has been obtained. For
the samples HAp/MMT 1:1 and HAp/MMT 1:2, the MMT
peaks at low angles almost disappear, and those associated with
HAp continue to grow in intensity. The inset in Figure 2 shows
how, as the amount of HAp in the mixtures increases, there are
shifts in the peak at 2θ = 20.08° assigned to MMT and present
in the three samples. The values of the shift and peak widths
are presented in Table 1. This shift of the peak toward lower
angles may be associated with a broadening in the interlaminar
space of the MMT due to the exchange of Ca2+ ions from HAp
with other ions of the MMT by isomorphic substitutions.26,27

In addition, the peak broadening is observed to decrease,
which is indicative of a larger particle size.

Figure 1. Molecular weight distribution of gelatin by HP SEC-UV.

Figure 2. XRD patterns of samples HAp, MMT, HAp/MMT 2:1,
HAp/MMT 1:1, and HAp/MMT 1:2. Inset: shift at peak 2θ = 20.08°
in the XRD patterns of the binary mixtures.
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The HAp/MMT 2:1 binary mixture was selected to obtain
the ternary mixtures since it presents a greater incorporation of
calcium in the structure, good stability to pH changes, and
greater surface area (which will be discussed later). Figure 3

shows the XRD patterns of the samples with gelatin: HAp/
MMT/Gel10%, HAp/MMT/Gel50%, and HAp/MMT/
Gel90%. Gelatin is observed to decrease crystallinity, indicating
the formation of exfoliated structures.24 This behavior could be
associated with the intercalation of proteins since the higher
the proportion of gelatin the sample presents a more
amorphous structure. Despite the low crystallinity observed
in the pattern of the material with 90% gelatin, there are broad
peaks around 2θ = 20° associated with MMT, and 2θ = 32°
associated with HAp, and a similar behavior to that of the 2:1
HAp/MMT binary mixture, which is the basis for the
preparation of the ternary mixtures.
2.3. Thermogravimetric Analysis. The TGA thermo-

grams and derivatives of the thermograms (DTGA) of the
precursor materials and binary and ternary mixture are shown
in Figure 4.

Figure 4a shows the three stages of decomposition for HAp.
The first stage ranges from room temperature to 200 °C and
corresponds to the elimination of water absorbed in the sample
(2.87% of the total mass of the material). The second stage
occurs between 200 and 570 °C and corresponds to the
decomposition of HPO4

−2 (in this stage, 2.5% of the total mass
was eliminated).28 Furthermore, in the range between 700 and
815 °C, HAp decomposes, which corresponds to 0.59% of the
total mass.28−30 Finally, at a temperature of 900 °C, a residue
of 93.61% is obtained.28−30 These results agree with those
reported by Bernatal Saragih, Ika Karyati.22 Figure 4b shows
the thermal decomposition of MMT; in this case, three stages
of decomposition are also observed. The first occurs between

room temperature and 200 °C and corresponds to the
elimination of physisorbed water, in addition to the removal
of physisorbed species, such as N2 or CO2. In this case, 5.56%
of the total mass of the material was eliminated. The second
stage occurs in a range between 220 and 232 °C and involves
the decomposition of organic species where 1.16% was
eliminated. Finally, between 340 and 800 °C, dehydration
and subsequent decomposition of the alunogen and dihydrox-
ylation of the aluminosilicate layers of the montmorillonite
occur, as well as the decomposition of products associated with
the organic carbonaceous residue.5 In this last stage, 6.93% of
the material was eliminated. The residue obtained in this case
is 86.05%. These results indicate that HAp presents greater
stability than MMT due to its mostly inorganic chemical
composition.

Figure 4c−e shows the thermograms of the binary mixture.
Four thermal decomposition events associated with the
removal of moisture from the sample, the dehydration of
HAp and MMT phases, such as muscovite, and the presence of
aluminosilicates in the material are evident. Additionally, it is
observed that the mass removal for the third stage of
decomposition of this sample, in the temperature range
between 340 and 900 °C, is lower compared to that for the
other composites. This is because this sample has the lowest
MMT content, and in this temperature range, dehydration of
the alunogen and dihydroxylation of MMT is favored.30

In Figure 4f−h, the thermograms of the ternary mixture are
presented. In all samples, six stages of decomposition were
identified in the material. The first stage corresponds to the
elimination of water due to the humidity of the sample, which
occurs in a range between 25 and 160 °C. As the gelatin
content increases, the material’s water absorption also rises due
to its hydrophilic functional groups, which attract water and
retain it through hydrogen bonds. The second range of
decomposition occurs between 160 and 590 °C and
corresponds to the decomposition of the HPO4

−2 of HAp,
the decomposition of organic species, and the dehydration and
subsequent decomposition of the alunogen of MMT. Addi-
tionally, the decomposition of gelatin occurs due to the
degradation of protein bonds and the denaturation and
thermal decomposition process. In the HAp/MMT/Gel 90%
sample (see Figure 5h), whose gelatin content is higher, only
one decomposition event can be identified because the greater
mass loss of the material is associated with the decomposition
of gelatin.31,32 Above 700 °C, MMT decomposes (Figure 4f).
However, with a higher gelatin content, less mass is lost from
these compounds (Figure 4g,h), particularly in the 90% gelatin
sample. The residues were 83.84, 55.55, and 27.07% for
samples with 10, 50, and 90% gelatin, respectively, indicating
that higher gelatin content leads to greater mass loss as its
organic components decompose at lower temperatures than
the inorganic ones in HAp and MMT.
2.4. Fourier Transform Infrared Spectroscopy. The

FTIR spectra of the precursors, binary, and ternary mixtures
are presented in Figure 5. Figure 5a presents the FTIR
spectrum of gelatin in which bands are observed at 1077 cm−1

associated with the C−O−C stretching mode; 1450 cm−1

related to CH2 and CH3 vibrations; and at 1539 cm−1, which
correspond to symmetric and asymmetric vibrations of the
amide groups of the protein. In addition, the band around
1648 cm−1 is attributed to vibrations of the C=O group and
the band around 2930 cm−1 is attributed to C−H
vibrations.29,33−35 The band between 3000 and 3700 cm−1 is

Table 1. Shift at Peak 2θ = 20.08° in the X-ray Diffraction
Patterns of Binary Mixture

sample 2θ (degrees) w (degrees) shifting (degrees)

MMT 20.0004 0.8179
HAp/MMT 1:2 19.989 0.7644 0.015
HAp/MMT 1:1 19.959 0.5905 0.045
HAp/MMT 2:1 19.935 0.5677 0.069

Figure 3. XRD patterns of HAp/MMT/Gel10%, HAp/MMT/
Gel50%, and HAp/MMTGel90% samples.
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related to the presence of water in the material, which is
consistent with the hydrophilic characteristics of gelatin.

In Figure 5b, the vibrational modes for MMT have been
identified. A band is observed at 424 cm−1 associated with

bending vibrational modes for the Si−O−Si or Al−OH of
muscovite, a phase that was identified in XRD. Other bands are
evident at 471 cm−1 associated with Si−O−Si deformation, at
528 cm−1 attributed to Si−O−Al deformation,29 and at 693

Figure 4. Thermograms TGA/DTGA of (a) HAp, (b) MMT, (c) HAp/MMT 2:1, (d) HAp/MMT 1:1, (e) HAp/MMT 1:2, (f) HAp/MMT/
Gel10%, (g) HAp/MMT/Gel50%, and (h) HAp/MMT/Gel90%.

Figure 5. FTIR spectra of the materials (a) Gel, (b) MMT, (c) HAp, (d) 2:1 HAp/MMT, (e) 1:1 HAp/MMT, (f) 1:2 HAp/MMT, (g) HAp/
MMT/Gel10%, (h) HAp/MMT/Gel 50%, and (i) HAp/MMT/Gel 90%.
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and 912 cm−1 assigned to Al−Al−OH bending.30 At 747 and
795 cm−1 bands associated with quartz are observed, which
was identified by XRD. Around 1000 cm−1, an intense band
appears, which is assigned to Si−O vibrations of the Si−O−Si
group of mineral clays.28,33 The band at 1627 cm−1 is
attributed to the −OH deformation of water,28 another at 3422
cm−1 to the OH stretching of water,28 and one at 3621 cm−1 to
the −OH stretching mode of water at the inner surface of the
MMT.36

Figure 5c shows the spectrum of HAp. The vibrational
modes of the phosphate groups PO4

−3 at 472 cm−1, v2, 564
cm−1, v4, and around 1033 cm−1, and v3 are identified. The
band at 869 cm−1 is associated with vibrational modes of the
HPO4-v5 groups; in addition, a vibrational mode is evident
around 1653 cm−1 assigned to the OH groups of HAp.37 The
band at 3600 cm−1 is assigned to vibrations of adsorbed water
on the material.37 Figure 5d−f shows the FTIR spectra of the
HAp/MMT binary mixture in their different ratios. The
presence of functional groups characteristic of MMT (471 and
528 cm−1), muscovite (424 cm−1), and HAp (564 cm−1) is
evidenced between 400 and 600 cm−1, as previously discussed.
In addition, in all the binary mixtures, vibrational modes
become more evident at 604 cm−1, associated with v4
vibrations of the phosphate group, and at 634 cm−1 to OH
groups in the HAp.35

Figure 5g−i shows the FTIR spectra of the ternary mixtures,
in which the presence of the characteristic vibrations of MMT,
HAp, and gelatin is evident. In these spectra, broad absorption
bands are observed between 3000 to 3700 cm−1 due to
physisorbed water, in which the bands assigned to the OH
groups of HAp and MMT overlap.38,39 The broad band at
1030 cm−1, which overlaps the vibration of PO3

−2 in HAp with
the extension of the Si−O−Si mode of MMT, appears in all of
the samples; however, its intensity is significantly reduced in
the material containing 90% gelatin due to the low
concentration of MMT and HAp. In all materials, bands are
observed around 1648, 1539, and 1450 cm−1 corresponding to
characteristic vibrations of gelatin functional groups,40 but with
higher intensity, as expected, in the sample containing 90%
gelatin. A band is observed at 2100 cm−1 cm whose presence
can be attributed to the interaction of the C−N groups of
gelatin with the OH groups of HAp or MMT, which is more
intense for the sample with 90% gelatin.33,41

2.5. Specific Surface Area and Porosity. Figure 6 shows
the nitrogen adsorption−desorption isotherms for HAp,
MMT, HAp/MMT 1:1, and HAp/MMT/Gel 50%. These
isotherms correspond to type III, which is related to materials
with extended porosity or macroporous and indicates a low
adsorbate−adsorbent interaction. This type of isotherm
suggests the formation of multiple adsorbate layers on the
surface of the material. All materials exhibit adsorption below
50 cm3/g for P/Po values <0.8, indicating weak adsorbate−
adsorbate interaction. When P/Po exceeds the value of 0.8, the
amount of adsorbed gas increases rapidly, i.e., adsorbate−
adsorbent interactions are strongest in this region. The amount
of gas absorbed in the ternary mixtures is reduced from 95 cme

The surface areas and pore volumes of the precursors and
binary and ternary mixtures were measured and are presented
in Table 2. For the binary mixtures, the surface area and total
pore volume increase in the samples with more HAp. the
surface areas of the HAp/MMT (2:1 and 1:1) are similar, with
a slightly higher value for the HAp/MMT 2:1. The lowest
value is for the HAp/MMT 1:2 and may be related to the low

pore volume of the MMT as these pores are predominant in
the sample due to a higher amount of MMT used. Concerning
the ternary mixtures, it is evident that the pore volume and
surface area decrease with increasing gelatin content. This
decrease may be due to the pores being filled with gelatin
proteins, which after the hydrolysis process reach smaller
particle sizes.
2.6. Z-Potential Analysis. The Z-potential is a measure of

the electrical charges of a suspension that allows the
identification of solid−liquid interface conditions, surface
interactions, and suspension stability, especially for colloids
or nanometric materials.42,43 This potential provides informa-
tion about the stability of a material to changes in pH and ionic
strength.44 A value close to ± 30 mV or higher indicates that
the compound is more stable, i.e., there is a balance between
the electrical repulsions of the surface charge and the attractive
van der Waals forces.44 Table 3 shows the values for the
different samples in this study. As can be evidenced, HAp is a
material sensitive to changes in pH and ionic strength (−1.8
mV), while MMT is more stable to these changes (−20.5 mV).
In this sense, the interaction between HAp and MMT provides
a more stable material compared to the precursor materials.
The HAp/MMT 2:1 and 1:1 binary mixture presents the
highest Z-potential values, which may allow the possible
interactions of the material with the extracellular environment
and improve its bioactivity and biocompatibility. In turn, the
gelatin shows a positive potential of 5.07 mV related to

Figure 6. Nitrogen adsorption−desorption isotherms for HAp, MMT,
1:1 HAp/MMT, and HAp/MMT/Gel50%.

Table 2. BET Surface Areas and Pore Volume of HAp,
MMT, HAp/MMT 2:1, HAp/MMT 1:1, HAp/MMT 1:2,
HAp/MMT/Gel10%, HAp/MMT/Gel50%, and HAp/
MMT/Gel90%

material
surface area BET

(m2/g)
total pore volume

(cm3/g)

HAp 70.0012 0.416716
MMT 67.1447 0.143630
HAp/MMT 1:2 49.8723 0.181205
HAp/MMT 1:1 60.0685 0.273826
HAp/MMT 2:1 60.4725 0.366077
HAp/MMT/Gel10% 17.9675 0.146485
HAp/MMT/Gel50% 2.6453 0.025393
HAp/MMT/Gel90% 0.0067 0.001328
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polymeric materials, and the values of the ternary mixtures are
less than ± 30 mV, which presupposes that the presence of
gelatin destabilizes the system.44 The hydrophilic character-
istics of gelatin promote its dissolution in an aqueous medium,
and in addition, being an organic material, it is more sensitive

to pH changes compared to inorganic materials such as HAp
and MMT.
2.7. Scanning Electron Microscopy (SEM) Analysis.

The morphologies of the precursors, binary, and ternary
mixtures were evaluated by SEM and are presented in Figure 7,
and the composition was determined by EDS (these results are
not shown only discussed). HAp presents a nanometer particle
morphology with submicrometric-sized agglomerates (Figure
7a) composed of Ca, P, C, and O. MMT presents a flake-like
morphology between 1 and 2 μm in size that overlaps each
other (Figure 7b), composed mainly of Mg, Al, Si, K, C, and O.
These morphologies coincide with those reported in the
literature.10,45 In Figure 7c, the morphology of gelatin is
observed, in which agglomerates of thick nonporous sheet
structures of sizes around 4 μm are evidenced. SEM images of
the HAp/MMT 1:1, HAp/MMT 2:1, and HA/MMT 1:2
binary mixtures are shown in Figure 7d−f, respectively. HAp
over MMT is observed, which is consistent with that reported
by Laabd et al.46 As the amount of HAp in the binary mixtures

Table 3. Potential Values for MMT, HAp, Gelatin, and the
Composites Obtained

material Z-potential (mV)

MMT −20.5
HAp −1.8
Gel 5.07
HAp/MMT 2:1 −35.24
HAp/MMT 1:1 −38.6
HAp/MMT 1:2 −23.7
HAp/MMT/Gel10% −13.44
HAp/MMT/Gel50% −15.93
HAp/MMT/Gel90% −17.13

Figure 7. SEM of the materials (a) HAp, (b) MMT, (c) Gel, (d) HAp/MMT 2:1, (e) HAp/MMT 1:1, (f) HAp/MMT 1:2 (g) HAp/MMT/
Gel10%, (h) HAp/MMT/Gel50%, and (i) HAp/MMT/Gel90%.
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Figure 8. Platelet growth distribution: control sample min (a) 0, (b) 30, and (c) 60; HAp/MMT 1:1 min (d) 0, (e) 30, and (f) 60; and HAp/
MMT/Gel90% min (g) 0, (h) 30, and (i) 60.

Figure 9. Biocompatibility test results.
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increases, the MMT flakes are not as clearly observed due to a
higher amount of HAp grains over the surface. In the HAp/
MMT/Gel10% ternary mixture, shown in Figure 7g, the
morphology is of blocks of different sizes, and porosity is
evident, which agrees with the values obtained by BET for this
sample. As expected, for the sample HAp/MMT/Gel50%,
large agglomerates are more visible, and less porosity is
evident. For HAp/MMT/Gel90%, the surface is smoother due
to the predominance of gelatin (Figure 7i), which agrees with
the low pore volume value obtained by BET measurements.

The atomic percentages of each element obtained by energy-
dispersive X-ray Spectroscopy (EDS) for the samples with 10
and 50% gelatin, calculated as the mean of five points per
sample, are presented as follows.

For the HAp/MMT/Gel10% sample: C (40.68%), O
(43.37%), Al (3.19%), Si (4.83%), P (2.54%), and Ca
(4.67%) and trace amounts of Fe and Na.

For the HAp/MMT/Gel50% sample: C (62.92%), O
(24.20%), Al (5.01%), Si (3.81%), P (1.24%), and Ca
(2.40%) and trace amounts of Fe and Mg.

The HAp/MMT/Gel50% composite exhibits a higher
carbon concentration (at all analyzed points) compared to
that of HAp/MMT/Gel10%, as expected due to the increased
gelatin content. Notably, the region with the highest
percentages of Ca and P (associated with HAp) corresponds
to areas where smaller particles were detected, specifically
those highlighted in blue in Figure 7g,h.
2.8. Biological Tests. A platelet count study was

performed and is presented in Figures 8 and 9. It is observed
that all the composites have a stable platelet behavior with a
mean size of less than 5 μm33 demonstrating that there is no
platelet adhesion and suggesting that all these composites are
biocompatible. Figure 8 shows micrographs of platelet growth
(highlighted with red circles) for the control sample (8a, 8b,
and 8c), HAp/MMT (8d, 8e, and 8f), and HAp/MMT/Gel
(8g, 8h, and 8i) at 0, 30, and 60 min. For the control sample,
the expected behavior of platelets according to their natural
function is observed. For the binary mixtures, platelet adhesion
behavior is observed with pseudopodia less than 5 μm. In all
binary mixtures, the percentages of platelet size evolution
increase with time; however, none exceed 5 μm. It is also
observed that the percentage of platelet evolution in the
gelatin-containing composites is lower than the binary mixtures
at 60 min. This result may be due to the interaction of gelatin
with platelet membrane glycoproteins (GP) (GP Ia-IIa, GP IV,
GP VI, and GP V),47 which helps to promote platelet integrity
over time. This behavior indicates that both binary and ternary
mixtures have properties that make them suitable for
applications in bone regeneration, with favorability for ternary
mixtures. Several studies have shown that the ideal surface of a
biocompatible material should have oxygen groups, as this
reduces the number of bound platelets.47 Gelatin contains
various oxygen groups both in the peptide bond and in some of
the R-chains. This confirms the results obtained with the
gelatin-containing material (Figure 8).

Figure 9 shows in percentage the evolution of platelet size
for all the compounds whose behavior is illustrated in Figure 8.
The dotted lines indicate the limits of platelet size in the blood
(3 μm equals 100%) and the beginning of platelet adhesion
with pseudopodia (5 μm equals 166.67%). In the ternary
mixtures (10, 50, and 90%), a similar initial growth is evident
to that of the binary mixture. However, after 60 min, a decrease
in size is observed amounting to 28.37, 17.11, and 31.73%,

respectively. It should be noted that, in Figures 8 and 9 (as
indicated by the arrows), a trend is observed, when gelatin is
present, there is a decrease in platelets after 60 min, which
leads to the assumption that gelatin decreases platelet growth
and consequently the ternary composites are more biocompat-
ible than the other analyzed materials.

An ANOVA was performed at a significance level of α = 0.05
to determine if there are significant differences in platelet
diameter as a function of the two factors in the experiment:
sample type and interaction time of the material with the
platelets. The p-values obtained from the ANOVA, presented
in Table 4, indicate statistically significant differences in

interaction time (p < 0.05). In contrast, no significant
differences were observed regarding sample type (p > 0.05).
This suggests that, over time, the mean platelet diameter tends
to increase, which is consistent with this type of interaction.
However, it is important to note that in no case does the
diameter reach 5 μm, a critical value indicating the appearance
of pseudopodia in platelets. Additionally, all samples were
found to be biocompatible, which is a favorable outcome of
this analysis.

On the other hand, while the inclusion of gelatin results in a
lower negative charge compared to the binary mixture, as
observed in the Z-potential, it has also been reported to
enhance elasticity, flexibility, interaction with the extracellular
environment, and cell adhesion and proliferation.1

To verify the biomineralization capacity of the composites,
in vitro tests were carried out. The materials were immersed in
SBF at a temperature of 37.5 °C; after 14 days, the
mineralization ability of each material was evidenced. Figure
10 compares the morphological changes as an effect of the
treatment in SBF for HAp/MMT 1:2 and Hap/MMT/
Gel50%. The fact that the material interacts with SBF
promotes the formation of apatite crystals whose morphology
is needle-shaped, these crystals are observed growing on the
montmorillonite from the original hydroxyapatite. Olad et al.1

state that apatite formation in artificial materials is induced by
negatively charged functional groups, which further induce
apatite through the formation of amorphous calcium
phosphate.48 The HAp acts as a nucleation site,49 and the
MMT, by its negatively charged surface, generates a synergistic
effect with HAp to induce apatite formation. Once apatite
nuclei are formed, they can grow spontaneously by absorbing
calcium and phosphate ions from the surrounding fluid.

In this case, the fluid is SBF, which serves as the source of
calcium for this process. While the gelatin content in the
ternary mixture increases, its characteristic structure evidenced
in Figure 7i prevails. However, after SBF, a decrease in gelatin
crystals is observed due to the washing of the material after the
process and its hydrophilic nature. In addition, needle-like
crystals are observed on the surface of the material, confirming
the growth of apatite crystals due to the bioactive character-
istics of HAp.50 The arrows indicated in the micrographs
(green for the binary composite and red for the ternary

Table 4. Values Obtained from ANOVA

fuente DF SC MC F P

factor (Time) 2 28,997 14,498.6 26.98 0.000000002
factor (Sample) 8 5229 653.7 1.22 0.302427903
error 70 37,618 537.4
total 80 71,845
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composite) show that before SBF immersion slightly smoother
flakes are observed; the circles highlight the nucleation sites
where apatite formation has occurred after SBF immersion.

FTIR analyses were also performed on the gelatin samples
before the SBF test and 14 days later. Figure 11 shows the
results obtained. The presence of phosphate groups is evident
in the bands at 560 and 1100 cm−1. These bands are present
both before and after SBF, indicating that calcium phosphates
are present during the interaction with the fluid, allowing them
to bind to the Ca2+ ions present in the medium to form apatite.

These results are consistent with the SEM images showing
apatite formation after the SBF process.

Finally, for tissue regeneration to take place, it is necessary to
create an optimal environment that stimulates osteoblasts to
work.51 Thus, HAp provides the necessary mineral structure
for apatite formation, and gelatin, derived from collagen,
facilitates cell adhesion and proliferation, all of which induce
the formation of new apatite. In addition. On the other hand,
negative charges stimulate apatite formation,1 in this case, the
Z potentials of the composites show that they are negatively
charged, which favors the formation of new apatite. The
porosity parameter directly controls the mass transfer of
nutrients and metabolic waste products to the cells, as well as
aiding cell migration and vascularization.52 All these character-
istics are combined and favored in the 50% gelatin composite.

3. CONCLUSIONS
In this study, HAp/MMT composites were prepared at various
ratios of 1:1, 1:2, and 2:1. By TGA, the decomposition of the
different phases of the precursors was evidenced, which
indicates a physisorption between the components, which is
ratified by the isotherms, where a low adsorbate−adsorbent
interaction is evidenced. The structural changes presented in
the XRD patterns indicate an ionic exchange between Ca2+
from HAp with ions from MMT, which evidence the
interaction between both precursors. In addition, Z-potential
measurements showed that the prepared binary mixtures are
more stable to pH changes than their respective precursors,
which is beneficial for their application in biological systems. In
the platelet adhesion tests of the binary mixtures, a behavior

Figure 10. SEM of materials before and after SBF (a) HAp/MMT 2:1 before SBF, (b) HAp/MMT/Gel50% before SBF, (c) HAp/MMT 2:1 after
SBF, and (d) HAp/MMT/Gel50% after SBF.

Figure 11. FTIR spectra of HAp/MMT/Gel10%, HAp/MMT/
Gel90%, and HAp/MMT/Gel50% before and 14 days after SBF.
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with pseudopodia of less than 5 μm was observed, which is an
indication of their biocompatibility.

The 2:1 binary mixture was selected to obtain the ternary
mixtures since it presents a greater surface area because of its
greater amount of HAp precursor, which is characterized by
supporting the bone remineralization processes. A greater
number of nucleation points in the SBF test was evidenced in
SEM for this sample, which allows the formation of apatite on
the surface of the material.

In the comparison of the TGA results between the binary
and ternary mixtures, a greater decomposition of the organic
components of gelatin is evidenced in the ternary mixtures
compared to the inorganic components of MMT and HAp. In
the ternary mixtures, the growth of apatite crystals on the
surface of the material through SBF is confirmed, which
evidence its bioactive characteristics. The 50% gelatin ternary
mixture presents the best response in the biocompatibility tests
since it presents a similar behavior to the control sample (only
platelets). In addition, this sample has more gelatin than the
10% ternary mixture, which generates an affordable environ-
ment for interaction with the cell membrane and makes it a
potential tissue regenerative agent.

It is observed that the ternary mixtures are a possible
alternative in tissue regeneration, since over time there is a
lower percentage of platelet growth and because they have
biocompatible compounds from the extracellular matrix (HAp,
collagen), which allow the processes of mineralization of bone
tissue in biological systems.

4. EXPERIMENTAL SECTION
The following precursors were used to obtain the binary and
ternary mixtures: gelatin (humidity 11%), provided by the
company S.A.S GELCO, Juanchito Industrial Park, Colombia.
Montmorillonite was extracted from the Lıb́ano-Tolima mine,
a property of the company Bentominercol S.A.S., Colombia,
which was purified using sodium polyphosphate (Na5P3O10,
65%) and hydrochloric acid (HCl, 37%). Hydroxyapatite was
synthesized by the bottom-up method from calcium nitrate
(Ca(NO3)2.4H2O, 98%), ammonium dihydrogen phosphate
((NH4)H2PO4, 98%), and ammonia (NH3, 100%). All of these
reagents are of analytical grade (Merck Inc., Germany) and
were used without further purification. Type I distilled water
was used in all of the processes.
4.1. Process for Obtaining Montmorillonite. To purify

the clay, 10 g of MMT, 200 mL of water, and 150 μL of 5%
sodium polyphosphate (W/W) were mixed. The mixture was
stirred for 90 min at 1500 rpm, and the fraction suspended for
8 h was separated by adding a 2 M hydrochloric acid solution.
Subsequently, it was centrifuged at 4000 rpm for 10 min, and
the paste obtained was dried at 60 °C for 48 h and sieved on a
150 μm sieve.
4.2. Process for Obtaining Hydroxyapatite. Hydrox-

yapatite was synthesized through the Bottom-Up method with
the following precursor solutions: calcium nitrate Ca-
(NO3)2.4H2O at a concentration of 0.042 M, and ammonium
dihydrogen phosphate (NH4)H2PO4 at a concentration of
0.025 M. The precursor solutions were mixed in equal parts by
slowly adding the calcium solution to the phosphate solution,
with an agitation of 500 rpm and at a temperature of 37 °C ± 2
°C while adjusting the pH between 8 and 10 by adding 10%
ammonia (NH3). Subsequently, the solution was agitated for 3
h, and the pH was maintained and then allowed to stand for 48
h. After this time, it was washed with distilled water three times

and filtered to remove the ammonia. Finally, it was dried at 80
°C for 12 h and the mechanical grinding process was carried
out to reduce its size.53

4.3. Gelatin Hydrolysis Process. Gelatin was mixed with
type I water to obtain a 20% W/V solution. The gelatin
solution was heated to 60 °C, and NaOH was added until a pH
between 7.5 and 8.0 was reached. 0.3% of the enzyme
endopeptidase was added to hydrolyze the protein bonds, and
the solution was stirred for 5 h at 60 °C. Subsequently, the
enzyme was inactivated at 140 °C and refrigerated for 1h;
finally, a light brown solid was obtained, which was reserved
for subsequent preparations.
4.4. Steps for Obtaining the Composites. For the

preparation of the composites, two methods were referenced:
one in which HA and MMT are mixed,26 and another that
combines HA, MMT, gelatin, and chitosan through a multistep
process.1 In contrast, the proposed method simplifies the
process by mixing all three precursors in a single step. This
one-pot approach eliminates the need for reagents that could
compromise the biomaterial properties of the composite.
Although the process was initially performed in multiple stages,
it was eventually streamlined into a single step as the resulting
composite characteristics were found to be comparable.

Three glass flasks were used for the preparation of HAp/
MMT (2:1, 1:1, and 1:2), in each of which the precursors were
added according to the ratio to be used. These precursors were
suspended in an aqueous solution of 1/10 of type I water,
acidified with acetic acid (1% V/V), and shaken at 700 rpm for
24 h at 38 °C. They were left to stand for 1 h and filtered by
washing with a 1% NaCl solution and type I water. Finally,
they were dried at 35 °C and the resulting powder was
macerated.

The one-pot method was used for the preparation of the
ternary mixtures. Three glass flasks were used; in each one,
HAp, MMT (in 2:1 ratio), and 10, 50, and 90% (concerning
the total mass of the composites) of hydrolyzed gelatin were
added. These mixtures were placed in a 1/10 aqueous solution
(1:precursor and 10:type I water acidified with 1% acetic acid).
The mixture was stirred at 700 rpm for 24 h. The obtained
solid was dried at 35 °C and passed through a 150 μm sieve.
4.5. Characterization of Precursors and Composites.

For the chromatographic analysis of gelatin and its molecular
weight distribution, a Thermo U-Dionex HPLC instrument
with an ultraviolet (UV) detector was used. An XBridgea
BEH45O SEC column (3.5 mm particle size, 7.8 mm ID × 300
mm) was used at an oven temperature of 40 °C under isocratic
conditions using type I water as a mobile phase at a flow rate of
1.0 mL/min. UV detection was performed at 210 nm; the
analysis time was 20 min.

Structural characterization of the composites was carried out
with a Malvern-Panalytical Model Empyrean 212 X-ray
diffractometer (XRD), with Pixel 3D detector, Cu source
(lamda = 1.541 Ǻ) at 45 kV and 40 mA. The step was 0.05°,
and the time per step was 50 s. The vibrational modes were
obtained by FTIR with an OPUS TOUCH spectrophotom-
eter. The method used was attenuated total reflectance (ATR);
the resolution of the measurement was 4 cm−1 and in a range
between 4000 and 400 cm−1. Thermogravimetric analysis
(TGA) and differential scanning calorimetry (DSC) were
performed in a TGA/DTGA 5500 TA Instrument, from room
temperature to 1000 °C with a heating ramp of 10 °/min in an
air atmosphere. A Sortometro Micrometics, Model: ASAP
2020 PLUS using nitrogen as the adsorbate was used to obtain
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the desorption absorption isotherms. The sample pretreatment
was carried out at 150 °C for 500 min under high vacuum
conditions for degassing. The isotherm was performed in the
pressure range of 0.1−0.998 P/Po (30 points in adsorption
and 23 points in desorption). The reported data were
calculated using the BET method.

The Z-potential was determined using the Nano ZS,
Zetasizer, Nano Series, and Malvern Instruments with a 4
MW He−Ne laser (k = 632.8 nm) equipped with a
thermostated sample chamber. Ten mg of the sample were
dissolved in 10 mL of water and then sonicated for 10 min, to
improve the dispersion of the particles in the solution. All
measurements were taken with a dispersion angle of 0° at
room temperature. Morphological characterization was per-
formed by SEM with a Helios 5 PFIB CXe equipment
resolution: 0.6 nm at 30 kV, a Pathfinder Alpine EDS system,
and an UltraDry EDS Detector.

In the biocompatibility analysis, the platelet adhesion
protocol54 was applied. Five mL of blood and 200 mg of
each of the samples were used. To evaluate the biocompat-
ibility of the composites, a camera coupled to the best scope
BS-2052 biological microscope (ISO 10993-1) was used; the
platelets were counted; and their average size was determined
with the help of ImageJ software. The in vitro biomineralization
test using Simulated Biological Fluid (SBF) was performed
according to the protocol reported in ref 55. The temperature
used in the incubator was 36.5 ± 1 °C, and monitoring was
performed at 1, 3, 7, and 14 days by SEM and FTIR.
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M. O. Estudio de La Hidrofobicidad de La Caolinita de La Unioń,
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