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Abstract

This study presents a novel and sustainable approach for the fabrication of

electrospun cellulose acetate (CA)/calcium oxide (CaO) composite fibers by

utilizing bioactive CaO nanoparticles derived from calcined waste eggshells
as an eco-friendly inorganic filler for advanced biomedical applications.

CA/CaO composite solutions were prepared by mixing CaO powder of various

proportions into a 10% CA solution and processed via electrospinning to

produce composite fibers. The findings confirm the successful transformation
of calcium carbonate (CaCOs) into CaO through thermal calcination process.

CaO particles were successfully incorporated into the fibers, with the median

fiber diameter decreasing after CaO incorporation. Among the investigated

samples, the CA/CaO composite fibers containing 2-6 wt% CaO showed the
most favorable properties, providing a balance between fiber diameter,
morphology, controlled and gradual calcium release in prepared phosphate-
buffered saline (PBS), and chemical stability in prepared simulated body fluid

solution (SPF).The hydrophilicity and water spreading behavior were



improved by the incorporation of CaO particles, as evidenced by the
reduction in the contact angle to 60° compared with 81° for pure CA fibers.
These results highlight an emerging method for producing novel
biodegradable CA/CaO polymer composites with adjustable properties and
enhanced hydrophilicity, providing a basis for future investigations of their

suitability for biomedical applications.
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Introduction

Scientists are increasingly focused on creating novel biomaterials for
biomedical application through using natural and biowastes materials rather
than expensive synthetic substances and dangerous chemicals 1-3. These
materials are designed to imitate natural systems by promoting cell adhesion,
growth and specialization, and ensure compatibility with natural environment
4-6

Electrospinning, a spinning technique, has been established as versatile and
straightforward method to produce thin fibers from polymer solutions using
electrostatic forces. Spun fibers offer several advantages such as an
extremely high surface-to-volume ratio, tunable porosity, malleability to
conform to a wide variety of sizes and shapes and the ability to control the
nanofiber composition to achieve the desired results from its properties and
functionality 7-8. Electrospun fibers have been widely investigated in the past
several years for their use across a wide range of areas, such as
nanocatalysis, tissue engineering scaffolds, protective clothing, filtration,
biomedical, pharmaceutical electronics, healthcare, biotechnology, defense
and security, and environmental engineering %190, In recent years, there has
been an increasing interest in exploiting this technology to fabricate
nanofibrous scaffolds that mimic the extracellular matrix and improve
cellular infiltration, nutrition diffusion, and vascularization. Electrospun

scaffolds from natural polymer materials possess several benefits, including



the ability to release antibiotics, bioactive minerals, and growth factors, thus
enhancing osteogenesis, preventing infections, and facilitating tissue
integration 11-14,

Despite encountering limitations of natural materials in mechanical strength
and hydrophilicity, these challenges can be addressed through chemical
modifications and surface treatments. Natural polymers such as cellulose
acetate (CA) can be engineered to obtain structural support, making them
promising candidates for repairing and bone regeneration 1516,

The biological performance and bioactivity of electrospun CA scaffolds can
be enhanced by fillers incorporated. Utilizing waste-derived fillers has
emerged as an effective method to enhance polymer properties, offering an
eco-friendly and cost-effective way to convert biowaste while also
incorporating essential minerals into composite systems. Among these
biowaste fillers, calcium oxide (CaO) derived from waste eggshells is
particularly attractive as a bioactive ceramic additive due to its cost effective,
biocompatibility, osteoconductivity, and capacity to stimulate bone
regeneration. Waste eggshells are one type of agricultural waste that is
released from food processing enterprises in large quantities, primarily
consist of 94-97% calcium carbonate CaCO3 can be easily converted into CaO
through simple thermal treatment without the use of any chemical. This
method can be considered a green synthesis and environmentally friendly
route as no chemical reagent is used 1718, Incorporated CaO into polymer
matrices promotes the formation of hydroxyapatite upon contact with
physiological fluids, thus boosting the bioactivity of the scaffold.
Furthermore, its alkaline properties enhance osteoblast attachment, growth,
and differentiation. In addition to its antimicrobial activity, CaO also reduces
the risk of infections in various wound settings, including those that are
postoperative and chronic 19. Integration of CaO into biodegradable polymers
such as CA leads to enhancement of mechanical strength, regulate
degradation rates, and improve surface wettability 20. There are many

attempts to develop biopolymer composites incorporating bioactive fillers for



biomedical applications 21-24, For example, Canales et al. 25 developed novel
electrospun scaffolds based on poly (lactic acid) PLA scaffolds reinforced with
10 and 20 wt% eggshell-derived CaO nanoparticles showed a significant
improvement in mechanical properties of resultant composite. They
demonstrated that the addition of CaO improved bioactivity by promoting
hydroxyapatite formation and provided antibacterial activity. In this work,
varying concentrations of CaO (2-10 wt%) were incorporated into a 10 wt%
CA solution. The novelty of this study lies in the development of sustainable
and biodegradable electrospun cellulose acetate/calcium oxide (CA/CaO)
composite fibers utilizing CaO derived from waste eggshells as a low-cost and
eco-friendly bioresource. Unlike conventional synthetic inorganic fillers, the
present work demonstrates the successful conversion of waste eggshell-
derived calcium carbonate into bioactive CaO through thermal calcination
and its effective incorporation into electrospun CA fibers with homogeneous
morphology and controlled fiber diameter. The addition of CaO particles
enhanced both the hydrophilicity and the water spreading characteristics.
This work highlights a promising strategy for valorizing biowaste materials
into high-value biomedical commposites through electrospinning technology.
Furthermore, the fabrication of these CA/CaO composites provides a platform
for future investigations into the influence of CaO on the structural, thermal,
and functional properties of composite materials. By tailoring their surface
properties and structural integrity, these composites may be considered
promising candidates for further evaluation in bone tissue engineering and
other regenerative medicine applications.

Materials and methods
Materials
Cellulose acetate (CA, Mn = 30,000, 39.8% acetyl groups, Sigma Aldrich)

employed as biopolymer matrices. Acetone (99.9% Fisher Chemical) Finland
used as the solvent. All compounds were utilized as received, without any
further purifying procedures. Distilled water was used throughout the entire

experiment.



Preparation and synthesis of CaO from waste eggshells

Waste eggshells from chicken eggs were collected and rinsed multiple times
with tap water to remove organic material and dried at room temperature.
Then clean eggshells were crushed and milled in a ball mill and sieved with
a mesh size of 40 pym to achieve sample uniformity. Finally, the resultant
powder underwent thermal calcination in a furnace (DENKAL 4-K/1100,
KALORIA Hétechnikai Kft, Hungary) at 900 °C for 12 hours, enabling the
transformation of CaCOs to CaO by thermal decomposition. The resultant
powder cooled to ambient temperature and was stored in a sealed container
to minimize moisture effects.

Preparation of CA/CaO solutions for electrospinning

Spinning solutions were prepared by dissolving CA powder in acetone at 10%
and stirring at room temperature until a clear, homogeneous viscous solution
was formed. Although acetone is a highly volatile solvent, it was selected due
to its excellent solubility for cellulose acetate and its ability to promote rapid
solvent evaporation during fiber formation. Consequently, CaO particles were
added at varying concentrations of (0, 2, 4, 6, 8 and 10 wt%) to the 10% CA
solution. The mixtures were prepared under continuous magnetic stirring to
promote homogeneous dispersion within the polymer solution prior to
electrospinning.

The prepared solution was subsequently loaded into a 10 mL plastic syringe
and subjected to electrospinning using a standard vertical configuration
(Electrospinning equipment model NE100 from Inovenso Electrospinning
Co., Turkey). A stainless-steel needle with an internal diameter of 0.95 mm
was connected to each syringe, and the solution was dispensed at a regulated
flow rate with the help of a syringe pump. During electrospinning of pure CA
solution a high voltage of 20 kV was applied between the needle and the
aluminum foil-covered static collector, placed at a fixed distance of 12 cm
from the needle tip with a flow rate of 1.0 mL/h. Whereas each composite
solution was electrospun under optimized conditions of an applied voltage of

20 kV, a tip-to-collector distance of 10 cm, and flow rate of 1.5 mL/ h to



account for their higher viscosity. The electrospinning conditions were
adjusted to achieve stable jet formation and continuous fiber production with
minimal defects. All electrospinning experiments were carried out at ambient
temperature and atmospheric pressure. The resulting fibrous mats of pure
CA and composite fiber containing varying CaO contents, were used to
investigate the effects of filler concentration on fiber morphology, structure,
and potential functional properties.

Characterization methods

Scanning electron microscopy (SEM)

The morphological properties of raw eggshell powder, CaO powders, pure CA
fibers, and CA/CaO composite fibers were examined using field-emission
scanning electron microscopy (FE-SEM; Thermos Scientific Scios2, Waltham,
MA, USA). The elemental composition and distribution were evaluated using
Energy-Dispersive X-ray Spectroscopy (EDS; Oxford Instruments X-MaxN
detector, Abingdon, UK).

Fourier transform infrared spectroscopy (FTIR)

Infrared spectroscopic investigation was performed using the attenuated
total reflection (ATR) technique. A Varian Scimitar 2000 FT-IR spectrometer
(Varian Inc., Palo Alio, CA, USA) equipped with an MCT (mercury-cadmium-
telluride) detector was used and fitted with a ‘Golden Gate’ single reflection
diamond ATR unit (Specac Ltd., Cray Ave, Orpington, UK). All spectra were
collected with a nominal resolution of 4 cm~! by the co-addition of 128
individual spectra. Before spectral evaluation, ATR correction was
performed.

X-ray diffraction analysis (XRD)

CaO phases present in calcined eggshells and CA/CaO composite fibers were
analyzed by X-ray diffraction (XRD; Bruker AXS D8 Discover, Karlsruhe,
Germany), equipped with a Cu Ka radiation source (A = 0.154 nm), a Gobel

mirror, and a scintillation detector. The instrument was operated at 40 kV



and 40 mA. Phase identification and crystallographic analysis were carried
out using Diffract Eva software (Bruker AXS).

Contact angle

The wettability of electrospun mats was evaluated through contact angle
measurements. Distilled water was used as the test liquid. Approximately 2
pL of distilled water was dispensed onto each fiber mat for measurement.
Five seconds after stabilization, droplet images were captured and analyzed
using Image] software to measure the contact angle by marking points along
the droplet. The software then computed a best-fitting tangent to calculate
the contact angle perimeter 26, Each measurement was repeated three times
to ensure accuracy and reproducibility.

Leaching test

To evaluate the release of calcium ions, the fibers composite was immersed
in prepared phosphate-buffered saline (PBS), which was prepared by
dissolved reagent listed in (Table 1) in approximately 800 mL of distilled
water, following the standard formulation 27-29. The solution was stirred until
complete dissolution, and the pH was adjusted to 7.4 at room temperature
using 1 M HCI. The final volume was then adjusted to 1 L with distilled water.
CA/CaO fibers comnosite containing 2, 4, 6, 8, and 10 wt% CaO were
immersed in prepared PBS solutions for durations of 1, 7, and 14 days. At
each interval, the fibers were removed and the solutions in which they were
immersed were collected to determine the concentration of Ca ion. In
addition, the pH of the immersion solution was measured at each time point
using a calibrated digital pH meter to monitor alkalinity changes associated
with CaO dissolution and ion release. The solutions were passed through a
0.45 pm syringe filter. Following filtration, the samples were acidified with
concentrated HNO3 and topped up to 10 mL by adding 8.9 mL distillated
water and 0.1 mL of tested solution. Then, the samples diluted tenfold were
analyzed using a PerkinElmer Avio 200 ICP-OES analytical methods at
different time intervals.

Table (1) Composition of phosphate-buffered saline



Component | Amount (g/L)
NacCl 8.0

KCl 0.2

Na2HPOa4 1.44

KH2POu4 0.24

Immersion test

Simulated body fluid (SBF) was prepared according to the Kokubo protocol
to reproduce the ionic composition of human plasma 39. The reagent (Table
2) sequentially dissolved in distilled water under continuous stirring at 36.5-
37 °C, and the pH was adjusted to 7.40 at 37 °C using 1 M HCI. The solution
was diluted to 1 L with distilled water and stored at 4 °C until use. CA/CaO
fibers composite were immersed in SBF for 1, 7, and 14 days. The formation
of calcium phosphate layers on the fiber surfaces was evaluated using SEM
of the composite fibers in a simulated physiological environment.

Table (2) Composition of simulated body fluid (SBF)

Component Amount

(g
NaCl 1 8.035
NaHCOz | 0.355
KCl 0.225

._EZH}I)4-3H20 0.231
MgCl2-6H-0 | 0.311

CaClz 0.292
Na2504 0.072
Tris 6.118

Results and discussion

Morphology and structure analysis of raw and calcinated eggshells

A morphological comparison of eggshell powder before and after calcining at
900 °C for 12 hours is shown in (Fig. 1a, and 1b). Uncalcined eggshell powder
is characterized by irregular, angular particles with sharp edges and
heterogeneous surface textures. The structure are generally dens compact
have varying particle size, and agglomerate. Calcination modifies the
morphology of eggshell particles, as illustrated in (Fig. 1b). The structure

attains a granular and porous form, defined by uniform particle sizes and an



interlinked skeletal structure. The observed increase in surface area and
roughness further confirms the thermal decomposition of CaCOs into CaO.

The resultant morphology is consistent with earlier reports 31-33,

The elemental composition of the prepared CaO was confirmed using Energy-
dispersive X-ray spectroscopy (EDS). The (EDS) displayed in (Fig. 1c)
indicates phase change in calcinated eggshells which consist of calcium (Ca),
oxygen (O), and small levels of magnesium (Mg) and sulfur (S) may represent
residual contaminants inherently found in the raw eggshell matrix as
illustrated in Table (3). These trace elements, for example Mg, have a
significant impact on the promotion of osteogenesis and angiogenesis by
acting as one of the positively charged substitutes for calcium in the calcium

phosphate structure 34.

Table (3) Element composition of raw and calcined eggshell

Element Raw eggshell —!_Cglcined
weight% eggshell
weight%
C | Jﬁ_ﬂ_ 39 12.24
O "\ 48.09 56.09
_Ci ) 18.45 30.88
_1/1'.3 0.23 0.58
N 1.31 | -
P 0.09 trace
S 0.37 0.08
Na 0.09 trace
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Fig. 1. Surface morphology of (a) untreated eggshell and (b) treated eggshell
powder subjected to a temperature of 900°C for 12 hours (c) EDS elemental
maps of treated eggshell powder (d) XRD patterns for untreated and
thermally treated eggshells.

Furthermore, the XRD analysis verifies the successful conversion of calcite-

based eggshells into CaO (JCPD 01-082-1690). The XRD pattern of the
untreated eggshell clearly revealed CaCO:s in its calcite crystalline form, with
characteristic diffraction peaks at 26 = 23°, 29.4°, 36°, 39°, 43°, and 47°.

These peaks clearly indicate that raw eggshells mainly consist of crystalline



CaCO3; with small amorphous content or secondary phases. Calcination
induced phase transformation in the diffraction pattern. The primary
constituents of calcined eggshells are CaO and calcium hydroxide (Ca (OH);)
(JCPD 00-044-1481). The presence of CaO peaks at 20 = 23°, 27°, 37°, and
45° suggests that CaCOs has been efficiently decomposed to CaO through
thermal treatment 3°. It is thought that Ca(OH): is produced due to the partial
hydration of CaO when it is managed or encounters the moisture in the air
following calcination 17. Based on the observed morphological changes,
elemental profile and XRD analysis, it is evidence that the chosen calcination

parameters (900 °C for 12 h) effectively decompose CaCOs3 to high-purity CaO
35

Morphology analysis of CA/CaO composite fibers

The characteristics of CaO derived from eggshell waste by calcination render
particles suitable for reinforcing the fiber siructure of pure CA, as they
possess increased surface area, porosity, and regularity in structure.

The effect of CaO incorporation on fiber uniformity, diameter, and structural
integrity is clearly observable in (Fig. 2). At CaO concentrations of 2%, 4%,
and 6%, the SEM of those groups showed uniform dispersion and distribution
of CaO particles within the fiber matrix without evident agglomeration or
structural defects. The CaO particles were well-dispersed, and their small
size did not disrupt the electrospinning process, allowing for the formation of
continuous, well-formed fibers despite the minor increase in surface
roughness. SEM analysis, therefore, confirmed the successful fabrication of
uniform CA/CaO composite fibers with CaO loadings of 2-6 wt.%,
demonstrating that the selected solvent system and processing conditions
were effective for achieving adequate particle dispersion and stable
electrospinning. A study by Minchow et al.36 showed that the fibers
preserved their structural integrity when electrospun from polymer matrices

containing low concentration s of the incorporated filler.



At a CaO loading of 8%, significant morphological changes were observed.
Although the fiber network remains mostly intact, there is an increase in
surface irregularities, and clear signs of CaO particles clustering on or within
the fiber surfaces, as highlighted by the red box. Localized bulges and defects
are formed by these accumulations, disrupting fiber continuity. An
electrospinning process with 10% CaO loading becomes highly unstable, as
evidenced by the SEM image displaying extensive beading, fiber coalescence,
and large CaO agglomerates. Red arrows pinpoint major sites where CaO has
accumulated and caused structural deformation. This high loading effect on
the viscosity of the polymer solution and the stability of the electrospinning
jet, resulting in fiber fusion and particle sedimentation 37. The resulting
nonuniform fiber networks, exhibit bead formation, and show signs of

precipitation of CaO particles.
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Fig. 2. SEM and EDS analysis of pure CA fibers and CA/CaO composite fibers
with different loadings of CaO concentration 2%, 4%, 6%, 8%, and 10%.



The EDS analysis clearly illustrates the effective integration of CaO into the
CA matrix, as shown in (Fig. 2). The EDS show only C and O peaks in pure
CA, while a weak Ca signal emerges at 2% CaO. From 4% onward, Ca peaks
become well defined and intensify as loading increases, the inorganic phase
is effectively integrated and evenly distributed within the polymer matrix.
This indicates that at higher concentrations, CaO not only exists but also

becomes increasingly prominent in the composite structure.

The influence of CaO incorporation on the diameter of electrospun CA fibers
is presented in (Fig. 3). A clear trend was observed that increasing CaO
content results in a progressive reduction in fiber diameter. Pure CA fibers
(Fig. 3a) display a broad diameter distribution, with a mean of 875 nm, which
falls within the range of values reported in the literature 3839, A stable jet
generally promotes the formation of continuous fibers with moderate
uniformity. The incorporation of CaO results in 2 marked reduction in fiber
diameter. At a load of just 2% CaO, the average fiber diameter decreases to
687 nm (Fig. 3b). The decreasing trend continues with CaO additions, which
reaches 526 nm at 4% and 330 nm at 6%. The gradual decrease in fiber
diameter with increasing CaO content may be attributed to the increased
electrical conductivity of the electrospinning solution caused by CaO
particles. Higher conductivity enhances electrostatic stretching of the
polymer jet during electrospinning, resulting in thinner fibers. Additionally,
the dispersion of CaO particles may affect polymer chain interactions and jet
stretching behavior, further influencing fiber formation.40.41,

A mean fiber diameter of 277 nm has been determined at 8% CaO loading,
suggesting that this concentration may be close optimal for producing
ultrafine and uniform fibers. However, as shown in the SEM images (Fig. 2),
the onset of CaO particle accumulation within the fiber matrix becomes
apparent at this stage. Although the reduction in diameter is desirable, this
localized accumulation may slightly affect the surface morphology and overall

fiber uniformity.



In the case of CaO loading of 10%, the mean fiber diameter is reduced to 153
nm. However, this significant reduction is accompanied by notable structural
drawbacks. Morphological irregularities such as beading, fiber merging, and
CaO clustering, become more pronounced. The excessive particles seem to
destabilize the electrospinning jet, causing inconsistencies in the process 42.
This instability promotes localized accumulation of CaO, reduces effective
polymer concentration, and results in the formation of ultrafine fibers that
are structurally weakened.

It can be concluded from these results that the range of (2-6) % CaO loaded
fibers offer best balance between the diameter and quality of the fibers.
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Fig. 3. (a) Variation trend of average fiber diameter with filler concentration,
based on measurements of no fewer than 100 fibers per condition, error bars
represent standard deviation. (b)-(f) average fiber diameters and
corresponding diameter distribution histograms of CA/CaO nanofibers with
varying CaO (b) 2 wt%, (c) 4 wt%, (d) 6 wt%, (e) 8 wt%, and (f) 10 wt%.

FTIR and XRD analysis of CA and CA/CaO composite fibers

Fig. 4 (a) presents the FTIR spectra of pure CA, CaO, and CA/CaO composite
fibers. The spectrum of pure CA exhibit a broad O-H stretching vibration



around 3480 cm™?, a C-H stretching vibration around 2940 cm~?, and strong
C=0 stretching absorption from the ester group near 1740 cm~! as well as
C-0O-C stretching bands around 1230 to 1020 cm~! 43,

The FTIR spectrum of CaO displays two broad absorption bands in the range
of 1000-1500 cm™!, which is attributed to Ca-O lattice vibrations. This
suggests the successful transformation from CaCOs to CaO 4445 In addition,
CaO exhibits a small and sharp absorption peak at around ~3700 cm~! which
is attributed to the surface-adsorbed O-H groups, from minor hydration or
atmospheric moisture 46.

The spectra are evidently changed when CaO is incorporated into the CA
matrix. Observations indicate a decrease in O-H stretching band intensity at
3480 cm~! with the addition of CaO.

The observed effect may arise from an interaction between the CA and CaO
hydroxyl groups, or there may be fall in the quantity of free hydroxyl groups.
There was partial crosslinking between the polymer matrix and inorganic
filler, as supported by these data 36.

However, new absorption bands are observed in the 3750 cm~! (as indicated
by black arrow). These features are characteristic of O-H band and suggest
that CaO particles are effectively integrated and well-dispersed into the
polymer matrix. The intensity of CaO-associated bands progressively
increases with increasing CaO content, especially for the 8 wt% and 10 wt%
composites, confirming the increasing presence of the inorganic phase.
Importantly, no significant shifts were observed in the principal CA backbone
peaks indicating that the incorporation of CaO did not alter the fundamental
chemical structure of the polymer matrix. These findings collectively confirm
the successful fabrication of CA/CaO composite fibers with effective

interfacial interactions between the organic and inorganic components.
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Fig. 4. (a) FTIR spectra and (b) XRD patterns of CA and CA/CaO fiber

composite at different CaO loading.

Fig. 4 (b) illustrates the findings from X-ray diffraction studies, which were
performed to assess how the phase composition of CA fibers changes as the
CaO content varies between 2 and 10 wt%. Pure CA exhibits a broad
amorphous halo centered at approximately 20 = 20°, which is characteristic
of the predominantly amorphous structure of cellulose acetate. Similar
observations have been reported in previous studies 47 48,

Upon incorporation of CaO, the intensity of this broad halo gradually
diminished with increasing filler content, consistent with either a dilution of
the amorphous CA domains or a disruption caused by well-dispersed CaO
particles. Interestingly, the composite spectra do not display any distinct
crystalline peaks typical of CaO, which is probably due to the dispersion or
the naturally low crystallinity of the CaO phase within the polymer matrix.
The general flattening of the diffraction curves at higher CaO concentrations
indicates that the inclusion of CaO suppresses any potential semi-crystalline
ordering in CA, which might also influence the material's mechanical

characteristics. These XRD analysis provide strong confirmation of the



successful incorporation of CaO and its direct impact on the microstructure
of the CA fibers, aligning well with observations from FTIR spectroscopy.

Contact angle

The wettability and hydrophilicity of electrospun fibers are a crucial
parameter that directly impacts cell adhesion and growth in tissue
engineering application 4° %0, The water contact angle is a widely used
parameter for assessing the hydrophilicity or hydrophobicity of droplet over
the fibrous mats. (Fig. 5 a, b) shows the image of droplets to assess the water
contact angle of pure CA and CA/CaO fibrous composite materials. The pure
CA fiber demonstrated a notably hydrophilic surface (6 = 81°), which can be
attributed to the abundance of hydroxyl groups on the polymer's surface °!.
However, the incorporation of CaO into the CA fiber polymer matrix led to a
steady and noticeable decrease in contact angle values. The water contact
angles drop from 77° at 2 wt% to 62° at 10 wt%, in comparison to the pure
fibers. This effect can be attributed to the inherent characteristics of CaO,
and the presence of hydroxyl groups readily form on CaO surface when
interact with moisture, allowing more hydrophilic sites for water affinity.
Moreover, the decrease in fiber diameter with increasing CaO content, as
observed in the SEM analysis of composite fibers, indirectly reinforces this
effect by increasing surface roughness, which, together with the presence of
hydrophilic CaO particles, further enhances the overall wettability of the
composite surface. This trend indicates that CaO is an effective modifier for
tuning the surface characteristics of CA fibers, offering interesting strategies

to enhance hydrophilicity through compositional adjustment 36. 50,
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Calcium ion release

The presence of calcium ions (Ca?*) in the surrounding environment plays a
crucial role in the mineralization process of bone graft materials 5253, (Fig.
6) presents the cumulative Ca2?* release from fibers containing different
CA/CaO compositions (2%, 4%, 6%, 8%, and 10%) after 1, 7, and 14 days of

immersion in PBS, as determined by ICP analysis.

In all compositions, the release of Ca?* ions increased as the immersion time

extended

over the 14-day measurement period, indicating a continuous leaching of ions
into the PBS solution. This release pattern, which depends on time, implies
that the process is mainly controlled by the initial dissolution of CaO on the
surface, followed by the diffusion of Ca?* ions into the surrounding

environment. The results are consistent with previous study 2455

The samples with 2%, 4%, and 6% concentrations demonstrated moderate
and regulated calcium release patterns. This controlled release of ions is

beneficial for biomedical uses, as it aids in maintaining ionic balance in




physiological settings and minimizes abrupt changes in local solution

chemistry®.

In comparison, the 8% and 10% samples showed significantly higher Ca2+
release throughout the immersion period. Excessive calcium leaching may
lead to increased alkalinity of the surrounding medium due to hydroxyl ion
formation, which may undermine material stability and adversely affect
biological responses. Therefore, although higher Ca2?* release may enhance
mineralization potential, uncontrolled ion release is generally undesirable for

practical bone tissue engineering applications®’.

The leaching results are consistent with the previously observed fiber
morphology. Fiber composite with 8% and 10% CaO exhibits poor fiber
quality, as indicated by formation of beads and significant agglomeration of
CaO particles (Fig. 2). It is likely that these structural irregularities lead to
localized dissolution and increased ion relecase and higher leaching behavior.
In contrast, the 2%, 4%, and 6% samples show a more consistent fiber
morphology, leading to a more controlled and gradual calcium release.
Therefore, these fibers composite further investigated to analysis their

bioactivity in SBF solution.

The pH evolution ¢f the CA/CaO composite fibers showed in Table (4). The
pH of the CA/CaO composite fibers initially increased with increasing CaO
content due to the hydration and dissolution of CaO, which released Ca?* and
OH- ions into the medium. At day 7, the pH remained elevated, indicating
continued ion release and enhanced alkalinity, particularly for higher CaO
loadings. By day 14, a gradual decrease in pH was observed in all samples,
which can be attributed to the consumption of OH- ions during calcium-
phosphate mineral deposition and continued ion exchange between the
composite fibers and the surrounding medium, which gradually shifts the pH

toward more moderate values.



Table 4. pH values of CA/CaO composite fibers after immersion in PBS for 1,

7, and 14 days.

Composites | Day1 |Day 7 |Day 14
CA/Ca0 2% | 7.5 8.0 7.7
CA/Ca0 4% | 8.0 8.3 8.0
CA/Ca0 6% | 8.4 8.6 8.1
CA/Ca0 8% | 9.4 9.6 9.1
CA/Cal 10.5 11.1 10.2
10%

The composites with 2-6 wt% CaO exhibited a moderate and stable pH range,
suggesting controlled ion release and favorable bioactivity, whereas the 8-10
wt% CaO composites generated higher alkalinity due to accelerated CaO
dissolution. These results indicate that 2-6 wt% CaO provides a better
balance between calcium release, pH stability, and potential biomedical
performance.

181 ] CcA/Ca0 2%

16 | 0] CA/Ca0 4%
| I CA/Ca0 6%
CA/CaO 8%
1@Nll CA/Ca0 10%

—_
N
1

Cumulative release Ca*?
concentration (mg/L)

1 7 14
Time (days)

Fig. 6. Calcium ion releases from different composite fibers after (1, 7, and
14) days immersing in the PBS solution.

Immersion analysis



The behavior of the CA/CaO composite fibers containing 2%, 4%, and 6% CaO
were examined by soaking the samples in prepared SBF solution for 1, 7, and
14 days. Distinct morphological differences are observed among these
compositions, demonstrating that CaO content significantly influences.
Moreover, calcium phosphate-containing deposits formation was enhanced
during the period of immersion in SBF as shown in (Fig. 7a).

For the 2% and 4% CaO composite fibers depict uniform layers of fine
particulate deposits visible on the surfaces. These deposits look like sparsely
distributed and exhibit small granular or plate-like morphologies after one
day of exposure to SBF. This suggests a moderate and sustained release of
Ca?* ions, sufficient to induce surface-mediated calcium phosphate formation
without promoting excessive precipitation or structural degradation.

In the 6% CaO composite fiber, the SEM images demonstrate that the
bioactivity specimen had a denser arrangement of apatite crystals. The fiber
surfaces are more extensively covered with deposited particles, forming
semi-continuous coatings in several regions. The deposits show plate-like and
agglomerated features, reflecting enhanced calcium phosphate formation
compared to the lower CaO contents. After 7 and 14 days of immersing in
SBF, the irregular crystal structure of the apatite formed due to multiple
crystal growth and the transformation of calcium phosphate was faster in all
examined specimens.

It can be concluded that fiber compositions (2-6) % appear to provide a
favorable balance between calcium ion release and controlled apatite
formation while retaining morphological integrity.

The elemental maps (Fig.7 b) indicate the presence of (C) and (O) from the
CA polymer matrix, as well as (Ca) and phosphorus (P), confirming the
formation of calcium-phosphate deposits in the fiber composite after
immersion in SBF. The relatively even spatial distribution of Ca and P
throughout the examined areas indicates a uniform deposition of calcium

phosphate phases on the fiber surfaces.



7 days

C K series

P K series O K series

(b)
Fig. (7) (a) SEM images of composite fibers containing 2%, 4%, and 6% CaO
after immersion in SBF solution for up to 14 days (b) SEM of selected



composite fibers at low and high magnification and their compositional

mapping after immersed in SPF solution.
Conclusion

This study demonstrated the successful conversion of waste eggshells into
CaO through thermal calcination and its incorporation into electrospun CA
fibers. The addition of CaO significantly influenced the electrospinning
process, fiber morphology, wettability, ion-release behavior, and bioactivity
of the resulting composites. While increasing CaO content reduced fiber
diameter due to enhanced solution conductivity and electrostatic stretching,
excessive loadings (8-10 wt%) promoted particle agglomeration, impaired
spinnability, and deteriorated fiber quality.

FTIR and XRD analyses confirmed the successful incorporation of CaO into
the CA matrix, whereas contact angle measurements revealed enhanced
hydrophilicity with increasing CaO content. Calcium-release, pH, and SBF
immersion studies demonstrated that composites containing 2-6 wt% CaO
exhibited controlled ion release, moderate alkalinity, favorable
mineralization behavior, and good structural stability. In contrast, higher
CaO loading resulted in excessive calcium release, stronger alkalinity, and
reduced morphological integrity.

Although the 6 wt% sample showed relatively denser mineral deposition. The
results demonstrated that the 2-6 wt% CaO composition was identified as the
most suitable range, providing the best balance of fiber uniformity,
electrospinnability, controlled Ca?* release, moderate pH, improved
hydrophilicity, and favorable mineralization behavior. In addition, this
composition range was easier to prepare and process by electrospinning
compared with higher CaO loadings (8-10 wt%), which exhibited poorer
spinnability due to increased particle loading and agglomeration. These
findings highlight the potential of converting agro-industrial waste into
functional and eco-friendly CA/CaO composite fibers while supporting

sustainable circular economy strategies. The obtained physicochemical



properties suggest that these materials may be suitable candidates for future
biomedical investigations. Although the present study provides valuable
insights into the morphological and physicochemical properties of the
CA/CaO composite fibers, additional investigations are required to fully
assess their performance. Future studies should include comprehensive
mechanical and thermal characterization, together with in vitro
cytocompatibility, antibacterial, and in vivo evaluations to verify the
functionality, safety, and potential biomedical applicability of the developed

composites.
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