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Abstract

In this study, different chitosan—alginate polyelectrolyte complexes (PECs) were investi-
gated as a biomimetic delivery system for phytic acid (PA), a natural antioxidant with poten-
tial anticancer activity. Physicochemical characterization, including ATR-FTIR, SEM/EDX,
swelling analysis, and PA release profile, demonstrated that the polymer ratio strongly
influenced film morphology, stability, and PA binding. Crosslinking generally produced
smoother, more compact surfaces and resulted in reduced swelling capability, particularly
in alginate-rich systems. PA release in normal saline varied significantly across formula-
tions, with the 5:1 and 1:2 ratios releasing the highest amounts after seven days as a result
of higher PA content. The stability tests exhibited strong ratio-dependent degradation,
with the 1:1 films remaining the most stable across all tested media. Chitosan-rich films
showed moderate mass loss (up to ~25%), whereas alginate-rich films, such as the 1:5 films,
disintegrated due to excessive swelling and possibly weak interactions between polymer
chains. PA-crosslinked samples exhibited similar trends; alginate-rich films lost up to
60-65% of their mass, while chitosan-rich samples demonstrated that a higher chitosan
content produces more stable complexes, indicating a preferable interaction between PA
and chitosan. Cytotoxicity assays using MG-63 osteosarcoma and HDFa fibroblast cells
revealed dose-dependent effects. While PA-free materials did not affect the viability of
either cell type, extracts of PA-crosslinked films at the highest concentration reduced the
viability of MG-63 and HDFa cells. Importantly, moderate concentration of PA-crosslinked
film extracts affected only MG-63 cells without harming fibroblasts, potentially suggesting
mild preferential activity. Overall, the results demonstrate that PA-crosslinked PEC films
provide a tunable, biomimetic platform with structural, physicochemical, and biological
properties that can be modulated by adjusting the polymer ratio. The combination of
enhanced stability, controlled PA release, and dose-dependent cytotoxicity offers potential
for further development as antitumor materials.

Keywords: chitosan; alginate; polyelectrolyte complex; phytic acid; films; antitumor
properties

1. Introduction

In the context of biomedical applications, biopolymers such as chitosan [1] and algi-
nate [2] have been widely studied due to the polymer’s biocompatibility, tunable mechani-
cal properties and structural similarity to native extracellular matrix (ECM) components.
Chitosan is a natural cationic polysaccharide obtained by N-deacetylation of chitin and
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consists of randomly distributed 2-acetamido-2-deoxy-B-D-glucopyranose and 2-amino-2-
deoxy-B-D-glucopyranose units. Chitosan’s linear charge density depends on the degree
of deacetylation and the solution pH, with amino groups becoming protonated below
pH ~ 6.5. The degree of deacetylation determines the density of amino groups that can
carry a charge, and the pH determines the degree of protonation of these amino groups.
Alginate is a natural anionic polysaccharide extracted from brown algae, composed of
B-D-mannuronic (M) and «-L-guluronic (G) acid residues arranged in M, G, and MG blocks.
The relative amounts of the two uronic acid monomers and their sequential arrangement
along the polymer chain vary widely, depending on the origin of the alginate. The func-
tional groups of alginates are carboxyl groups, which carry a negative charge in aqueous
media [3-5]. As oppositely charged polysaccharides in an aqueous solution, chitosan and
alginate can interact and form a polyelectrolyte complex (PEC) structure upon mixing [6].
The interactions that contribute to PEC formation can include hydrogen bonding, van der
Waals forces, and ionic bonds, depending on the chemical structure, the conformation
of the polymer chains, and the conditions used to prepare the polymer mixture (nature
of the solvent, pH, ionic strength, temperature, solution concentration, and mixing ra-
tio). Polyelectrolyte complexes between chitosan and alginate are formed by combining
complementary charges to generate self-assembled fibers or microgels, depending on the
preparation method.

PECs have also attracted considerable interest as delivery systems because they facil-
itate the incorporation, stabilization, and controlled release of therapeutic agents [7-13].
The composition of PECs can be adjusted to modulate their swelling, degradation, and
release behavior [7,11]. Consequently, the properties of PECs depend on the ratio of the
precursors used to form the PECs owing to the different charges of the polymer chains [11].
Furthermore, polymeric systems can be designed for targeted delivery of therapeutics by re-
sponding to specific stimuli (e.g., pH or enzymes present) [1,5,14]. In the context of localized
treatment of different tumors, PEC could be used as a potential delivery system, increasing
local concentration of the therapeutic agent and reducing systemic toxicity [2,15,16]. More
importantly, biomimetic design of delivery systems could also support tissue regeneration
after therapeutic delivery. As ECM is formed by glycosaminoglycans containing negatively
charged groups, the combination of chitosan and alginate could favor cell-biomaterial
interactions [17].

Phytic acid (PA) is a natural source of phosphate, obtained from different types of
seeds or grains and characterized by multiple reactive phosphate groups [18]. Phytic
acid has a high negative charge density, which underlies its strong chelating capacity
and notable antioxidant activity [19-21]. The phosphate groups, each bearing hydroxyl
functionalities, enable phytic acid to interact with a wide range of ions and molecules,
including metal cations, charged amino acids, and charged and uncharged regions of
polysaccharides [22]. Through electrostatic interactions and hydrogen bonding, phytic
acid forms stable complexes with chitosan and alginate [23-25]. Its highly phosphorylated
structure resembles natural phosphate-rich molecules that stabilize biological tissues and
mineralized matrices.

Recently, it was shown that phytic acid enhances osteogenic differentiation of bone
marrow-derived mesenchymal stem cells (BMSCs) in a high-glucose environment [26]. As
a natural antioxidant, phytic acid shows activity against breast and colon cancer [19,21,27].
Previously, Tantivejkul K. et al. [27] reported that phytic acid can interact with the
chemotherapeutic drug doxorubicin, used in the treatment of various cancers [28,29], and
can even achieve a synergistic effect when used with doxorubicin against breast cancer cells.
However, standard chemotherapeutics such as doxorubicin, cisplatin, and methotrexate are
given systemically, leading to non-specific distribution, severe side effects such as cardiotox-
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icity, and insufficient drug concentration at the tumor site [29-32]. Therefore, biomimetic
chitosan-alginate PECs with incorporated phytic acid can be used as a potential therapeutic
system in tumor treatment, avoiding the negative impact of conventional chemotherapy.
Moreover, PECs in the form of films could be applied directly at the treatment site or as a
coating on a supporting substrate where they function as a protective, therapeutic-releasing
cover [33].

Hence, this research aimed to prepare biomimetic chitosan—alginate PEC films as
potential delivery systems for phytic acid incorporated through electrostatic interactions.
The physicochemical and biological properties of polyelectrolyte complex films prepared
with different chitosan-to-alginate ratios and the impact of PA on the polyelectrolyte
complex’s properties were investigated.

2. Materials and Methods
2.1. Materials

Chitosan (C; degree of deacetylation = 96.4%, viscosity = 293 mPa s; Chitoscience
Chitosan 95/200, as declared by the manufacturer) was purchased from Heppe Medical
Chitosan GmbH (Halle (Saale), Germany). Acetic acid (>99.8%) was obtained from Lach-
Ner (Neratovice, Czech Republic). Sodium alginate of low viscosity (A; viscosity =4 mPa s
as declared by the manufacturer) was purchased from Sigma-Aldrich (Saint Louis, MO,
USA). Phytic acid (PA, 50% w/w in HyO; Sigma-Aldrich, St. Louis, MO, USA) was diluted
to prepare a 1% (w/w) solution.

For the preparation of normal saline (NS, pH 7.4), sodium chloride was used. For the
preparation of phosphate buffer solution (PB, pH 6.0), sodium phosphate dibasic heptahy-
drate and sodium phosphate monobasic monohydrate were used. For the preparation of
phosphate-buffered saline (PBS, pH 7.4), sodium chloride, potassium chloride, disodium
hydrogen phosphate, and potassium dihydrogen phosphate were used. All mentioned
chemicals were purchased from Gram-mol, Zagreb, Croatia.

All reagents were of analytical grade and used as received, without further purification.

2.2. Preparation of Polyelectrolyte Films

Aqueous stock solutions (1% w/w) of sodium alginate and chitosan were prepared
by dissolving sodium alginate in deionized water and chitosan in 1% v/v acetic acid,
respectively. Polyelectrolyte complexes of chitosan and alginate (CA) were prepared at
room temperature by mixing the solutions in five different volumetric ratios (Table 1) using
sonication for 1 min at 40% amplitude (Bandelin Sonopuls 4200, Bandelin electronic GmbH
& Co., KG, Berlin, Germany) using an SH 200G step horn. The final energy used was
~8.6 k] for a 30 mL suspension. The maximum temperature measured at each suspension
preparation was 37.4 £ 0.2 °C. The resulting suspensions were poured into aluminum
plates (30 mL) and dried at 40 °C until dry films were obtained. Pure chitosan (CHT) and
pure alginate (ALG) films were prepared using the same procedure.

Table 1. Chitosan-to-alginate (CA) solution ratio for CA and CAPA films.

V (Chitosan), mL V (Alginate), mL Ratio C: A n(ﬁgjfgenl({ég%—)
25 5 5:1 5.30:1
20 10 2:1 2.10:1
15 15 1:1 1.05:1
10 20 1:2 0.52:1
5 25 1:5 0.21:1
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2.3. CA Crosslinking with Phytic Acid

CA films intended for crosslinking were immersed in a 1 w/w% phytic acid solution,
with a mass-to-volume ratio of 3.5 mg mL~! and left for 24 h to crosslink. On the second
day, the crosslinked films (CAPA) were rinsed with deionized water until a neutral pH
was reached. Control films without PA (CA), were rinsed three times with deionized
water. All samples were punched with an 8 mm diameter biopsy punch and dried at room
temperature. Surface area and film thickness were measured after drying (n = 5). The CA
films had an average area of 172.7 + 8.9 mm?, while the CAPA films had an average area of
175.0 &+ 10.0 mm?. The thickness of the CA films was 0.09 & 0.01 mm, and the thickness of
the CAPA films was 0.10 £ 0.01 mm.

2.4. Characterization of Polyelectrolyte Films
2.4.1. ATR-FTIR

The compositional analysis of polyelectrolyte films was conducted using attenuated
total reflectance Fourier transform infrared (ATR-FTIR) spectroscopy with a Shimadzu
QATR-10 spectrometer (Shimadzu, Kyoto, Japan) equipped with a diamond crystal as
the internal reflection element. Spectra were recorded in the wavenumber range 4000
to 400 cm ! with a spectral resolution of 4 cm~!, and 32 scans were collected for each
measurement. Measurements were performed at room temperature.

2.4.2. Surface Morphology and Elemental Analysis

Scanning electron microscopy (SEM) was used to visualize the surface of the dry films,
and the resulting micrographs provided insight into the morphological changes caused by
different proportions of chitosan and alginate in the samples. The prepared scaffolds were
coated with a thin layer of palladium and gold (SC7620 vaporizer, Quorum Technologies,
Laughton, East Sussex, UK), and the analysis was performed using a scanning electron mi-
croscope (Tescan Vega III EasyProbe, Brno, Czech Republic) under high-vacuum conditions
at an accelerating voltage of 10 kV. Energy-dispersive X-ray spectroscopy (EDX) (Quantax
Compact, Bruker, Billerica, MA, USA) was also used for semi-quantitative measurement of
phosphorus in the crosslinked samples without coating, in three randomly chosen surface
areas per sample.

2.4.3. Absorption Capacity

The absorption capacity of polyelectrolyte films was determined by immersing dry
samples (Wp) in phosphate-buffered saline (PBS, pH 7.4), normal saline (NS, pH 7.4),
phosphate buffer (PB, pH 6.0), and demineralized water (H,O, pH 6.9) for 24, 48, and 72 h
at 37 °C. After each time point, excess medium was removed by wiping along the edge of
the well three times on both sides of the film, and swollen samples were carefully weighed
(Ws). Absorption capacity was calculated using Equation (1).

Absorption capacity, % = (Ws — Wp)/Wp) x 100 (1)
Measurements were performed in at least five replicates per system.

2.4.4. Colorimetric Determination of Released Phytic Acid

The release of phytic acid from the individual samples was investigated at prede-
termined time points using the Megazyme Colorimetric assay kit (Megazyme, Bray, Co.,
Wicklow, Ireland). The results represent independent, interval-based measurements. The
samples were weighed and incubated in normal saline (NS, pH 7.4) at 37 °C at a mass-to-
volume (considered as material’s concentration) of 3.0 mg mL~!. The quantity of released
phytic acid was measured at 1, 2, 3, and 7 days. Measurements were performed in at least
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three replicates at a wavelength of 655 nm using a microtiter plate reader (VICTOR Nivo
Multimode Microplate Reader, PerkinElmer, Shelton, CT, USA).

2.4.5. Cytotoxicity Assay

The cytotoxicity of non-crosslinked CA films and phytic acid-crosslinked polyelec-
trolyte films was evaluated using an indirect MTT ((3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide) assay on human osteosarcoma cells (MG-63, passage 4,
Cytion GmbH, Eppelheim, Germany) and human adult dermal fibroblast cells (HDFa, pas-
sage 5, Thermo Fisher Scientific, Waltham, MA, USA). A free PA dose-response experiment
was conducted on both cell types using 0.125, 0.250, 0.500, 0.750, 1.000, and 2.000 mmol
L~! solutions of PA prepared in complete cell culture medium, and ICs was calculated by
non-linear fit (inhibition vs. response, three-parameter model). The selectivity index (SI)
was calculated as ICs5yp(HDFa) /1C5,(MG-63).

MG-63 and HDFa cells were cultured in high-glucose Dulbecco’s Modified Eagle
Medium (DMEM, 4500 mg L1 glucose; Capricorn Scientific GmbH, Ebsdorfergrund,
Germany) supplemented with 10% fetal bovine serum (FBS, Sigma-Aldrich) and 1% peni-
cillin/streptomycin (Sigma-Aldrich). When cells reached approximately 85% confluence,
they were seeded into 96-well plates (Sarstedt) at a cell density of 5 x 10° cells per 200 puL
and allowed to adhere overnight in a humidified incubator (5% CO,, 37 °C).

Prior to testing, samples were sterilized under UV light for 30 min. CA samples were
incubated in complete cell culture medium for 24 h at 37 °C at mass-to-volume ratios of 5
and 3 mg mL~! (considered as the material’s concentration) while CAPA samples were
incubated at 1, 3, and 5 mg mL~!. After incubation, extracts were collected. For cytotoxicity
testing, 200 uL of each extract was added to cells seeded in 96-well plates and incubated
for 24,48, and 72 h.

At each time point, the testing medium was removed, and cells were washed with
1X PBS. Subsequently, 50 uL of MTT solution (0.5 mg mL~! in complete medium) was
added to each well and incubated for 4 h. After MTT incubation, 170 pL of dimethyl
sulfoxide (DMSO) was added to dissolve the formazan crystals, followed by a 20 min
incubation with constant shaking. Absorbance was measured at 570 nm using a microplate
reader (VICTOR Nivo Multimode Microplate Reader, PerkinElmer, Shelton, CT, USA). Cell
viability was calculated as a percentage relative to untreated cells. At cell viability below
70%, the material was considered cytotoxic according to ISO 10993-5:2009 [34].

2.4.6. Statistical Analysis

The results are presented as mean values with standard deviation. Data comparisons
were performed using two-way analysis of variance with polymer ratio (different chitosan—
alginate ratios) as the row factor and medium (different test media) as the column factor
(ANOVA), followed by the Tukey post hoc test. Significant differences between groups are
indicated by asterisks, with the following thresholds: * p < 0.05, ** p < 0.01, *** p < 0.001,
and **** p < 0.0001.

3. Results and Discussion
3.1. Film Preparation

After preparing the initial polymer stock solutions, the solutions were mixed thor-
oughly to create the polyelectrolyte system at different ratios (Table 1). The initial solutions
were transparent. Upon mixing and during the sonication, microgels were formed i.e. a
PEC suspension (Figure Al).

The stability of PECs is influenced by the nature and polarity of the polymers, their
degree of polymerization, and the pH of the reaction medium. Looking at the properties
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of chitosan, its pK; value is ~6.5, while the average pK, value of alginate is ~3.38 to
~3.65, respectively [35,36]. Therefore, if the polyelectrolyte complex is in a solution with
a low pH value, a large part of the amino groups of chitosan are positively charged (-
NH;3"), while the carboxyl groups of alginate chains are in the form -COOH. As the pH
value of the solution increases, the degree of ionized amino groups decreases, while the
amount of negatively charged carboxyl groups of alginate increases. By changing the pH,
the electrostatic interactions between the amino and carboxyl groups becoming stronger,
forming a gel with a stable structure. When the same number of amino and carboxyl groups
are positively and negatively charged, respectively, an equilibrium is established.

After dissolution, the pH of the alginate solution was approximately 6.5, and that of
the chitosan solution was approximately 4.5. These pH values ensured that alginate was
fully deprotonated and chitosan was fully protonated.

Upon mixing, the overall suspension maintained the pH of the chitosan solution
(pH 4.5). At this pH, the chitosan chain contains the maximum number of positively
charged amino groups, while the addition of dissolved alginate leads to partial protonation
of the carboxyl groups, which can ultimately cause precipitation. At the moment of mixing,
the amino groups of chitosan are linked to the carboxyl groups; however, if not all chains
are interconnected, saturation of the carboxyl groups can still occur. When the pH drops to
values close to the pKj, of uronic acids (typically reported in the range ~3.38 to ~3.65), a part
of the carboxyl groups become protonated, reducing electrostatic repulsion and increasing
the interchain association via hydrogen bonds [3,4]. As a result, viscosity increases, the
chains compact, and precipitation or the formation of colloidal aggregates/gels may occur.
In the work of Wasupalli G.K. et al. [37], it was shown that different fiber-like microgels are
formed at different pH values during PEC preparation, which agrees with the microgels
formed in this work (Figure Al).

When immersing dry, non-crosslinked films in an acidic PA solution (pH value ~2),
samples initially swell. At low pH, the proportion of free protonated amino groups of
chitosan and the proportion of protonated carboxyl groups increase. Also, due to the
negative charge of PA, the association of free amino groups of chitosan with PA occurs,
favoring interactions between PA and chitosan with respect to the interactions between
PA and alginate [31,38,39]. PA creates interactions through hydrogen bonds, ion-dipole
interactions and electrostatic interactions and, in this way, can connect with alginate chains,
creating a stable gel. However, it is important to take into account the ratio of PA and
alginate, as shown in Nita L.E. [23]. The formation of stable PEC depends mostly on
the C:A ratio, while the incorporation of PA can significantly impact the interactions
between chitosan and alginate, especially at pH values lower/higher than that of PEC
formation, leading to preferable PA-polymer interactions. Assumed interactions between
PA, chitosan and alginate are illustrated in Figure 1. In the PEC structure, protonated
amino groups on chitosan interact electrostatically with carboxyl groups on alginate, with
additional stabilization provided by weaker hydrogen bonding. These interactions generate
a relatively compact polyelectrolyte matrix. Upon PEC immersion into PA solution, the
amino groups of chitosan and hydroxyl groups of alginate interact with phosphate and
hydroxyl groups of phytic acid, forming an additional crosslink.
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ELECTROSTATIC BONDS

ALGINATE

Figure 1. Schematic illustration of assumed interactions in PA-crosslinked PEC. Green dashed lines
denote hydrogen bonding, while blue dashed lines denote electrostatic interactions.

3.2. ATR-FTIR Spectroscopy

FTIR spectroscopy was used to investigate the interactions of phytic acid with PEC of
different C:A ratios. In Figure 2, the spectrum of the chitosan film shows, between 3500
and 2980 cm~!, absorption bands correlated with overlapping stretching vibrations of
O-H and N-H bonds. Absorption bands at 2921 and 2854 cm~! correspond to asymmetric
and symmetric stretching vibrations of the C-H bond. The absorption bands at 1637 and
1538 cm ™! correspond to the vibrations of amide I and amide II. The absorption band
at 1320 cm ™! is related to the stretching vibration of the C-N bond, and the absorption
band at 1259 cm~! corresponds to the bending of the C-H bond in the CH; group. The
absorption band at 1151 cm ! is attributed to C-O-C asymmetric stretching vibrations, and
the absorption bands at 1063 and 1017 cm ™! are associated with C-O stretching vibrations
characteristic of polysaccharides [11]. The spectrum shows an absorption band at 1403 cm ™!
belonging to the COO™ group from acetate. When preparing the control sample by the
casting method, the sample was not rinsed with demineralized water, so the resulting thin
film is a chitosan acetate salt.

On the spectrum of the alginate film, between 3500 and 3000 cm ™!, there is an absorp-
tion band associated with stretching vibrations of the O-H bond in the hydroxyl group.
At 2941 cm~!, an absorption band associated with stretching vibrations of the C-H bond
can be seen. Absorption bands appear at 1597 and 1406 cm~! due to asymmetric and
symmetric stretching vibrations of COO~ bonds. Absorption bands at 1087 and 950 cm ™!
are associated with C-O bond stretching vibrations and C-O bond stretching.
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Figure 2. ATR-FTIR spectra, in the order of (top) chitosan and alginate films, (middle) CA films, and
(bottom) CAPA films. The spectra were vertically shifted for clarity. Dashed lines denote the main
functional groups.

The polyelectrolyte spectra show that changes in the chitosan-to-alginate ratio in the
CA samples highlight the changes in characteristic bands of polymers (Figure 2). In the
range between 3300 and 3000 cm !, the absorption bands characteristic for hydroxyl groups
of both polymers are expressed, regardless of the ratio. Absorption bands at 2922 and
2860 cm ! correspond to asymmetric and symmetric stretching vibrations of the C-H bond.
More specifically, absorption bands associated with chitosan functional groups, amides
I and I, at approximately 1641 and 1585 cm~!, become more defined with increasing
chitosan content [6,11,40]. Increasing the alginate content results in more pronounced
absorption bands that can be attributed to the asymmetric and symmetric stretching of the
carboxyl groups of sodium alginate at 1593 and 1406 cm ™! [6,11,40]. At approximately 1070
and 940 cm !, the C-O stretching is observed, depending on the chitosan-to-alginate ratio.

After crosslinking with phytic acid (Figure 2), it is evident that the individual bands
attributed to amide I and amide IT at 1635 and 1533 cm !, as well as the carboxyl-related
bands at approximately 1629 and 1531 cm !, undergo noticeable spectral changes compared
to the CA samples, as also shown in work of Nita L.E. et al. [23]. Furthermore, modifications
likely arise from the potential binding of phytic acid to chitosan or alginate, depending
on the polymer ratio, as shown by Stephy A. et al. [38]. After crosslinking with PA,
characteristic alterations associated with the C-O stretching were observed at 1072 and
935 cm ™!, as well as at approx. 1600 and 1530 cm~!.

Interestingly, another band appears at ~1730 cm ™!, which is the most pronounced
at the C:A ratio of 1:5. This band could be attributed to modified or saturated carboxyl
groups. In the work of Kulig et al. [11], the band at approximately 1730 cm ! possibly
corresponds to the asymmetric stretching of -COO groups, indicating the formation of a
complete polyelectrolyte complex with a higher proportion of alginate. More importantly,
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a new band was observed at ~500 cm~!, corresponding to O-P-O bending vibrations
associated with phosphate groups in phytic acid [41]. Since the spectra of CAPA films show
only changes in the position of characteristic bands, as well as overlapping of existing ones,
electrostatic interactions between PEC and phytic acid are assumed [41,42].

3.3. Elemental Analysis

Since the PA is incorporated in the films by adsorption, the presence of phosphorus
was determined by EDX analysis. The regions were randomly selected for elemental
analysis, and the EDX results are shown in Figure 3. The CA films did not show any
detectable phosphorus. The main elements present are carbon, oxygen, and residues from
the transition metals from sample coating (which are excluded from the representation).
However, CAPA films exhibited phosphorus, which also confirms that PA remains bound
on the surface of the films after washing steps [5,41].
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Figure 3. EDX spectra of (A) CA and (B) CAPA films. The phosphorus content obtained via EDX
analysis (C).

The phosphorus content in chitosan—alginate films crosslinked with phytic acid was
estimated as atomic and mass percent (P, %) relative to the total detected elements. The
results in Figure 3C show a clear decrease in phosphorus content with the reduction in
chitosan content in the films. Samples with a 5:1 chitosan-to-alginate ratio contained ap-
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proximately 8.0 & 0.7 wt.%, followed by 2:1 with ~6.0 & 0.2 wt.%, 1:1 with ~5.0 & 0.2 wt.%,
and 1:2 with ~4.5 £ 0.2 wt.%. The lowest value, 2.4 + 0.1 wt.%, was observed for the 1:5
ratio. The results suggest that phosphorus incorporation depends on the chitosan fraction
in the polyelectrolyte complex.

3.4. Morphology of the Polyelectrolyte Films

To examine the surface of the samples, electron microscopy was used. In Figure 4, films
of CA polyelectrolyte complexes showed an irregular, fibrous surface. It was found that
with an increase in the polymer ratio, more aggregates of polyanion—polycation complexes
are formed, which is observed as increased irregularity in the structure. The differences in
the surface of the films may be due to different ionic interactions dictated by the polycation-
polyanion ratio [11,35].

5:1 2:1 1:1 1:2 1:5

CA

CAPA

Figure 4. SEM images of CA and CAPA surfaces at different C:A ratios. The scale represents 50 pm.

CA film with a 1:1 ratio were grainy and had visible roughness, indicating saturated
interactions between chitosan and alginate chains [35]. A more uniform and compact
microstructure was observed for the 2:1 sample. With an increased fraction of chitosan,
visible rough threads appear again. Sample 5:1 exhibited a rough and fibrous morphology
compared to the 2:1 sample. The system with more alginate, 1:2, had a smoother surface
compared to samples with excess chitosan, while at 1:5 the sample became inhomogeneous
again. In conclusion, if chitosan or alginate dominates the ratio, samples tend to become
inhomogeneous in surface texture.

After crosslinking with PA, the surface became smoother, except for the 5:1 ratio. This
could indicate that films are affected by the preparation procedure, although they do not
lose structural integrity after immersion in PA solution. A smoother surface may indicate
swelling of the films, accompanied by potential dissolution and crosslinking in the PA
solution. As a result, the polymer chains may rearrange and become more compact, as a
result of PA crosslinking. The 5:1 sample retained string-like morphology after crosslinking.

Similar observations of the microstructure of films based on sodium alginate and
chitosan were found in previous studies [11,35,43].

3.5. Absorption Capacity in Different Media

Absorption capacity governs fluid uptake, swelling, mechanical softening, diffusion
rates of solutes, and the film’s ability to maintain contact with tissues or substrates. Polysac-
charide films interact with their environment, and those interactions depend strongly on
the medium’s composition. Measuring absorption capacity in multiple media may suggest
how the film will behave in real applications. Different pH values can affect the protonation
and deprotonation of functional groups in chitosan and alginate, which dictate the uptake
of the medium. In addition, the presence of different ions and ionic strength of the solution

https://doi.org/10.3390/biomimetics11100718


https://doi.org/10.3390/biomimetics11100718

Biomimetics 2026, 11,718

11 of 23

can affect medium absorption. Salts can screen electrostatic interactions and can tighten or
expand the polymer network, while multivalent ions can form new crosslinks or compete
with existing ones [44]. For these reasons, different media were used to investigate the
swelling of CA and CAPA films.

Both CA and CAPA were immersed in dH,O, which serves as a baseline: no additional
ions are present, the pH is near neutral, and only water molecules can interact with
the polymers. The next medium used was normal saline, which has the ionic strength
similar to extracellular fluid and can screen charges since it contains sodium and chloride
ions. Furthermore, phosphate-buffered saline was used to determine absorption capacity
at physiological pH and, to examine how CAPA samples respond to the presence of
phosphate. Finally, phosphate buffer at pH 6.0 was used as a buffer without physiological
salts. PB can serve to assess swelling at a pH of 6.0, which is characteristic of the tumor
microenvironment.

Figure 5A shows the swelling behavior of control and crosslinked films in different
media after 72 h of exposure, with comparable trends after 24 and 48 h (Figure A2),
indicating the system reached equilibrium swelling.
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Figure 5. (A) Swelling capacity of CA and CAPA films after 72 h of immersion in different solutions.
(B) Residual mass of CA and CAPA films after 72 h of immersion. (C) Changes in pH value after
72 h of immersion of CAPA films in different media, where I represents the initial pH value of the
media. For the CA with a ratio of 1:5, samples were dissolved after 24 h. Results are presented

as means + standard deviation. Significant differences between groups: * p < 0.05, ** p < 0.01,
***p <0.001, **** p <0.0001.
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According to the swelling results in dH,O, sample CA at a 1:1 ratio absorbs the least
(less than 100%), likely due to strong ionic interactions between amino and carboxyl groups.
Generally, with an increase in the amount of chitosan, swelling slightly increases: the 2:1
sample absorbs more (~150%), while the 5:1 sample absorbs the most (up to ~200%). By
increasing the proportion of alginate, the swelling of CA notably increases. The 1:2 sample
swells to around 300%, while the 1:5 sample dissolves in dH,O. In natural saline, the
1:1 sample absorbs the least, around 100%, while the 2:1 and 5:1 samples swell similarly,
around 150%. With an increase in alginate, the 1:2 sample swells around 150%, and the
1:5 sample absorbs around 400%. All the samples remained integrity after the 72 h of
immersion in normal saline. In PBS, the 1:1 sample absorbs above ~100%. The 2:1 and 5:1
samples absorb ~120%. Alginate-rich samples absorb significantly: 1:2 absorbs 350%, and
1:5 absorbs 1500%. In PB, the 1:1 sample absorbs ~70%, and with an increase in chitosan,
the 2:1 sample absorbs around 100%. The 5:1 sample absorbs ~110%. With an increase in
alginate, the 1:2 sample absorbs 150%, and the 1:5 sample absorbs 800%.

When chitosan and alginate are combined in the same ratio, the charge ratio of positive
and negative ions is nearly equal, forming the most stable type of polyelectrolyte complex.
Changing the charge ratio alters the conformation of the polyelectrolyte complex. As the
positive charge increases, chitosan becomes dominant in the outer part of the core—shell
structure, while the inner part becomes alginate, and vice versa [42]. Chitosan-rich films
(5:1, 2:1) form stronger networks with lower swelling because the abundance of positively
charged amino groups creates strong ionic crosslinks. Balanced ratios (1:1) show minimal
swelling due to optimal charge pairing. Alginate-rich films (1:2, 1:5) swell dramatically
at a neutral pH due to increased negative charge density and structural features such as
internal “pockets” that trap water and amplify swelling [43].

According to the obtained results, the swelling capacity depends on the pH of the
medium and the ions to which the samples are exposed. Polyelectrolyte complexes formed
by chitosan and anionic polymers in the pH range pK, (anionic polymer, alginate) < pH <
pKa (cationic polymer, chitosan) show the lowest swelling. Ata pH > 6.5, most of the amino
groups of chitosan become -NH, and the carboxyl groups of anionic polymer are ionized;
therefore, the repulsive forces between the carboxyl groups should lead to an increase
in swelling [5,44]. The amount of each polymer should also be taken into account, since
the mentioned pH range is defined for a stoichiometrically equal proportion of chitosan
and alginate. In addition to the observed pH values of 7.4 and 6.0, a possible influence
is expected from the foreign ions, i.e., ionic strength [45]. Namely, for the CA 1:1 sample,
the highest capacity is achieved in PBS, which is expected, while the values are slightly
lower in normal saline, PB and water. At pH 6.0, the greatest contribution to swelling is
made by carboxyl groups, with a relatively small proportion of amino groups. At elevated
pH, chitosan swells the least, and the swelling of the carboxyl groups of alginate prevails.
Normal saline contains only sodium and chloride ions. Alginate prefers binding with
sodium ions, just as positively charged amino groups prefer interaction with free chloride
ions, which can lead to altered swelling. This often results in moderate swelling, but lower
swelling than in more complex salt solutions. On the other hand, PBS is a solution of
several different salts (multiple ions such as Na*, K*, and phosphate species) that can
bind to a single polymer chain. Salt precipitation can also occur, as a result of which
swelling can be more pronounced. Multivalent phosphate ions can bind to several sites on
the polymer chains, altering the network structure, while salt precipitation within pores
increases osmotic pressure and drives additional water uptake. In contrast, demineralized
water lacks ions to shield repulsive forces, allowing alginate chains to fully hydrate. This
leads to extreme swelling or even dissolution of alginate-rich samples, as observed by
disintigration of alginate-rich films after prolonged immersion.
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After crosslinking with phytic acid, chitosan-rich films and C:A 1:1 showed similar
swelling as before crosslinking, while significant changes were detected for alginate-rich
films. The 1:1 CAPA film consistently showed the lowest equilibrium swelling in every
medium tested. A higher chitosan fraction produced progressively higher water uptake: the
5:1 films absorbed more than the 2:1 films, and both absorbed more than the 1:1 formulation.
Increasing the alginate fraction also increased swelling relative to the 1:1 sample, with
a higher absorption capacity than samples with more chitosan. But alginate-rich films
swelled less than the uncrosslinked CA film in dH,O, PBS and NS.

Based on the amount of absorbed medium in each film, it is evident that in water
the 1:1 ratio absorbed about 75%, the 2:1 ratio about 80%, and the 5:1 ratio over 90%.
All samples retained structural integrity, indicating that they became more stable after
crosslinking compared to the pure CA film. With increased alginate content, the 1:2 ratio
absorbed around 80% of the water and the 1:5 ratio about 150% of the water. In natural
saline, the 1:1 ratio absorbed around 80%, the 2:1 ratio around 100%, and the 5:1 ratio about
125%. Samples with more alginate, the 1:2 ratio absorbed approximately 125% and the 1:5
ratio 250%, showing considerably lower absorption capacity compared to CA films under
the same conditions. Interestingly, in PBS some samples swell similarly to CA films. The 1:1
samples absorb similarly to CA, around 100%, but with an increased chitosan fraction, the
absorption capacity remains almost unchanged. The 2:1 and 5:1 CAPA samples absorbed
more in PBS than the CA films, reaching 130% and 150%, respectively. In contrast, samples
with more alginate absorbed less in PBS than CA films, with the 1:2 ratio absorbing around
300% and the 1:5 ratio around 800%. Finally, the highest amount of absorbed medium was
observed in PB. The CAPA samples with more chitosan absorbed similarly to CA films
at the same ratios. The CAPA 1:1 absorbed slightly more than CA films, around 100%,
while the 2:1 films absorbed more than 100%, and the 5:1 films absorbed almost 150%.
Alginate-rich films absorbed less than CA films at the same ratios: the 1:2 ratio absorbed
around 650%, and the 1:5 ratio absorbed around 900%.

The release of phytic acid obviously affects swelling of alginate-rich films in PBS and
PB. Phytic acid itself can form chelates with ions present, such as sodium or potassium,
and may result in higher water uptake [46]. Furthermore, as both PB and PBS contain
phosphate salts, the influence of free phosphate groups may explain the difference in
absorption capacity, but further investigation is needed.

3.6. Stability of the Polyelectrolyte Films

After the swelling capacity was investigated, the films were rinsed with distilled water
and dried to constant mass to determine the residual mass of the samples. Figure 5B shows
that the CA 1:1 ratio was the most stable across all solutions, with negligible mass change.
The CA 1:5 ratio dissolved during immersion in water after 72 h, while in PBS and PB
samples, mass decreased to 75% of the original, indicating loss. Due to the higher amount
of alginate, these samples swell more, allowing deeper penetration of solvents, especially
at a neutral or slightly lower pH, such as 6.0. Moreover, the mass loss may indicate that
the interactions at this ratio are weak because the polymer chains prefer to form stronger
interactions with ions within the solutions. Interestingly, in normal saline, CA samples
with higher chitosan or alginate fractions showed greater mass loss than the 1:1 sample.

Samples crosslinked with PA exhibited different behavior. Across all the solutions
investigated, the most significant change happened in PBS and PB. The 1:5 ratio loses
more than 60 to 65% of the total mass, which could indicate the dissolution of the samples.
The 1:1 ratio exhibited a similar mass loss of ~25% as the 5:1 and 2:1 indicating that more
chitosan can provide a more stable network by PA crosslinking. In PBS and PB, pH was not
affected (Figure 5C).
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In demineralized water, all crosslinked samples lost a few percent in mass, approx-
imately 5 to 10%, depending on the ratio. This mass loss can be substantiated by the
pH change when phytic acid was released from the samples (Figure 5C). Similarly, the
pH decrease was observed in NS due to PA release, which could affect the stability of
polyelectrolyte films.

A possible reason why alginate-rich films lose a lot of mass could be delamination
of the films after crosslinking with PA (Figure A3). Phytic acid can saturate the carboxyl
groups of alginate chains. Assuming that phytic acid forms stronger interactions with
chitosan amino groups, a loss of stability may occur. If such a system is additionally
exposed to metal ions or phosphates from PBS or PB, the non-crosslinked alginate chains

may dissolve.

3.7. Release of Phytic Acid from CAPA

The mass of phytic acid released per sample was determined in natural saline using
a colorimetric method. Briefly, the method is based on extracting phytic acid from solid
matrices (digestion in hydrochloric acid followed by neutralization with sodium hydroxide)
and then enzymatically hydrolyzing it to convert phytic acid into measurable phosphorus.
Because the polysaccharide films are not soluble in hydrochloric acid, the option was to
measure the released phytic acid in a sodium chloride solution, which contains the same
amount of sodium and chloride ions as the solution expected in the assay itself.

Figure 6 generally shows that more phytic acid was detected with longer incubation
time. After seven days, the highest amounts of phytic acid per sample’s weight, 78 j1g mg ™!
and 64 g mg~!, were measured for samples 5:1 and 1:2, respectively. The lowest amount
was detected for sample 1:5 at around 40 pg mg~!. For CAPA 2:1, the PA quantity measured
was 46 ug mg !, while for 1:1 it was 57 ug mg~".
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Figure 6. Phytic acid release profile in normal saline, pH 7.4, and at 37 °C. Release was assessed by
individual measurement at each time point. Results are presented as means + standard deviation
from three independent measurements. Significant difference between groups: * p < 0.05, ** p < 0.01,
and **** p < 0.0001.

The release of PA is dictated by the swelling properties (i.e., ion presence). According
to the swelling results, the PA release profile follows the swelling trend in normal saline for
three days. Furthermore, samples were stable and had lost 5 to 10% of their original mass.
The highest and the lowest PA release for CAPA 5:1 and 1:5, respectively, correlate with
the amount of PA incorporated into CAPA as estimated by semi-quantitative EDX analysis.
Certainly, the conformation of PEC should also be considered when changing the C:A ratio,
as suggested by Saether H.V. et al. [4]. When positive or negative charge is increased, the
excess charged phase moves to the outer surface layers of the polyelectrolyte complex.
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Furthermore, the higher PA quantity released in normal saline over longer periods indicates
the weakening of interactions between PA and PEC due to the presence of foreign ions.

Slight variations in PA release profile in the 2:1, 1:1 and 1:2 systems could be a result of
different conformations and interactions in the presence of salt. Hence, additional analytical
methods to determine PA release are needed to fully investigate the correlation between
PA binding and release at different CA ratios of CAPA.

3.8. Cytotoxicity

Cytotoxicity of the samples was investigated indirectly by MTT assay, measuring
cell metabolic activity. Extracts of the non-crosslinked and crosslinked samples were
used to treat MG-63 osteosarcoma and HDFa fibroblast cells. Non-crosslinked chitosan—
alginate films did not negatively affect the viability of MG-63 or HDFa cells after 72 h
at all concentrations tested (Figure A4), indicating non-cytotoxicity, consistent with the
literature [47]. The introduction of phytic acid made significant changes in cell viability,
as shown in Figure 7. At the highest and moderate concentrations of CAPA films (5 and
3 mg mL~!), the samples reduced the viability of the MG-63 cells compared to the negative
control, particularly for chitosan-rich samples. At the lowest tested concentration, chitosan-
rich samples were at the threshold of cytotoxicity, while all other systems were not cytotoxic
to osteosarcoma cells. Regarding the effect of materials on HDFa cells, it is evident that at
the highest material concentration, samples 5:1 and 1:2 reduced the cell viability relative to
the negative control. Other samples were at the threshold of cytotoxicity. At a moderate
concentration, the samples did not affect cell viability after 72 h of incubation; moreover, an
increase in cell viability compared to the negative control was observed in 2:1, 1:1, and 1:5
samples. At the lowest concentration, all samples were non-cytotoxic.

A 5mgmL! 3 Lt 1 Lt
g m mgm mgm

150 150
—_ = e e e - = - - w W 24
= . ] - )
= w [ — 48
21009= 7 - - e I a 1004] :72
3 il e
E i | | I-. I I || i
il. . ||| “I |
o

0 T u 0 y u 0

5:1 2:1 1:1 1:2 1:5 NC 5:1 2:1 1:1 1:2 1:5 NC
B -1
5mgmL

150———— 150 150 _
= = = S0 =
2 100 10095 Latl 1007 8 48
= =72
=
2 50 50 50
°
=]

0= 0 T 0-

51 2:1 1:1 1:2 1:5 NC 51 2:1 1:1 1:2 1:5 NC 51 2:1 1:1 1:2 1:5 NC

Figure 7. Cytotoxicity assay of CAPA materials on (A) MG-63 and (B) HDFa cells at 24, 48, and
72 h. NC indicates negative control. The cytotoxicity threshold was set at 70% cell viability (black
dotted line). Values above 70% are classified as non-cytotoxic, and values below 70% as cytotoxic
(ISO 10993-5:2009 [34]). Results are presented as means =+ standard deviation from six independent
measurements. Significant difference between groups: * p < 0.05, ** p < 0.01, ** p < 0.001 and
% p < 0.0001.

Similar results of PA impact on different cell types have been reported by Saverino
A. etal. [19], showing antitumor activity, inhibiting proliferation and inducing apoptosis
in malignant cells while causing minimal cytotoxicity toward healthy cells. Consistent
with the cited work, a preferential activity of PA towards cancer cells may be explained
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by disruption of iron-dependent metabolism and ROS-sensitive survival pathways [48]. A
similar observation of the impact of PA on tumor cells was reported in research conducted
by Ju Q. et al. [49]. Investigating the effect of manganese nanoparticles crosslinked with
PA, they observed that after 24 h, there was a drastic decrease in the viability of human
osteosarcoma cells (U20S and 143B) due to prolonged exposure to PA-modified nanoparti-
cles. Likewise, treatment with PA solutions alone for 24 h at concentrations of 100, 125, and
150 ug mL~! resulted in reduced cell viability. Another study [50] investigated the impact
of phytic acid on human periodontal ligament fibroblasts (HPDL). They observed that at
three concentrations (0.005%, 0.01%, and 0.02%), phytic acid had a positive effect on the
viability of HPDL fibroblasts at optimal glucose levels, indicating that PA does not affect
healthy fibroblasts. More importantly, a similar result was reported by Ghilan A. et al. [24],
who investigated combinations of different ratios of PA and carboxymethyl chitosan. At the
highest concentration of 0.5 mg mL !, the extract of the samples with the highest amount
of PA (chitosan-to-PA ratio of 6:1) was not cytotoxic to human dermal fibroblasts after 24 h.

To support the conclusion on PA cytotoxicity, a PA dose-response assay was performed
on MG-63 and HDFa cells (Figure A5). The resulting viability profile indicates a gradual
reduction in viability of both cell types. Since the true ICsy values would be in a higher PA
concentration range, ICsy was estimated; for HDFa cells it was 4.585, while for MG-63 cells
it was 3.727. Additionally, the estimated selectivity index value was 1.23, suggesting only
mild preferential activity. Certainly, true selectivity cannot be confirmed at this stage. To
determine whether PA genuinely exhibits selective cytotoxicity, further evaluations across
multiple osteosarcoma subtypes and corresponding healthy cells are required.

Considering the acidity of PA, pH values of the investigated extract were measured.
The CA extracts did not influence the pH of cell culture media, regardless of the chitosan-
to-alginate ratio, reaching an average pH of 7.50 & 0.06 after 24 h of material immersion.
The average pH of CAPA extracts was slightly lowered and depended on the extract
concentration: 7.20 =+ 0.10 for 5 mg mL™~!, 7.22 + 0.08 for 3 mg mL~ Y and 7.34 + 0.07
for 3mg mL~1. Specifically, the 5:1 and 1:2 ratios lowered the pH value the most, which
correlates with the PA release experiment. Nonetheless, the PA released did not disrupt the
physiological pH of the cell culture media.

Overall, cytotoxicity assays of CAPA films indicate an antitumor potential that need
to be further investigated in a more complex tumor microenvironment.

4. Conclusions

Chitosan-alginate polyelectrolyte complex films crosslinked with phytic acid, in five
different chitosan-to-alginate ratios, were developed and evaluated for biomedical applica-
tions as biomimetic films. SEM analysis revealed that CA films exhibited irregular, fibrous
surface morphologies whose roughness depended strongly on the chitosan/alginate ratio,
indicating stoichiometry-dependent ionic interactions within the PEC network. Crosslink-
ing with phytic acid generally produced smoother, more compact surfaces. EDX confirmed
the presence of phosphorus exclusively in CAPA films, demonstrating that PA remained
within polysaccharide matrix after rinsing. FTIR spectra further indicated electrostatic
binding of PA to chitosan and alginate chains by a slight shift in absorption bands asso-
ciated with amino, amide, and carboxyl groups and by the appearance of characteristic
phosphate bands. Swelling capacity showed that CA and CAPA films were responsive to
pH and ionic strength. CA films, particularly those rich in alginate (1:2 and 1:5), exhibited
high swelling in neutral and slightly basic media due to increased alginate ionization
and reduced chitosan protonation. In contrast, CAPA films showed significantly reduced
swelling, demonstrating the crosslinking effect of PA. PB induced the highest swelling
in alginate-rich samples of CAPA, while NaCl and PBS produced moderate swelling. In
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demineralized water, alginate-rich CA films showed extreme swelling and even dissolu-
tion, highlighting the destabilizing effect of ion-free environments on alginate-dominated
networks. Residual mass measurements indicated that CA films with balanced ratios (1:1)
were the most stable, whereas alginate-rich films lost substantial mass, especially in water
and PBS. CAPA films showed improved overall stability, although alginate-rich CAPA
samples still exhibited considerable mass loss. Phytic acid release profiles showed that
all CAPA films released PA progressively over seven days, with chitosan-rich (5:1) and
moderately alginate-rich (1:2) samples releasing the highest amounts. The lowest release
was observed for the 1:5 ratio, suggesting lower PA binding in highly alginate-rich systems,
as indicated by semi-quantitative EDX analysis. Release trends correlated with swelling
and mass loss, indicating that the polymer ratio governs PA release and network stability.
Cytotoxicity of PA-free materials did not affect the viability of MG-63 and HDFa cells. On
the contrary, CAPA films were cytotoxic to both cell types at the highest concentration due
to PA release, which was supported by a PA dose-response assay.
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Abbreviations

The following abbreviations are used in this manuscript:

ATR-FTIR  Attenuated Total Reflectance Fourier-Transform Infrared Spectroscopy

CAPA Chitosan—Alginate—Phytic Acid

HDFa Human Dermal Fibroblasts

HPDL Human Periodontal Ligament Fibroblasts
EDX Energy-dispersive X-ray Spectroscopy
MTT ((3-(4,5-dimethylthiazol-2-yl1)-2,5-diphenyltetrazolium bromide) assay
PBS Phosphate-buffered Saline

PEC Polyelectrolyte Complex

SEM Scanning Electron Microscopy

CA Chitosan—Alginate

NC Negative Control

NS Normal Saline

PA Phytic Acid

PB Phosphate Buffer

SI Selectivity Index
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Appendix A
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Figure A1. Produced CA microgels at room temperature, with a C:A ratio of 1:1. Scale bar: 500 um.
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Figure A2. Swelling of the CA and CAPA in different media. (A) Swelling of CA after 24 h, (B) CA
after 48 h, (C) CAPA after 24 h and (D) CAPA after 48 h. Results are presented as means + standard
deviation. Significant differences between groups: * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.
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Figure A3. Deformation of the swollen samples occurs. Delamination of samples with excess alginate

is more pronounced after crosslinking with PA. For reference, it is possible to see the control sample
with a ratio of 1:5 and pockets that occur independently of crosslinking.
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Figure A4. Cytotoxicity assay of CA films on (A) MG-63 and (B) HDFa cells at 24, 48, and 72 h.
NC indicates negative control. The cytotoxicity threshold was set at 70% cell viability (black dotted
line). Values above 70% are classified as non-cytotoxic, and values below 70% as cytotoxic (ISO
10993-5:2009 [34]). Results are presented as means + standard deviation from three independent
measurements. Significant difference between groups: * p < 0.05, ** p < 0.01, *** p < 0.001 and
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Figure A5. Cell viability in response to the free PA for MG-63 and HDFa cells at 24, 48, and 72 h, and
ICsq values estimated after 72 h. The cytotoxicity threshold was set at 70% cell viability (black dotted
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line). Values above 70% are classified as non-cytotoxic, and values below 70% as cytotoxic (ISO
10993-5:2009 [34]). Results are presented as means + standard deviation from three independent
measurements. The three-parameter model generated stable parameter estimates (bottom = 69.58;
top = 125.2; ICsp = 4.585 mmol L~1) with markedly improved fit quality (R% = 0.601) for 72 h for
HDFa; for MG-63, the three-parameter model yielded stable parameter estimates (bottom = 54.07;
top = 129.5; IC5 = 3.727 mmol L Y and provided the best goodness-of-fit (R? = 0.711).

References

1. Unsoy, G.; Khodadust, R.; Yalcin, S.; Mutlu, P.; Gunduz, U. Synthesis of Doxorubicin Loaded Magnetic Chitosan Nanoparticles
for pH Responsive Targeted Drug Delivery. Eur. |. Pharm. Sci. 2014, 62, 243-250. [CrossRef]

2. Lakkakula, J.R.; Gujarathi, P.; Pansare, P.; Tripathi, S. A Comprehensive Review on Alginate-Based Delivery Systems for the
Delivery of Chemotherapeutic Agent: Doxorubicin. Carbohydr. Polym. 2021, 259, 117696. Erratum in Carbohydr Polym. 2026, 381,
124988. https://doi.org/10.1016/j.carbpol.2026.124988. [CrossRef]

3.  Conzatti, G.; Faucon, D.; Castel, M.; Ayadi, F; Cavalie, S.; Tourrette, A. Alginate/Chitosan Polyelectrolyte Complexes: A
Comparative Study of the Influence of the Drying Step on Physicochemical Properties. Carbohydr. Polym. 2017, 172, 142-151.
[CrossRef]

4. Seether, H.V,; Holme, H.K,; Maurstad, G.; Smidsred, O.; Stokke, B.T. Polyelectrolyte Complex Formation Using Alginate and
Chitosan. Carbohydr. Polym. 2008, 74, 813-821. [CrossRef]

5. Gierszewska, M.; Ostrowska-Czubenko, J.; Chrzanowska, E. pH-Responsive Chitosan/Alginate Polyelectrolyte Complex Mem-
branes Reinforced by Tripolyphosphate. Eur. Polym. J. 2018, 101, 282-290. [CrossRef]

6. Lawrie, G; Keen, L; Drew, B.; Chandler-Temple, A.; Rintoul, L.; Fredericks, P.; Grendahl, L. Interactions between Alginate and
Chitosan Biopolymers Characterized Using FTIR and XPS. Biomacromolecules 2007, 8, 2533-2541. [CrossRef]

7. Darwesh, B.; Aldawsari, H.M.; Badr-Eldin, S.M. Optimized Chitosan/Anion Polyelectrolyte Complex Based Inserts for Vaginal
Delivery of Fluconazole: In Vitro/In Vivo Evaluation. Pharmaceutics 2018, 10, 227. [CrossRef]

8. Han, J.; Zhou, Z,; Yin, R.; Yang, D.; Nie, J. Alginate-Chitosan/Hydroxyapatite Polyelectrolyte Complex Porous Scaffolds:
Preparation and Characterization. Int. ]. Biol. Macromol. 2010, 46, 199-205. [CrossRef]

9. Hamedi, H.; Moradi, S.; Tonelli, A.E.; Hudson, S.M. Preparation and Characterization of Chitosan—Alginate Polyelectrolyte
Complexes Loaded with Antibacterial Thyme Oil Nanoemulsions. Appl. Sci. 2019, 9, 3933. [CrossRef]

10. Gover Antoniraj, M.; Maria Leena, M.; Moses, ].A.; Anandharamakrishnan, C. Cross-Linked Chitosan Microparticles Preparation
by Modified Three Fluid Nozzle Spray Drying Approach. Int. ]. Biol. Macromol. 2020, 147, 1268-1277. [CrossRef]

11.  Kulig, D.; Zimoch-Korzycka, A.; Jarmoluk, A.; Marycz, K. Study on Alginate-Chitosan Complex Formed with Different Polymers
Ratio. Polymers 2016, 8, 167. [CrossRef]

12.  Unagolla, ].M.; Jayasuriya, A.C. Drug Transport Mechanisms and in Vitro Release Kinetics of Vancomycin Encapsulated Chitosan-
Alginate Polyelectrolyte Microparticles as a Controlled Drug Delivery System. Eur. J. Pharm. Sci. 2018, 114, 199-209. [CrossRef]

13. Sigramaz, H. Structure-Mechanical Relationships in Alginate-Chitosan Polymer Composites. Polymers 2026, 18, 713. [CrossRef]

14.  Choi, H.; Choi, W.S.; Jeong, J.O. A Review of Advanced Hydrogel Applications for Tissue Engineering and Drug Delivery Systems
as Biomaterials. Gels 2024, 10, 693. [CrossRef]

15. Kojima, C.; Suehiro, T.; Watanabe, K.; Ogawa, M.; Fukuhara, A.; Nishisaka, E.; Harada, A.; Kono, K,; Inui, T.; Magata, Y.
Doxorubicin-Conjugated Dendrimer/Collagen Hybrid Gels for Metastasis-Associated Drug Delivery Systems. Acta Biomater.
2013, 9, 5673-5680. [CrossRef]

16. Lv, S, Li, M,; Tang, Z.; Song, W.; Sun, H.; Liu, H.; Chen, X. Doxorubicin-Loaded Amphiphilic Polypeptide-Based Nanoparticles as
an Efficient Drug Delivery System for Cancer Therapy. Acta Biomater. 2013, 9, 9330-9342. [CrossRef]

17.  Ciarlantini, C.; Francolini, I; Silvestro, I.; Mariano, A.; d’Abusco, A.S.; Piozzi, A. Design of Bioactive and Biomimetic Scaffolds
Based on Chitosan-Alginate Polyelectrolyte Complexes for Tissue Engineering. Carbohydr. Polym. 2024, 327, 121684. [CrossRef]

18. Deliliers, G.L.; Servida, E,; Fracchiolla, N.S.; Ricci, C.; Borsotti, C.; Colombo, G.; Soligo, D. Effect of Inositol Hexaphosphate (IP6)
on Human Normal and Leukaemic Haematopoietic Cells. Br. |. Haematol. 2002, 117, 577-587. [CrossRef]

19. Saverino, A.; Shamsuddin, A.K.M.; Vucenik, I. IP6: From Seeds to Science—A Natural Compound’s Path to Clinical Promise.
Biomolecules 2025, 15, 1652. [CrossRef]

20. Ajvazi, N.; Milosev, I; Celan Korogin, N.; Rodig, P; Bozi¢, B. Enhancing Cross-Linking Efficiency in Gelatin-Based Hydrogels via
Incorporation of Tannic Acid, Pluronic F-127, and Phytic Acid. Polymers 2025, 17, 1372. [CrossRef]

21.  Vucenik, I.; Shamsuddin, A.K.M. Cancer Inhibition by Inositol Hexaphosphate (IP6) and Inositol: From Laboratory to Clinic. J.
Nutr. 2003, 133, 37785-3784S. [CrossRef]

22. Wang, R,; Guo, S. Phytic Acid and Its Interactions: Contributions to Protein Functionality, Food Processing, and Safety. Compr.

Rev. Food Sci. Food Saf. 2021, 20, 2081-2105. [CrossRef]

https://doi.org/10.3390/biomimetics11100718


https://doi.org/10.1016/j.ejps.2014.05.021
https://doi.org/10.1016/j.carbpol.2026.124988
https://doi.org/10.1016/j.carbpol.2021.117696
https://doi.org/10.1016/j.carbpol.2017.05.023
https://doi.org/10.1016/j.carbpol.2008.04.048
https://doi.org/10.1016/j.eurpolymj.2018.02.031
https://doi.org/10.1021/bm070014y
https://doi.org/10.3390/pharmaceutics10040227
https://doi.org/10.1016/j.ijbiomac.2009.11.004
https://doi.org/10.3390/APP9183933
https://doi.org/10.1016/j.ijbiomac.2019.09.254
https://doi.org/10.3390/polym8050167
https://doi.org/10.1016/j.ejps.2017.12.012
https://doi.org/10.3390/polym18060713
https://doi.org/10.3390/gels10110693
https://doi.org/10.1016/j.actbio.2012.11.013
https://doi.org/10.1016/j.actbio.2013.08.015
https://doi.org/10.1016/j.carbpol.2023.121684
https://doi.org/10.1046/j.1365-2141.2002.03453.x
https://doi.org/10.3390/biom15121652
https://doi.org/10.3390/polym17101372
https://doi.org/10.1093/jn/133.11.3778s
https://doi.org/10.1111/1541-4337.12714
https://doi.org/10.3390/biomimetics11100718

Biomimetics 2026, 11,718 21 of 23

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Nita, L.E.; Chiriac, A.P; Ghilan, A.; Rusu, A.G.; Pamfil, D.; Rosca, I.; Mititelu-Tartau, L. Alginate Enriched with Phytic Acid for
Hydrogels Preparation. Therapeutic Applications. Int. J. Biol. Macromol. 2021, 189, 335-345. [CrossRef]

Ghilan, A.; Nita, L.E.; Pamfil, D.; Simionescu, N.; Tudorachi, N.; Rusu, D.; Rusu, A.G.; Bercea, M.; Rosca, 1.; Ciolacu, D.E.; et al.
One-Step Preparation of Carboxymethyl Cellulose—Phytic Acid Hydrogels with Potential for Biomedical Applications. Gels 2022,
8, 647. [CrossRef]

Un, J.; Muhammad, H.; Lee, H.; Kim, T.; Yang, K.; Hoon, Y.; Park, J. Optimization of Phytic Acid-Crosslinked Chitosan
Microspheres for Oral Insulin Delivery Using Response Surface Methodology. Int. J. Pharm. 2020, 588, 119736. [CrossRef]

Liu, D.-Y,; Wy, J.; Zhou, H.-Y;; Ly, J.-X,; Cai, K.-Z.; Tang, C.-B. Phytic Acid Improves Osteogenesis and Inhibits the Senescence of
Human Bone Marrow Mesenchymal Stem Cells under High-Glucose Conditions via the ERK Pathway. Chem. Biol. Interact. 2024,
387,110818. [CrossRef]

Tantivejkul, K.; Vucenik, I.; Eiseman, J.; Shamsuddin, A.K.M. Inositol Hexaphosphate (IP6) Enhances the Anti-Proliferative Effects
of Adriamycin and Tamoxifen in Breast Cancer. Breast Cancer Res. Treat. 2003, 79, 301-312. [CrossRef]

Taran, S.J.; Taran, R.; Malipatil, N.B. Pediatric Osteosarcoma: An Updated Review. Indian |. Med. Paediatr. Oncol. 2017, 38, 33—43.
[CrossRef]

Gelderblom, H.; Jinks, R.C.; Sydes, M.; Bramwell, VH.C.; van Glabbeke, M.; Grimer, R.J.; Hogendoorn, PC.W.; McTiernan, A.;
Lewis, L.].; Nooij, M.A.; et al. Survival after Recurrent Osteosarcoma: Data from 3 European Osteosarcoma Intergroup (EOI)
Randomized Controlled Trials. Eur. J. Cancer 2011, 47, 895-902. [CrossRef]

Ghosh, J.; Bajpai, ]. Chemotherapy for Osteosarcoma: Adverse Effects and Remedial Measures. Pediatr. Hematol. Oncol. J. 2017, 2,
41-47. [CrossRef]

Ciro, Y,; Rojas, J.; Salamanca, C.H.; Alhajj, M.J.; Carabali, G.A. Production and Characterization of Chitosan-Polyanion Nanoparti-
cles by Polyelectrolyte Complexation Assisted by High-Intensity Sonication for the Modified Release of Methotrexate. Pharmaceu-
ticals 2020, 13, 11. [CrossRef]

Longhi, A ; Ferrari, S.; Bacci, G.; Specchia, S. Long-Term Follow-up of Patients with Doxorubicin-Induced Cardiac Toxicity after
Chemotherapy for Osteosarcoma. Anticancer Drugs 2007, 18, 737-744. [CrossRef]

Ouyang, J.; Craye, G.; Vervaet, C.; Van den Mooter, G. Correlation between Permeability of Pectin-Ethylcellulose Films and Drug
Release from Coatings under Variable Processing Conditions. Int. |. Pharm. 2026, 690, 126583. [CrossRef]

ISO 10993-5:2009; Biological Evaluation of Medical Devices—Part 5: Tests for In Vitro Cytotoxicity. International Organization for
Standardization: Geneva, Switzerland, 2009.

Meng, X.; Tian, F; Yang, J.; He, C.-N.; Xing, N.; Li, F. Chitosan and Alginate Polyelectrolyte Complex Membranes and Their
Properties for Wound Dressing Application. J. Mater. Sci. Mater. Med. 2010, 21, 1751-1759. [CrossRef]

Beltran-vargas, N.E.; Pefia-mercado, E. Sodium Alginate/Chitosan Scaffolds for Cardiac Tissue Engineering: The Influence of Its
Three-Dimensional Material Preparation and the Use of Gold Nanoparticles Nohra. Polymers 2022, 14, 3233. [CrossRef]
Wasupalli, G.K.; Verma, D. Molecular Interactions in Self-Assembled Nano-Structures of Chitosan-Sodium Alginate Based
Polyelectrolyte Complexes. Int. J. Biol. Macromol. 2018, 114, 10-17. [CrossRef]

Stephy, A.; Antony, A.M.; Francis, T. Thermal Degradation Kinetics of Chitosan/Phytic Acid Polyelectrolyte Complex as
Investigated by Thermogravimetric Analysis. J. Polym. Environ. 2023, 31, 210-220. [CrossRef]

Pacheco, F,; Barrera, A.; Ciro, Y.; Polo-Cerén, D.; Salamanca, C.H.; Onate-Garzén, J. Synthesis, Characterization, and Biological
Evaluation of Chitosan Nanoparticles Cross-Linked with Phytic Acid and Loaded with Colistin against Extensively Drug-Resistant
Bacteria. Pharmaceutics 2024, 16, 1115. [CrossRef]

Sankalia, M.G.; Mashru, R.C.; Sankalia, ].M.; Sutariya, V.B. Reversed Chitosan-Alginate Polyelectrolyte Complex for Stability
Improvement of Alpha-Amylase: Optimization and Physicochemical Characterization. Eur. J. Pharm. Biopharm. 2007, 65, 215-232.
[CrossRef]

Yin, Q.; Liu, J.; Zhong, Z.; Zhang, Y.; Zhang, F.; Wang, M. Synthesis of Phytic Acid-Modified Chitosan and the Research of the
Corrosion Inhibition and Antibacterial Properties. Int. ]. Biol. Macromol. 2023, 253, 126905. [CrossRef]

Sang, Z.; Qian, J.; Han, J.; Deng, X.; Shen, J.; Li, G.; Xie, Y. Comparison of Three Water-Soluble Polyphosphate Tripolyphosphate,
Phytic Acid, and Sodium Hexametaphosphate as Crosslinking Agents in Chitosan Nanoparticle Formulation. Carbohydr. Polym.
2020, 230, 115577. [CrossRef]

Arzate-Vazquez, I.; Chanona-Pérez, ].J.; Calderén-Dominguez, G.; Terres-Rojas, E.; Garibay-Febles, V.; Martinez-Rivas, A.;
Gutiérrez-Lopez, G.F. Microstructural Characterization of Chitosan and Alginate Films by Microscopy Techniques and Texture
Image Analysis. Carbohydr. Polym. 2012, 87, 289-299. [CrossRef]

Sikach, A.; Konovalova, V.; Pobigay, G.; Kujawa, J.; Kujawski, W. High Ionic Strength-Driven Formation of Pharmaceutically
Loaded Alginate-Chitosan Films with Tunable Release Dynamics. Colloids Surf. B Biointerfaces 2026, 265, 115671. [CrossRef]
Afzal, S.; Maswal, M.; Dar, A.A. Rheological Behavior of pH Responsive Composite Hydrogels of Chitosan and Alginate:
Characterization and Its Use in Encapsulation of Citral. Colloids Surf. B Biointerfaces 2018, 169, 99-106. [CrossRef]

https://doi.org/10.3390 /biomimetics11100718


https://doi.org/10.1016/j.ijbiomac.2021.08.122
https://doi.org/10.3390/gels8100647
https://doi.org/10.1016/j.ijpharm.2020.119736
https://doi.org/10.1016/j.cbi.2023.110818
https://doi.org/10.1023/A:1024078415339
https://doi.org/10.4103/0971-5851.203513
https://doi.org/10.1016/j.ejca.2010.11.036
https://doi.org/10.1016/j.phoj.2017.07.002
https://doi.org/10.3390/ph13010011
https://doi.org/10.1097/CAD.0b013e32803d36fe
https://doi.org/10.1016/j.ijpharm.2026.126583
https://doi.org/10.1007/s10856-010-3996-6
https://doi.org/10.3390/polym14163233
https://doi.org/10.1016/j.ijbiomac.2018.03.075
https://doi.org/10.1007/s10924-022-02621-z
https://doi.org/10.3390/pharmaceutics16091115
https://doi.org/10.1016/j.ejpb.2006.07.014
https://doi.org/10.1016/j.ijbiomac.2023.126905
https://doi.org/10.1016/j.carbpol.2019.115577
https://doi.org/10.1016/j.carbpol.2011.07.044
https://doi.org/10.1016/j.colsurfb.2026.115671
https://doi.org/10.1016/j.colsurfb.2018.05.002
https://doi.org/10.3390/biomimetics11100718

Biomimetics 2026, 11,718 22 of 23

46.

47.

48.
49.

50.

De Stefano, C.; Milea, D.; Pettignano, A.; Sammartano, S. Speciation of Phytate Ion in Aqueous Solution. Alkali Metal Complex
Formation in Different Ionic Media. Anal. Bioanal. Chem. 2003, 376, 1030-1040. [CrossRef]

Venkatesan, J.; Bhatnagar, I.; Kim, S.K. Chitosan-Alginate Biocomposite Containing Fucoidan for Bone Tissue Engineering. Mar.
Drugs 2014, 12, 300-316. [CrossRef]

Ciscar, M.; Rodriguez-Santana, C.; Santana-Codina, N. Iron and Metabolic Rewiring in Cancer. Oncogenesis 2026, 15, 1. [CrossRef]
Ju, Q.; Huang, R.; Hu, R.; Fan, J.; Zhang, D.; Ding, |.; Li, R. Phytic Acid-Modified Manganese Dioxide Nanoparticles Oligomer for
Magnetic Resonance Imaging and Targeting Therapy of Osteosarcoma. Drug Deliv. 2023, 30, 2181743. [CrossRef]

Aryal, A.C.S,; Nassar, M.; Aghila Rani, K.G.; Al-Rawi, A.M.; Nassar, R.; Islam, M.S. Phytic Acid Effect on Periodontal Ligament
Fibroblast: An in-Vitro Study. PLoS ONE 2023, 18, €0295612. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/biomimetics11100718


https://doi.org/10.1007/s00216-003-2056-1
https://doi.org/10.3390/md12010300
https://doi.org/10.1038/s41389-025-00595-w
https://doi.org/10.1080/10717544.2023.2181743
https://doi.org/10.1371/journal.pone.0295612
https://doi.org/10.3390/biomimetics11100718

	Introduction 
	Materials and Methods 
	Materials 
	Preparation of Polyelectrolyte Films 
	CA Crosslinking with Phytic Acid 
	Characterization of Polyelectrolyte Films 
	ATR-FTIR 
	Surface Morphology and Elemental Analysis 
	Absorption Capacity 
	Colorimetric Determination of Released Phytic Acid 
	Cytotoxicity Assay 
	Statistical Analysis 


	Results and Discussion 
	Film Preparation 
	ATR-FTIR Spectroscopy 
	Elemental Analysis 
	Morphology of the Polyelectrolyte Films 
	Absorption Capacity in Different Media 
	Stability of the Polyelectrolyte Films 
	Release of Phytic Acid from CAPA 
	Cytotoxicity 

	Conclusions 
	Appendix A
	References

