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Abstract: We present a novel method for preparing bioactive and biomineralized calcium phosphate
(mCP)-loaded biopolymer composite scaffolds with a porous structure. Two types of polymers were
investigated as matrices: one natural, cellulose acetate (CA), and one synthetic, polycaprolactone
(PCL). Biomineralized calcium phosphate particles were synthesized via wet chemical precipitation,
followed by the addition of organic biominerals, such as magnesium gluconate and zinc gluconate,
to enhance the bioactivity of the pure CP phase. We compared the morphological and chemical
characteristics of the two types of composites and assessed the effect of biomineralization on the
particle structure of pure CP. The precipitated CP primarily consisted of nanocrystalline apatite,
and the addition of organic trace elements significantly influenced the morphology by reducing
particle size. FE-SEM elemental mapping confirmed the successful incorporation of mCP particles
into both CA and PCL polymer matrices. Short-term immersion tests revealed that the decomposition
rate of both composites is slow, with moderate and gradual ionic dissolution observed via ICP-
OES measurements. The weight loss of the PCL-based composite during immersion was minimal,
decreasing by only 0.5%, while the CA-based composite initially exhibited a slight weight increase
before gradually decreasing over time.

Keywords: calcium phosphates; bioactive elements; biopolymers; morphology; biodegradability

1. Introduction

As of today, there are intensive and competitive efforts from different research groups
all over the world to develop new types of novel scaffolds in bone tissue engineering, as is
extensively discussed and illustrated in some recent review papers [1,2].

It is well known that optimally designed scaffolds can be a promising material to
accelerate bone healing, providing the most optimum environment for bone cell attachment
and growth inducing new bone formation. This is the reason why enhanced bioactivity is
required from the implants. Scaffolding acts as a supportive framework for the cultivation
of cells in a controlled environment, with additional cell stimulation promoting the forma-
tion of a matrix necessary for constructing a tissue base for transplant purposes. Recent
progress in tissue engineering includes the formulation of novel biomaterials designed to
suit particular local environments and clinical needs [3,4]. These scaffold materials can be
prepared and utilized in various ways, which can determine their mechanical and chemical
characteristics, the surface area, porosity, micro-, and nanostructure, thus affecting their
biological performance [5–10].

One of the best ways to increase the biocompatibility/bioactivity of these biopolymer-
based scaffolds is a calcium phosphate phase incorporation as filler material. It is common
knowledge that calcium phosphates (in particular the hydroxyapatite phase) are the main
mineral constituents of the natural bones and they can greatly assist in bone cell attachment
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and growth. By utilizing targeted preparation conditions and the correct quantity of biomin-
eral supplements, the chemical properties and biological efficacy of these scaffolds can be
effectively tailored to meet the stringent standards necessary for biomedical uses [11–13].

The primary idea of applying novel biodegradable biocomposite scaffolds is that they
can serve as an intermediary surface that enhances the adhesion, growth, and proliferation
of bone cells, along with promoting the formation of new bone tissue. Once the bones
are healed, the degradation of scaffolds occurring in the body is considered favorable
from both a clinical and biomedical viewpoint. The dissolution rate of the scaffolds can
be tailored by embedding the calcium phosphate particles within appropriately selected
biopolymer materials. Our thorough investigation and review of the existing literature
indicate that cellulose acetate (CA) and polycaprolactone (PCL) are the most appropriate
scaffold materials for medium- to long-term applications. A crucial consideration is that
the composite scaffolds made from bioceramics and biopolymers break down into harmless
by-products, which the body can fully eliminate after the process of ossification [14–16].
The PCL is an FDA-approved (FDA: United States Food and Drug Administration) biocom-
patible synthetic polymer with moderate biodegradability in biological environments [17].
It consists of serial connected hexanoate units and has a polar ester group and five non-
polar methylene groups resulting in a slight amphiphilic nature in addition to its intrinsic
hydrophobicity [18,19]. Contrarily, cellulose acetate is a natural, biocompatible as well as
biodegradable polymer. Practically, it is the acetate ester of cellulose [20]. CA possesses
many specific properties that are advantageous in various applications, such as in drug
delivery systems, in scaffolds, in medical coatings, in filtration (such as membrane filters),
and last but not least, in food packaging [21–25]. Embedding calcium phosphate particles
and other bioactive materials into the base polymer matrix greatly affects the composites’
morphology and structure of the composites, thus affecting their biodegradable potential.
In our work, amorphous-nanocrystalline calcium phosphate phases were obtained by
chemical precipitation from organic calcium and phosphorus sources and a post-treatment
method was also used to obtain an optimal biomineralized CP phase that contains the nec-
essary trace elements (Mg, Zn) in an optimized concentration. There are abundant research
and review papers detailing the usefulness and benefits of these essential trace elements
within the calcium phosphate matrix [26–31]. As a novelty, we have thoroughly compared
the two types of composites (natural and synthetic-based) and evaluated the morphological
changes that the ceramic powder addition caused in the structure of base polymer films,
which have not yet been reported in the scientific literature in such detail. We have also
performed immersion tests in saline solution to assess its effect on the microstructure and
sample mass over time, reflecting their chemical stability.

2. Results and Discussion
2.1. Morphological Assessment of the Amorphous Apatite, Biomineralized Apatite, and the Two
Types of Composites
2.1.1. Scanning Electron Microscope Analysis

The shapes and sizes of the particles within the pure apatite and the biomineralized
apatite were compared as well as their incorporation into the cellulose acetate and the PCL
matrices studied.

As Figure 1 reveals, the CP powder prepared by the wet chemical method from the
organic gluconate salt of calcium consists of very small, randomly oriented needle-like
particles that form larger, flower-like agglomerations and rounded blocks at some spots.
The length of the needle-like particles is around 100–150 nm, but not longer than 200 nm
(Figure 1a). On the other hand, the organic Mg and Zn bioactive components added powder
has even smaller and densely packed, very thin, thorn-like particles with a seemingly lower
number of agglomerates (Figure 1b). This little change in morphology can be attributed
to the mineral incorporation into the structure. Moreover, these kinds of needle- or thorn-
like structures for various calcium apatites have also been discussed in other research
works [32–34]. The morphologies of pure cellulose acetate and PCL polymers are shown
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in Figure 1 c and d, respectively. Both exhibit smooth and homogeneous surfaces. They
are formed by mainly shapeless particles and demonstrate a wave-like design. The main
difference between the two polymers is that the cellulose acetate film predominantly
contains small pores, while the PCL film displays numerous long cracks that disrupt
the continuity of the otherwise densely packed particles. In contrast, the composites
demonstrate completely different morphologies. The surface of samples contains many
small holes and indentations in the cases of both types of polymers. Their structures are
predominantly amorphous, with small particles embedded within the base matrix.
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parability. 
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Figure 1. FE-SEM images of amorphous apatite (CP) (a) biomineralized (Mg, Zn added apatite
(mCP) (b), pure cellulose acetate (c), pure PCL polymer (d), as well as their composites CA-mCP
(e) and PCL-mCP (f). The parameters used in the preparation were kept consistent to ensure
their comparability.
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Elemental mapping was performed to check the bioactive elements’ incorporation and
distribution in the calcium apatite phase, as shown in Figure 2.
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Figure 2. Scanning electron microscope image and the corresponding elemental mapping of biomin-
eralized (Mg, Zn) calcium apatite.

As Figure 2 illustrates, all the doping elements are successfully incorporated into
the pure CP matrix. It is also visible that the Mg and Zn element distribution within
the investigated area is quite homogeneous and the quantity of the Zn element is lower
following the preparation parameters.

Additionally, we have also scanned the bioactive mCP powder distribution within the
polymer matrices (Figure 3) at lower magnification, covering a larger surface area.
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Figure 3. Scanning electron microscope image and the corresponding elemental mapping of PCL-mCP
composite (a) and CA-mCP composite (b).

The performed elemental mapping clearly proves the distribution characteristics of
the mCP particles. The dispersion of the biomineralized apatite powder is even in both
cases; the Ca and P signals are visible in the whole investigated area. However, in the case
of PCL polymer, the signals are stronger and denser in some places, which shows their
aggregation tendency or the imperfect mixing during the composite preparation. In these
samples, the Mg and Zn signals were below the detection limit.

Since the elemental concentration provided by the EDS method is inaccurate, we
carried out ICP-OES measurements. The resulting elemental composition and Ca/P ratios
of apatite samples can be seen in Table 1.

Table 1. Mean (±SD) elemental percentages in Wt% of the CP powder as well as mCP power (N = 3).

Samples Ca P Mg Zn Ca/P Ca+Mg+Zn/P

CP 65.5 ± 0.98 35.5 ± 0.52 - - 1.845 -
mCP 52.3 ± 0.87 31.7 ± 0.73 11.9 ± 0.09 4.1 ± 0.03 1.649 2.154

As can be seen in Table 1, the pure CP sample has a Ca/P elemental ratio of around
1.845, which is higher compared to the value in the hydroxyapatite phase. This can
imply that the powder is a specific amorphous calcium apatite that has been reported
elsewhere [35–38]. In the case of mCP, the Ca percentage decreased a little because of
the Mg and Zn component addition. The measured percentages reflect sufficiently the
elemental ratios applied during the wet chemical precipitation since the Mg and Zn are
present in the mCP powder in similar ratios. The calculated Ca/P ratio was around 1.649,
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which is close to the reported elemental ratio in the hydroxyapatite phase; however, when
we take into account the other doping elements, the (Ca+Mg+Zn)/P ratio changes to 2.154.
The Mg and Zn elements are reportedly able to incorporate into the calcium phosphate
phases, thus making the apatite more similar to the natural bones. It is also described
that the Ca to P ratio in human bones can vary between a wide range of around 1.7 and
2.33, depending on the research work and group [39,40]. Comparable broad calcium to
phosphorus molar ratios have been reported in the cases of different ion-doped apatites. In a
recent research work, Unosson et al. [39] prepared amorphous calcium magnesium fluoride
phosphate particles that are usable in preventive dentistry. The particles were prepared
by co-precipitation and their amorphous feature originated from substituting Mg2+ for
Ca2+, which impedes the nucleation and growth process of hydroxyapatite crystals. In this
case, the Ca/P ratios varied between 1.2 and 2.0, while the Mg content was around 7 Wt.%
in the CaP samples. There is another interesting report [40] on the preparation of a Mg-
and Zn-added calcium phosphate material where an amorphous calcium phosphate phase
co-doped with the Mg and Zn elements was chemically precipitated and transformed into
Mg, Zn β-tricalcium phosphate phase by calcination. In this case, the Mg content (in mol%)
changed from 5.86 to 8.09, the Zn concentration varied between 0.71 and 2.81, while the
calculated (Ca2+ + Mg2+ + Zn2+)/P molar ratio was between 1.47 and 1.56, according to the
chemical analyses.

As it is also widely discussed in the scientific literature, the Mg incorporation into the
CaP phase can result in a new phase formation, which is the whitlockite (Ca18Mg2(HPO4)2
(PO4)12) [41], while the Zn incorporation can form the parascholzite phase (CaZn2(PO4)2·
2(H2O)) [42].

2.1.2. Structural Analyses of CP and mCP Powders and Their Composites with PCL and
cA Polymers by XRD Measurements

XRD measurements have been performed to determine the phase compositions of CP
and biomineralized CP powders and their composites with a naturally derived polymer,
such as CA, and a synthetic biopolymer, such as PCL (see Figure 4).
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Figure 4. XRD patterns of CP and mCP powders (a) prepared by wet chemical method and the
PCL-mCP, CA.mCP composites (b).

The XRD pattern of the pure CP powder, prepared from organic Ca-gluconate salt,
clearly shows the broadened and merged characteristic peaks of nanocrystalline or amor-
phous apatite with the triple-peak of hydroxyapatite crystal at 2Θ = 31.7◦, 32.2◦ and 32.9◦ as
well as other minor peaks at around 49◦ and 53◦, corresponding to Bragg’s reflection planes
213, and 004, respectively (JCPDS 01-086-1199). This pattern was also reported in other re-
search works [43,44] as a nanocrystalline apatite. It is also visible that the biomineralization
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process, namely the organic magnesium and zinc component addition to the base CP pow-
der in a relatively low concentration altered the micro- and nanostructure of the resulting
powder. The XRD spectrum in this case is a noisy line, with a very small and wide peak
emergence at 2Θ from the 30 to 33 regions, which indicates that the powder in this case
contains a very small, nano-sized, or even amorphous structure with a random crystal
orientation [45,46].

The XRD patterns of the PCL as well as the PCL-mCP composite show the characteris-
tic peaks at 2Θ of 21.3◦ and 23.6◦ that correspond to the PCL according to JCPDS file no.
96-720-5590. The pattern of PCL-mCP exhibits noticeably broadened and weak peaks com-
pared to the pattern of pure PCL, and in addition, there are extra merged peaks between
2Θ of 31◦ and 33◦ that can be linked to the amorphous apatite (enlarged areas in Figure 4b).
This result is well aligned with other works that investigate calcium phosphate-containing
PCL composites [47]. For example, Garcia et al. [48] prepared polycaprolactone/calcium
phosphates hybrid scaffolds that contained plant extracts with a 3D printing method and
proved the incorporation of the CP particles into the polymer matrix. They observed homo-
geneous distribution of calcium and phosphorus within the filaments. On the other hand,
Comini et al. [49] produced a novel poly(ε-caprolactone) (PCL)-based calcium phosphate
composites containing silver particles that can be used as bone scaffolds. In their case, the
XRD patterns of the composite scaffolds distinctly revealed the unique peaks associated
with hydroxyapatite (HA) and beta-tricalcium phosphate, in addition to those of PCL.

The pattern of the cellulose acetate sample has the main characteristic peaks at around
14◦, 16.7◦, 18.5◦, and 25.5◦, which are the main characteristic peaks of cellulose acetate
according to other research works [50]. The CA-mCP composite sample presents a lower
degree of crystallinity than the pure CA sample with widened peaks and lower intensity,
similar to the PCL-mCP sample. The extra peaks related to the apatite are also visible in
the 31◦–33◦ 2 theta region (also in Figure 4b).

2.1.3. Short-Term Immersion Measurements

We have monitored the changes in both morphology and weight of composites over
a short-term (two weeks) period of immersion to check the biodegradability capacity of
composite samples and to gain insights into the morphological changes caused by the
soaking procedure in general. In addition, we measured the concentrations of the dissolved
calcium, magnesium, zinc, and phosphorus ions by ICP-OES at different time intervals.

Figure 5 illustrates the morphology of CA-mCP and the PCL-mCP samples as prepared
and after two weeks of immersion in saline solution.

The differences in morphology before and after immersion in saline are noticeable for
both CA- and PCL-based composites. The start of degradation of both polymer composites
can be detected by observing how the morphology changes during the immersion period.
After immersion, the shapes of the polymer particles became poorly outlined, resulting
in a fused shapeless structure that surrounds the mCP granulates. The number of pores
increased after soaking, and they became larger. This larger porous structure is more
outstanding in the case of the PCL-mCP composite. Generally, both types of polymers’
decomposition happen faster than the CP phase dissolution, since the calcium phosphate
materials intrinsically possess a lower degradation rate which means lower solubility [51].

Numerous studies in the scientific literature have explored the dissolution and degra-
dation characteristics of both CA [52–54] and PCL polymers [55,56], as well as their com-
posites with bioceramics in biological environments [57–59], supporting and reflecting
our results.

We also monitored the possible weight changes in samples immersed in the saline solution.
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Figure 5. FE-SEM images on CA-mCP (a) and PCL-mCP (c) composites as prepared as well as
CA-mCP (b) and PCL-mCP (d) composites after two weeks of immersion in saline solution.

As Figure 6 reveals, the weight change in the PCL-mCP sample is almost negligible,
it only decreases by 0.5 percent over the short-time immersion period, remaining almost
constant within the margin of error, which proves its moderate degradability. However, the
statistical analysis revealed that the difference in weight loss is statistically different after
one week of immersion and highly different after two weeks. This characteristic of the PCL
polymer was described elsewhere [60], stating that the PCL degradation might occur from a
few months to several years depending on its molecular weight, crystallinity rate, porosity,
micro-, and nanostructure as well as the polymer thickness, and the environment [61,62].
On the other hand, the CA-based composite showed a very slight increase in weight, but
this increasing tendency changed after one week of immersion. The difference in weight
change was statistically highly different after two weeks of soaking, but after one week,
there was no statistically significant difference between the values. This phenomenon can be
explained by the fact that the nature of cellulose acetate is hydrophilic and easily can adsorb
and bind water molecules and or mineral salts within its structure even in a dried state.
This result is in accordance with the reported findings in the scientific literature [20,63–68].
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The ion release curves of both polymer composites show a similar pattern (see in
Figure 7), such as the calcium and phosphorus concentrations are higher at each time
point which is due to their higher amount in the composite materials. The measured
concentrations of Mg and Zn ions are around 10 times lower and show a slight and
gradual increasing tendency over time. On the other hand, the phosphorous concentration
demonstrates a saturation curve which means a fast increase in values at the early stage of
immersion then reaches a saturated state owing to the possible dissolution/precipitation
processes when insoluble phosphate precipitate forms. The calcium ion has almost similar
curve feature (a semi-saturation curve), which can imply mainly calcium phosphate phase
precipitates; however, after around one week of immersion, they start to increase again
in the cases of both CA and PCL matrices. This tendency has also been observed in other
research works regarding ion-loaded bioceramics [69–71]. It is also mentionable that the
measured ion concentrations are systematically higher for the CA-based composites owing
to the base polymer’s unique chemical characteristics and hydrophilicity.
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To date, the main application of these composites is as scaffolds, bone substitutes,
or bone grafts. There is intensive research to develop composites with the most suit-
able chemical and mechanical properties. For instance, Vella et al. [72] prepared calcium
phosphate-PCL composite scaffolds using 3D printing to achieve appropriate porosity and
degradability to enhance osseointegration. In their work, they applied specific parameters
to improve the mechanical strength and toughness of these scaffolds. They employed
sintering, and post-print precipitation as well as 3D print co-deposition of PCL with cal-
cium phosphate scaffold matrices. In other more recent work, Garcia et al. [48] developed
calcium phosphate nanoparticle-loaded polycaprolactone scaffolds, and then impregnated
them with extracts of Colombian plants as antibacterial agents. They concluded that these
scaffolds are promising candidates for bone defect filling and regeneration. On the other
hand, Shi et al. [73] recently published a review paper on calcium phosphate-containing
cellulose-based composites in which they revealed the importance and wide variety of these
composites. They stated that these composites are ideal materials as bone scaffolds due to
their suitable mechanical properties, biocompatibility and moderate biodegradability.

3. Materials and Methods
3.1. Preparation of Different Calcium Phosphate Nano-Powders

The previously optimized calcium phosphate phase was prepared by wet precipitation
method, dissolving calcium gluconate (C12H22O14Ca, Molar Chemicals Ltd. (Halásztelek,
Hungary) —≥99.0%) and disodium hydrogen phosphate (Na2HPO4, VWR International
Ltd.—99%, AnalaR NORMAPUR) as described in our previous paper [30]. The pH of the
suspension was adjusted to 11 with 50 g/L sodium hydroxide (NaOH, VWR International
Ltd.—≥99.5% ACS, at a pH value of 11) for 24 h to promote the apatite formation. After
the apatite formation was completed, bioactive substances were added to the suspension
in calculated concentrations. The bioactive materials were organic magnesium gluconate
(C12H22O14Mg, Molar Chemicals Ltd.—≥99.0%) and zinc gluconate (C12H22O14Zn, Molar
Chemicals Ltd. —≥99.0%) salts that are all extensively used as nutritional supplements
to treat magnesium and zinc deficiency in patients. The calculated Ca/Mg/Zn elemental
weight ratio was 1/0.2/0.1. Finally, the powders were collected and used for further
characterization and composite preparation.

3.2. Preparation of mCP-PCL and mCP-CA Composite Scaffolds

For the PCL-based composite preparation, (Polycaprolactone, average Mw ~1,300,000,
Sigma-Aldrich, St. Louis, MI, USA)) the concentration of the polymer solution was
10% (w/v) in dichloromethane (DCM) solvent. The composite was formed by adding
freshly prepared mCP particles into the polymer solution in 0.2 g/10 mL concentration
under vigorous stirring (at 1400 rpm using magnetic stirrer (Heidolph Instruments Gmbh,
Schwabach, Germany)).

The same preparation parameters were applied in the case of CA (cellulose acetate aver-
age Mw ≈ 100,000, Acros Organics, Geel, Antwerp, Belgium, acetyl content 39.8%) biopoly-
mer but the applied solvent was acetone. The composite’s concentration was 0.2 g mCP
in a 10 mL polymer solution, similarly. The final suspensions in both cases were poured
into silicon molds (in the shape of a disc of 30 mm diameter) and left to dry under ambient
conditions. The dried composite films were then collected and further characterized.

3.3. Characterization Methods
3.3.1. X-Ray Diffraction Analysis

The structure of biomineralized CaP powder and composites were analyzed with
an X-ray diffractometer (XRD, Bruker AXS D8 Discover with Cu Kα radiation source,
λ = 0.154 nm) using Göbel mirror and scintillation detector (Bruker AXS, Karlsruhe, Ger-
many). The operation parameters were at 40 kV and 40 mA. The diffraction patterns were
collected from the 10◦ to 65◦ 2θ range with 0.3◦/min steps and 0.02◦ step size. Diffrac.Eva
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software 3.1 was used to evaluate the measured XRD patterns and to detect the potential
crystallite phases.

3.3.2. Field Emission Scanning Electron Microscopy (FE-SEM)

The morphological properties of calcium phosphate powders, as well as the pure
and bioceramic loaded PVP and CA fibers, were examined by field emission scanning
electron microscope (FE-SEM, Thermo Scientific, Scios2, Waltham, MA, USA) and Energy
Dispersive X-ray Spectrometry (Oxford Instrument EDS detector X-Maxn, Abingdon, UK).
Map sum spectrum was recorded on samples using 6 keV accelerating voltage.

3.3.3. Short-Term Immersion Tests

The bioresorbable characteristics of CA-mCP and PCL-mCP composite samples were
studied by a simple immersion test. All the samples were soaked in saline solution (0.9%
NaCl solution). The size and shape of the samples was 30 mm × 1 mm discs. The working
surface area (in connection with liquid during immersion) of all composites was set to
15 cm2. During the soaking procedure, the composite samples were immersed in 10 mL of
saline solution in separate containers at room temperature for two weeks. Three samples of
each type at each time point were used to ensure parallel measurements and reproducibility.
The purpose of this test was to monitor both the quantitative changes in the mass of the
composites during soaking and the qualitative changes in the morphology of the composite
particles. The percentage of weight change was determined by the following formula:
W% = (Ws − Wd)/Ws × 100%; Ws is the starting weight of the sample and Wd represents
the weight of the dried samples after different soaking intervals (0, 1, 7, and 14 days). At
each specified interval, the samples were removed, thoroughly washed with distilled water,
and dried to a constant weight at 50 ◦C.

3.3.4. ICP-OES Measurements

To determine the exact elemental ratio in CP and mCP powders and to check the possi-
ble dissolution of different ions (Ca2+, Mg2+, and Zn2+) from the composites, an inductively
coupled plasma optical emission spectroscopy (ICP-OES) technique with ICP-OES spec-
trometer (PerkinElmer Avio 200, Waltham, MA, USA) was utilized. The measurement was
carried out in a cyclone spray chamber in the presence of an internal standard (1 ppm Y).
Four-point calibration was applied, and standard solutions in concentrations of 0.01, 0.1, 1,
and 10 ppm were recorded for each element. The CP and mCP powders were dissolved in
10 mL 1 N HCl solution to determine the elemental composition.

To assess the short-term dissolving characteristics of both composite types, samples
(with a particular working area of 10 cm2) were immersed in 5 mL of saline solution.
Samples were collected from the supernatant at different time intervals: 0, 1, 7, and 14 days.
The concentrations of Ca2+, Mg2+, Zn2+ ions were measured.

3.3.5. Statistical Analysis

The differences between experimental groups were evaluated by one-way analysis
of variance (ANOVA, Origin 2024, Northampton, MA, USA). For the comparison of the
mean values, the Tukey test was used. The level of statistical significance was given by a
p-value of 0.05. A p value lower than 0.05 was considered statistically significant (* p < 0.05).
p-values were more highly statistically significant when ** p < 0.01. The number of samples
per group was N = 3.

4. Conclusions

Biomineralized and nanocrystalline CP powders were successfully prepared using the
wet chemical method from the organic gluconate salt of calcium. The prepared powder
consists of very small, randomly oriented needle-like particles with some agglomerations
and larger blocks. The organic Mg and Zn bioactive components addition caused a change
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in the morphology, the particles became smaller and more densely packed with a lower
number of agglomerates.

The XRD measurements also have proven the CP powder to be nanocrystalline or
quasi-amorphous, while the mCP powder to be completely amorphous showing only
widely broadened and small characteristic peaks. The mCP powder contained the Mg and
Zn trace elements in 15 Wt.% in total with a Mg: Zn ratio of around 3:1 as the ICP-AES
measurement revealed.

The mCP powder addition to the base polymer solutions (both CA and PCL) also
induced a noticeable change in the polymers’ microstructure. The bioceramic particles were
evenly distributed into the polymer matrices, according to the FE-SEM elemental mapping.

The short-term immersion tests confirmed the moderate degradability of both types
of composites; however, their degradation characteristics were different. This can be
attributed to the different physical and chemical properties of the two polymers since the
cellulose acetate is hydrophilic whilst the PCL is mainly hydrophobic. Additionally, the
ICP measurements detected continuous and gradual ionic dissolution from the composites
in both cases.

Owing to the intrinsic biodegradable nature of these polymers, they can be innova-
tively utilized as resorbable bone fillers or bone grafts in bone tissue engineering or even in
drug-incorporating systems for controlled drug release.
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60. Nevoralová, M.; Koutný, M.; Ujčić, A.; Starý, Z.; Šerá, J.; Vlková, H.; Šlouf, M.; Fortelný, I.; Kruliš, Z. Structure Characterization
and Biodegradation Rate of Poly(ε-caprolactone)/Starch Blends. Front. Mater. 2020, 7, 141. [CrossRef]

61. Deshpande, M.V.; Girase, A.; King, M.W. Degradation of Poly(ε-caprolactone) Resorbable Multifilament Yarn under Physiological
Conditions. Polymers 2023, 15, 3819. [CrossRef] [PubMed]

62. Leja, K.; Lewandowicz, G. Polymer biodegradation and biodegradable polymers. Polish J. Environ. Stud. 2010, 19, 255–266.

https://doi.org/10.1016/j.ejmp.2015.01.019
https://doi.org/10.1007/s10867-011-9247-3
https://doi.org/10.1385/BTER:93:1-3:63
https://doi.org/10.3390/min12020170
https://doi.org/10.3390/app13106298
https://doi.org/10.3390/ma16206638
https://doi.org/10.3390/ma17040788
https://www.ncbi.nlm.nih.gov/pubmed/38399039
https://doi.org/10.3390/biomimetics8040333
https://www.ncbi.nlm.nih.gov/pubmed/37622938
https://doi.org/10.1155/2013/490946
https://www.ncbi.nlm.nih.gov/pubmed/23984373
https://doi.org/10.1109/TDEI.2012.6259983
https://doi.org/10.3390/ma13194447
https://doi.org/10.3390/coatings8080258
https://doi.org/10.1016/j.msec.2018.12.044
https://doi.org/10.1016/j.heliyon.2023.e13176
https://doi.org/10.3390/ijms221810176
https://doi.org/10.1007/s10570-017-1459-7
https://doi.org/10.3390/ceramics6030086
https://doi.org/10.1007/s10924-023-03038-y
https://doi.org/10.3390/polym15234505
https://doi.org/10.21608/ejchem.2022.147513.6393
https://doi.org/10.1515/pjct-2017-0017
https://doi.org/10.1002/app.48908
https://doi.org/10.1007/s10853-017-1839-2
https://doi.org/10.1038/s41598-023-28298-5
https://doi.org/10.1016/j.chemosphere.2024.141298
https://doi.org/10.3389/fmats.2020.00141
https://doi.org/10.3390/polym15183819
https://www.ncbi.nlm.nih.gov/pubmed/37765673


Int. J. Mol. Sci. 2024, 25, 13716 15 of 15

63. Fornazier, M.; Gontijo de Melo, P.; Pasquini, D.; Otaguro, H.; Pompêu, G.C.S.; Ruggiero, R. Additives Incorporated in Cellulose
Acetate Membranes to Improve Its Performance as a Barrier in Periodontal Treatment. Front. Dent. Med. 2021, 2, 776887.
[CrossRef]

64. Abbaszadeh, M.; Meybodi, S.M.; Zarei, A.; Khorasgani, E.M.; Heravi, H.M.; Kasaiyan, N. Cellulose acetate nanofibrous wound
dressings loaded with 1% probucol alleviate oxidative stress and promote diabetic wound healing: An in vitro and in vivo study.
Cellulose 2022, 29, 5359–5374. [CrossRef]

65. Fidale, L.; Ruiz, N.; Heinze, T.; El-Seoud, O. Cellulose Swelling by Aprotic and Protic Solvents: What are the Similarities and
Differences? Macromol. Chem. Phys. 2008, 209, 1240–1254. [CrossRef]

66. Villabona-Ortíz, Á.; Ortega-Toro, R.; Pedroza-Hernández, J. Biocomposite Based on Polyhydroxybutyrate and CelluloseAcetate
for the Adsorption of Methylene Blue. J. Compos. Sci. 2024, 8, 234. [CrossRef]

67. Ferreira, A.C.; Aguado, R.; Bértolo, R.; Carta, A.M.; Murtinho, D.; Valente, A.J. Enhanced water absorption of tissue paper by
cross-linking cellulose with poly(vinyl alcohol). Chem. Pap. 2022, 76, 4497–4507. [CrossRef]

68. Sango, T.; Koubaa, A.; Ragoubi, M.; Yemele, M.C.N.; Leblanc, N. Insights into the functionalities of cellulose acetate and
microcrystalline cellulose on water absorption, crystallization, and thermal degradation kinetics of a ternary polybutylene
succinate-based hybrid composite. Ind. Crops Prod. 2024, 222, 119572. [CrossRef]

69. Mocanu, A.; Cadar, O.; Frangopol, P.T.; Petean, I.; Tomoaia, G.; Paltinean, G.-A.; Racz, C.P.; Horovitz, O.; Tomoaia-Cotisel, M. Ion
release from hydroxyapatite and substituted hydroxyapatites in different immersion liquids: In vitro experiments and theoretical
modelling study. R. Soc. Open Sci. 2021, 8, 201785. [CrossRef]
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