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Abstract. Uncontrolled bleeding (hemorrhage) remains a critical concern in
trauma and surgical settings, often leading to multi-organ failure and mortality.
Gelatin-based sponges are widely used as hemostatic agents due to their excellent
biocompatibility and fluid absorption capabilities. However, their functionality
can be further improved. This study explores the enhancement of gelatin sponges
by incorporating monetite (CaHPOs), a calcium-based compound known to
stimulate coagulation through sustained calcium ion (Ca*) release. Composite
sponges containing 3%, 5%, and 10% monetite were fabricated via freeze-drying.
All samples exhibited interconnected porous networks (350-700 um) and
homogeneously dispersed monetite particles (520 pum). Increasing monetite
concentration reduced porosity, which affected both swelling behavior and
degradation kinetics. Swelling ratios for 0%, 3%, 5%, and 10% monetite sponges
were 1000%, 1300%, 1000%, and 900%, respectively. The addition of monetite
significantly slowed degradation, extending the material’s structural integrity up
to 48 hours. Calcium release was sustained, increasing from 1.3 ppm at 15
minutes to 2.0 ppm at 60 minutes. In vitro cytocompatibility assessment using
the MTT assay showed over 80% cell viability for all groups. These results
suggest that gelatin-monetite sponges combine structural durability with pro-
coagulant ion release, offering a biocompatible and effective hemostatic material
for rapid intervention in severe bleeding scenarios.

Keywords: Hemostasis, Gelatin Sponge, Monetite (CaHPO4), Ca ion release,
Biocompatibility.

1 Introduction

Uncontrolled hemorrhage remains a leading cause of preventable death among trauma
patients. In the United Kingdom, it accounts for approximately 50% of trauma-related
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fatalities [1-3]. Globally, trauma is responsible for over four million deaths annually,
with uncontrolled bleeding being a primary contributor to this mortality [4,5]. These
statistics underscore the critical need for effective hemostatic interventions to manage
bleeding promptly and improve survival outcomes in trauma care. The increasing inci-
dence of such injuries underscores the urgent demand for effective hemostatic materials
that not only stop bleeding rapidly but also support the healing process and minimize
complications.

Among the commercially available hemostatic agents, polypeptide-based (such as
collagen [6,7] and gelatin [8—10]) and polysaccharide-based (such as chitosan [11])
sponges are extensively used in clinical settings due to their biodegradability, porosity,
and ease of application [12,13]. These sponges function primarily by absorbing blood,
concentrating platelets and clotting factors, and accelerating the intrinsic coagulation
cascade [14]. Nevertheless, their utility remains limited in the context of high-pressure
arterial bleeding or in confined anatomical regions, such as in deep trauma or dental
sockets. Furthermore, the rapid swelling behavior of gelatin sponges can cause mechan-
ical compression on surrounding tissues, potentially exacerbating damage or inducing
nerve pressure [15].

To address these challenges, various studies have incorporated bioactive inorganic
materials—especially calcium-based additives—into biopolymer matrices to create he-
mostatic materials with active functionality. Calcium ions (Ca*") play a central role in
activating coagulation factors and thrombin generation, and their sustained release from
materials such as calcium carbonate or calcium phosphates has been shown to improve
clotting efficiency and wound healing [16—18]. Monetite (CaHPOs), a metastable and
resorbable phase of calcium phosphate [19], offers several advantages as a functional
additive in gelatin matrices. It not only releases calcium ions [20] to enhance coagula-
tion but also demonstrates high biocompatibility and acts as a modulator of keratinocyte
proliferation and differentiation—both essential for effective wound closure and re-ep-
ithelialization [21].

In addition to its hemostatic potential, monetite has been widely studied for its oste-
oconductive properties, making it particularly advantageous in dental and maxillofacial
applications where both bleeding control and bone regeneration are required. Monetite
has shown the ability to support osteoblast attachment, proliferation, and mineraliza-
tion, thereby facilitating bone tissue integration and regeneration [22-24]. This dual
functionality presents a promising approach for post-extraction sockets, periodontal
surgeries, or bone defect management, where bleeding and bone loss occur simultane-
ously.

Despite these promising attributes, there is a clear lack of research integrating
monetite into gelatin-based hemostatic sponges. This study aims to bridge that gap by
synthesizing and characterizing a novel gelatin-monetite composite sponge via freeze-
drying and thermal cross-linking methods. The research objectives are: (1) to evaluate
the morphological and chemical properties of the composite, (2) to assess its swelling
behavior, degradation rate, and calcium ion release profile under physiological condi-
tions, and (3) to verify its cytocompatibility for potential biomedical use.
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Through this study, we propose a multifunctional hemostatic material that combines
the passive blood absorption of gelatin with the active calcium-releasing and osteocon-
ductive properties of monetite, making it especially relevant for applications in surgery,
trauma, and dental care. The methodology includes sponge fabrication via freeze-dry-
ing, followed by comprehensive characterization using SEM, FTIR, swelling and deg-
radation tests, ion release studies, and biocompatibility evaluation.

2 Materials and Methods

2.1 Materials

The main materials used in this study were gelatin (from bovine skin, Type B, Sigma-
Aldrich, USA) and monetite (CaHPO4, Himedia, India). Distilled water and deionized
water were used as solvents throughout the preparation process.

2.2 Preparation of Gelatin-Monetite Sponge

For each formulation, 9 grams of total solids (gelatin and monetite combined) were
dissolved in 150 mL of distilled water to obtain a 6% (w/v) solution. Gelatin was
weighed and dissolved in distilled water using a magnetic stirrer in a beaker glass at
50-60 °C until completely solubilized. The gelatin solution was cooled to 50 °C and
transferred to a mixing bowl. Separately, monetite was dispersed in 50 mL of deionized
water and stirred using a magnetic stirrer for 2 hours to ensure uniform dispersion. The
monetite suspension was then added to the gelatin solution and thoroughly mixed. The
resulting mixture was vigorously stirred for 2 minutes to form a stable foam, expanding
to approximately 6—8 times its original volume. This foam was immediately transferred
into silicone molds (1 cm x 1 cm x 1 cm). The molds were placed at 4 °C for 1 hour to
stabilize the foam structure, followed by deep freezing at —80 °C for 24 hours. Freeze-
drying was performed using a freeze dryer set to —50 °C and 0.300 mbar for 48 hours.
After freeze-drying, the samples were subjected to thermal cross-linking in a vacuum
drying oven at 160 °C under atmospheric pressure for 3 hours. The final gelatin-
monetite sponges were stored in a dry box at room temperature until further character-
ization.

2.3 Scanning Electron Microscopy (SEM)

The morphology and internal pore structure of the gelatin-monetite sponges were ob-
served using Scanning Electron Microscopy (SEM). Prior to analysis, the samples were
mounted on aluminum stubs using carbon tape and coated with a thin layer of gold-
palladium (Au-Pd) using a sputter coater to enhance electrical conductivity and image
clarity. SEM imaging was used to examine pore size distribution and the dispersion of
monetite particles within the gelatin matrix.
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2.4  Fourier Transform Infrared Spectroscopy (FTIR)

FTIR was used to investigate the chemical interactions between gelatin and monetite.
Spectra were recorded in the range of 4000-500 cm™ to identify functional groups and
potential bonding changes due to composite formation.

2.5 Porosity Measurement

Porosity was assessed using the liquid displacement method with hexane as the non-
swelling, non-reactive displacement liquid. Sponges (1cm X lcm % 1cm) were
weighed before and after immersion in hexane under vacuum conditions to ensure com-
plete pore penetration. Porosity was calculated using the following equation :

Porosity (%) = 100 x % €))
Where Wf = weight after hexane saturation, Wi = initial dry weight, p = density of
hexane, and Vt = total volume (1 cm?).

2.6  Swelling test

Swelling tests were performed by immersing dried sponge samples in phosphate-buff-
ered saline (PBS) at room temperature. The swelling ratio was calculated at various
time intervals by measuring the weight difference before and after immersion.

2.7  Calcium (Ca) Ion Release

The release of calcium ions (Ca?") from the sponges was quantified at selected time
points (15, 30, and 60 minutes) using a calcium ion-selective method. The release pro-
file was used to evaluate the ability of monetite to provide sustained calcium ion deliv-

ery.

2.8 Degradation Test

To assess biodegradability, samples were immersed in PBS within multiwell plates and
incubated at 37 °C. Measurements were taken at 2, 4, 8, 16, 24, and 48 hours. After
each time point, samples were removed, transferred to dry multiwell plates, and freeze-
dried for 48 hours. The final dry mass was then recorded to evaluate the extent of deg-
radation over time.

2.9  Cytotoxicity Test

The cytotoxicity of the gelatin-monetite sponges was evaluated using the MTT assay
on HEK293 cells (ATCC CRL-3216). Cells were seeded into a 96-well plate at a den-
sity of 4000 cells per well in 100 puL of growth medium consisting of Dulbecco’s Mod-
ified Eagle Medium (D-MEM) supplemented with 10% fetal bovine serum (FBS),
100 U/mL penicillin, and 100 pg/mL streptomycin. After 24 hours of incubation at
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37 °C and 5% CO., the cells reached approximately 50% confluency, and material ex-
tracts were added to each well. The MTT assay was performed on day 3 following
extract exposure. A volume of 10 uL of MTT solution (5 mg/mL) was added to each
well, and the plate was incubated for 4 hours at 37 °C to allow the formation of forma-
zan crystals. Subsequently, the medium was removed, and the resulting crystals were
dissolved in ethanol. The absorbance was measured at 595 nm using a microplate
reader. Cell viability was calculated as a percentage relative to untreated control cells.

3 Results and Discussion

3.1 Morphological Analysis

SEM images, as shown in Fig.1, revealed a highly porous, interconnected sponge-like
structure in the control sample (pure gelatin), with pore sizes ranging from 350 to
700 um. The smooth surface of the pore walls confirmed the absence of inorganic filler,
reflecting a typical morphology of freeze-dried gelatin [25,26]. In contrast, the incor-
poration of monetite at concentrations of 3%, 5%, and 10% resulted in visible micro-
structural changes. Monetite particles, sized between 5 and 20 pm, were clearly distrib-
uted within the gelatin matrix and appeared to be well-integrated in the polymer net-
work. At higher concentrations, monetite tended to cluster, resulting in a denser micro-
structure and a slight reduction in average pore size. These changes are indicative of
the space-filling effect of monetite and its influence on the internal architecture of the
sponge.

Elemental composition analysis using EDS (Fig.1) further confirmed the successful
incorporation of monetite. While the control sponge showed dominant peaks corre-
sponding to carbon (C), oxygen (O), and minor nitrogen (N)—attributable to the or-
ganic nature of gelatin[26]—the presence of monetite was validated by increasing in-
tensity of calcium (Ca) and phosphorus (P) peaks in the modified samples. The Ca and
P signals, which intensified progressively from 3% to 10% monetite, are consistent with
the elemental signature of monetite (CaHPO.) [24,27] and support its dose-dependent
distribution within the composite. The Ca/P ratio observed remained within the theo-
retical range for monetite, suggesting that no phase transformation occurred during the
fabrication process.
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Fig. 1. SEM micrographs and EDS spectra of gelatin-monetite sponges at different
monetite concentrations.

3.2  Porosity

The graph in Fig.2 showed the relationship between monetite concentration and the
porosity of gelatin-monetite sponges. As shown, porosity decreases with increasing
monetite content. The pure gelatin sponge exhibits the highest porosity at approxi-
mately 40%. Upon the incorporation of 3% and 5% monetite, porosity drops to around
35% and 32%, respectively. Interestingly, at 10% monetite, the porosity appears to sta-
bilize, showing a slight increase to about 33%, but remains lower than the control.
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Fig. 2. Porosity of gelatin-monetite sponges as a function of monetite concentration.

This trend is consistent with the SEM observations, which revealed a transition from
highly open, interconnected porous structures in the control sample to denser micro-
structures in monetite-containing composites. The monetite particles, observed to be
evenly dispersed at lower concentrations and increasingly clustered at higher concen-
trations, occupy the pore spaces within the gelatin matrix. This occupation likely re-
duces the void volume, explaining the corresponding decline in porosity.

Furthermore, the slight increase in porosity at 10% monetite may result from the
non-uniform packing and agglomeration of monetite particles, as seen in the SEM mi-
crographs (D2). These clusters may create irregular voids or microgaps at higher load-
ings, contributing to the minor increase in porosity despite overall densification.

3.3 Chemical Characteristics

The FTIR spectra (Fig.3) show that pure gelatin displays characteristic peaks at
~3280 cm™ (N-H stretching), ~2930cm™ (C-H stretching), ~1640 cm™ (amide I),
~1540 cm™ (amide II), and ~1230 cm™ (amide III) [28]. After thermal crosslinking,
these peaks remain with slight intensity reduction, indicating preservation of gelatin’s
structure. In the gelatin-monetite composites (GelMon3, GelMon5, and GelMon10),
additional peaks appear around 1040-1120 cm™, 960 cm™, and 560—600 cm™, corre-
sponding to phosphate (PO4*") vibrations from monetite [29]. The increasing intensity
of these peaks with higher monetite content confirms successful incorporation.

No significant shifts in the amide bands were observed, suggesting that the interac-
tion between gelatin and monetite is physical rather than chemical. These results indi-
cate that monetite is embedded within the gelatin matrix without altering its backbone,
contributing phosphate functionality while maintaining the original properties of gela-
tin.
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Fig. 3. FTIR spectra of gelatin before and after crosslinking, and gelatin-monetite
composites with varying monetite concentrations (3%, 5%, and 10%).

3.4  Swelling behaviour

The swelling behavior of the gelatin and gelatin-monetite sponges shows a clear trend
within the first 10 minutes of immersion (see Fig.4). The pure gelatin sponge exhibits
arapid swelling response, reaching a swelling degree equivalent to 10 times its original
weight (~1000%). However, the incorporation of monetite leads to a progressive de-
crease in swelling capacity. At monetite concentrations of 3%, 5%, and 10%, the swell-
ing degrees decrease to approximately 700%, 600%, and 400%, respectively.
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Fig. 4. Swelling behavior of gelatin and gelatin-monetite sponges over 180 minutes.

This decreasing trend is strongly associated with the reduction in porosity, as previously
observed in the porosity measurements and SEM images. Monetite particles occupy
part of the internal pore space, reducing the free volume available for water uptake and
restricting the material's ability to expand. The denser morphology and reduced pore
interconnectivity hinder rapid fluid infiltration, which is essential for the initial swelling
phase [30].

While pure gelatin offers high swelling due to its open porous structure, the con-
trolled swelling introduced by monetite provides mechanical advantages in biomedical
applications where excessive expansion may be detrimental—such as in confined tissue
environments or surgical sites.

35 Calcium Ion Release

The calcium ion (Ca*") release profile of gelatin-monetite sponges was monitored at
time intervals of 15, 30, 45, and 60 minutes. As shown in Fig. 5, all formulations
(GelMon3, GelMonS5, and GelMon10) exhibited a gradual and sustained release of cal-
cium ions over time, beginning with an initial burst followed by a slower incremental
increase. This release behavior corresponds to the swelling dynamics of the gelatin ma-
trix, as water uptake facilitates the diffusion of calcium ions from embedded monetite
particles into the surrounding medium.

At the early stage (15 minutes), Ca** content reached approximately 1.3 ppm across
all samples, indicating a rapid onset of ion diffusion initiated by water absorption. By
60 minutes, the Ca?" concentration increased progressively: GelMon3 and GelMon5
reached ~1.9 ppm, while GelMon10 exhibited the highest release (~2.1 ppm). This
trend aligns with the increasing monetite content, as a higher amount of monetite pro-
vides a greater reservoir for calcium ion release.
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Fig. 5. Calcium ion (Ca?") release from gelatin-monetite sponges measured at 15, 30,
45, and 60 minutes

However, the difference between GelMon5 and GelMon10 was not statistically signif-
icant, suggesting that beyond a certain concentration, the release rate may plateau due
to saturation effects or limited diffusion through the denser matrix. This phenomenon
is further explained by the swelling data, which showed that higher monetite concen-
trations corresponded to reduced porosity and lower swelling ratios. Specifically,
GelMonl10 exhibited lower swelling (~400%) compared to GelMon3 (~700%), which
may restrict water penetration and limit ion diffusion despite higher monetite content.

The observed sustained release of calcium ions (Ca?")—rising from 1.3 ppm at 15
minutes to 2.0 ppm at 60 minutes—is a critical feature in activating the intrinsic path-
way of the blood coagulation cascade [31]. Calcium ions serve as essential cofactors in
several stages of clot formation, particularly in the activation of factors II (prothrom-
bin), VII, IX, and X [32,33]. The controlled release ensures that clotting is not only
initiated quickly but also sustained, which is particularly important in cases of severe
or diffuse bleeding.

Beyond hemostasis, the release of calcium ions also plays a key role in bone regen-
eration. Calcium signaling is known to stimulate osteoblast differentiation and bone
matrix mineralization [34,35]. Monetite itself, being a resorbable calcium phosphate,
can support osteoconduction, acting as a scaffold that promotes bone ingrowth.

3.6 Degradation Behaviour

The degradation profile of the gelatin and gelatin-monetite sponges over 48 hours re-
veals a clear trend influenced by monetite concentration, as shown in Fig. 6. The pure
gelatin sponge (Gel/Mon0) and the composite containing 3% monetite (Gel/Mon3) ex-
hibited rapid degradation, reaching complete weight loss (~100%) within 24 hours of
immersion. This rapid breakdown aligns with the inherently high hydrophilicity and
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loose network structure of gelatin, which facilitates water infiltration and matrix disin-
tegration.

In contrast, sponges containing 5% and 10% monetite (Gel/Mon5 and Gel/Mon10)
demonstrated significantly slower degradation, with residual weights of approximately
10% and 30%, respectively, even after 48 hours. The prolonged degradation observed
in these composites is likely attributed to the increase in material density and reduced
porosity, as previously confirmed through SEM and porosity measurements. Higher
monetite content results in a denser matrix, which limits water penetration and delays
hydrolytic breakdown of the gelatin network.
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Fig. 6. Degradation profile of gelatin and gelatin-monetite sponges over 48 hours of
immersion.

3.7  Calcium ion release mechanism: Interplay between Swelling and
Degradation

The release of calcium ions (Ca?*) from the gelatin-monetite sponge might be primarily
governed by the matrix’s swelling and subsequent degradation behavior. Upon immer-
sion in an aqueous environment, the gelatin sponge rapidly absorbs water, triggering an
expansion of the polymer network—a process known as swelling [36]. This swelling
increases the mobility of water molecules within the matrix and creates diffusion chan-
nels through which calcium ions, originally embedded in the monetite phase, can begin
to migrate out of the scaffold [37] and into the surrounding medium.

As illustrated in Fig.7, this initial swelling phase enables the onset of Ca** release,
which continues progressively over time. The rate and extent of ion release are influ-
enced by the degree of swelling, which in turn is modulated by porosity and monetite
content. In the early stages (within the first hour), the gelatin network remains structur-
ally intact but hydrated, allowing for a sustained release of calcium ions.
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Swelling Degradation
Fig.7. Schematic representation of the mechanism of calcium ion release from gelatin-

monetite sponges, governed by the swelling and degradation behavior of the gelatin
matrix.

After approximately 2 hours, the gelatin matrix begins to undergo and hydrolytic deg-
radation, as evidenced in the degradation study. This breakdown of the polymer chains
further facilitates the liberation of any remaining Ca?" ions by dismantling the physical
barriers within the matrix. The degradation not only completes the ion release process
but also contributes to the material’s resorbability—an important characteristic for bi-
omedical applications.

The findings highlight a two-phase release mechanism: (1) diffusion-driven Ca*" re-
lease during swelling, and (2) degradation-enhanced release as the matrix disintegrates.
This controlled release behavior, coupled with rapid fluid uptake and bioactive ion de-
livery, underscores the potential of monetite-incorporated gelatin sponges as effective
hemostatic agents, particularly in applications requiring both hemostasis and bioactiv-
ity for wound healing.

3.8 Cytotoxicity Evaluation

The cytotoxicity results, evaluated via cell viability assays, demonstrate that all sponge
formulations—both pure gelatin (Gel/Mon0) and those incorporated with monetite
(Gel/Mon3, Gel/Mon5, Gel/Mon10)—exhibited cell viability above 70%, with values
ranging from 74.23% to 79.23%, as shown in Fig. 8. These results indicate that all
tested samples fall within the range considered non-cytotoxic and safe for cell prolifer-
ation, according to ISO 10993-5 standards [28]. Notably, the highest viability was ob-
served in Gel/Mon10 (79.23%), suggesting that the presence of monetite does not in-
duce toxic effects and may even promote a favorable environment for cell growth, po-
tentially due to the release of bioactive calcium ions. The data affirm that the gelatin-
monetite sponges are biocompatible and suitable for further biomedical applications,
particularly for wound-contact materials such as hemostats.
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Fig. 8. Cell viability (%) of gelatin and gelatin-monetite sponges as determined by cy-
totoxicity assay.

4 Conclusions

This study successfully developed and characterized gelatin-based hemostatic sponges
incorporated with varying concentrations of monetite (CaHPO4). The incorporation of
monetite was shown to significantly influence the physicochemical and biological prop-
erties of the composite sponges. SEM and EDS analyses confirmed the uniform distri-
bution of monetite particles within the gelatin matrix, while FTIR spectra demonstrated
that the interaction between gelatin and monetite was physical, preserving the func-
tional groups of both components. Porosity measurements revealed a decline in poros-
ity with increasing monetite content, which correlated with reduced swelling capacity
and slower degradation rates.

Swelling tests showed that gelatin-monetite sponges absorbed water rapidly, with
the highest swelling ratio observed in GelMon3. However, higher monetite content
(GelMon5 and GelMon10) led to reduced swelling due to increased material density.
Calcium ion release studies indicated that Ca*" diffusion was governed by the swelling
behavior of the gelatin matrix and further enhanced during matrix degradation, which
began after approximately 2 hours of immersion. This two-phase release mechanism
supports the material’s potential as a bioactive hemostat. Degradation profiles con-
firmed that higher monetite content extended the material's structural integrity, with
GelMonl0 exhibiting 30% residual mass after 48 hours. Cytotoxicity evaluation re-
vealed that all samples, including those containing monetite, maintained cell viability
above 70%, indicating non-toxicity and confirming their biocompatibility.Taken to-
gether, these findings demonstrate that gelatin-monetite sponges possess a combination
of rapid fluid uptake, sustained calcium ion release, controlled degradation, and cyto-
compatibility—properties essential for an effective hemostatic material. Therefore, the
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gelatin-monetite composite sponge represents a promising candidate for further devel-
opment as a multifunctional hemostat for surgical and dental applications.
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