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Innovative Polymeric Sponges Loaded with Andiroba Oil and
Cu(ll) Complex: Synthesis, Characterization, Controlled
Release, and Antimicrobial Activity

Jad Lorena F. Simplicio,™® Marinaldo V. de Souza Junior,'?! Jaqueline D. S. Barros,?!
Jodo G. de Oliveira Neto,?! Richard P. Dutra,!?! Adenilson O. dos Santos,? Francisco F. de

Sousa,*! bl and Eliana B. Souto*!]

Innovative polymeric sponges composed of andiroba oil (Carapa
guianensis Aubl.) and 1,10-phenanthroline/Copper(ll) crystalline
complex, dispersed in sodium alginate and cellulose matrix were
developed and their structural, vibrational, thermal, swelling,
and antimicrobial properties characterized. The sponges were
prepared by mixing the two polysaccharides with a fixed amount
of andiroba oil following the addition of Cu(ll) complex at
different concentrations. The characterization of the samples
by scanning electron microscopy and X-ray diffraction showed
amorphous structures with several micropores. All sponges dis-
played water absorption capacity, with swelling increasing pro-
gressively over 120 min. Biodegradation assays were performed
in phosphate buffer to evaluate sponges’ degradation profile.

1. Introduction

Bacterial infections and drug resistance significantly impair
the healing of severe chronic wounds, contributing to a high
patients’ morbidity and mortality.l"” Current treatment options
are often limited in effectiveness and, in many cases, fail to
fully restore the structure and function of damaged skin. This
leads to complications, such as dehydration and infection, due
to the need for frequent dressing changes and wound cleaning.
Polysaccharide-based drug delivery systems have been proposed
for wound healing,'? as they offer the advantage of absorbing
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Fourier transformed infrared spectra (FT-IR) revealed their main
functional groups, together with bands assigned to interac-
tion between Cu?* ions and organic compounds. Differential
scanning calorimetry analysis indicated compromised thermal
stability attributed to sponges’ dehydration. The sponges con-
taining Cu(ll) complex demonstrated controlled release of Cu?*
ions, with ions being released within the first 30 min. The
antimicrobial effects were evaluated against strains of Gram-
positive and Gram-negative bacteria, confirming the bactericidal
activity of the developed sponges. These findings suggest that
sponges composed of Cu?" ions and andiroba oil have poten-
tial pharmaceutical applications to be used as a biomaterial with
antimicrobial properties.

wound exudates and fluids without needing constant changing
and cleaning, thereby minimizing the risk of further infections.®
Therefore, polysaccharides have been widely effective in the
treatment of difficult-to-heal skin ulcers, with the ability to
largely “speed up” the regeneration process.'*]

Alginate and cellulose stand out as natural biopolymers with
the ability to form biocompatible and biodegradable three-
dimensional (3D) structures widely exploited for the develop-
ment of innovative wound dressings.??! These materials can
be processed into gels, polymeric blends, films, sponges, and
porous membranes, with potential applications in tissue regen-
eration and wound dressings, and in the delivery of bioactive
compounds, such as drugs, enzymes, cells and growth factors.”

Copper plays a crucial role in biochemistry and interac-
tion with biomolecules.'? Copper(ll) complexes exhibit antacid,
anti-inflammatory, antiviral, and antitumor properties.!'*”! These
complexes interact with proteins and nucleic acids by com-
plexing the metal ion with amino acids, interfering with the
electron transport and oxygen metabolism. Cu(ll) complexes also
stand out as promising cytotoxic agents, inhibiting the prolifer-
ation of diseased cells and showing pharmacological effects.!®!
Copper ions (Cu*t) complexed with organic molecules (e.g., 1,10-
phenanthroline) have demonstrated bactericidal, bacteriostatic,
and fungistatic properties.[®®! Phenanthroline is a bidentate
ligand capable of forming stable complexes with metal ions,
besides presenting properties, such as antifungal, antibacterial
and antiviral activity.!”? Cu(ll) complexes can eliminate or inhibit
pathogenic growth, suppressing bacteria and fungi harmful to
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Table 1. Composition of each developed sponge.

Sponge code Sodium alginate/sodium [Cuy(mal),(phen),] Andiroba oil
carboxymethyl cellulose 4H,0 2MeOH

P 1.2% - -

PA 1.2% - 1.96%

PACos 1.2% 0.5% 1.96%

PAC: o 1.2% 1.0% 1.96%

PAC, o 1.2% 2.0% 1.96%

human health.!%"! However, these activities can be significantly
enhanced if the complex material is loaded within a poly-
meric matrix, aiming at improving the complex stability and
targeting.!™

Oil-in-water nanoemulsions are thermodynamically unstable
biphasic systems that can be produced from oils with pharma-
cological properties.™ These oils can also be used to incorpo-
rate lipophilic compounds with antimicrobial and antioxidant
properties.™ The incorporation of these nanoemulsions into
polymeric sponges has additional advantages, as their perme-
ability to water vapor increases, facilitating better gas exchange
and promoting more efficient moisture management, which are
fundamental aspects for both skin health and the healing pro-
cess itself™ In this way, the combination of polymers with
nonvolatile oils and Cu?>* complexes can enhance the biologi-
cal properties and result in a multifunctional material, capable
of being adapted for specific biomedical applications, especially
in the treatment of wounds.

Nonvolatile oils, often derived from natural sources, play a
significant role in various industries, including food, cosmetics
and pharmaceutics.!™ These oils are characterized by their high
boiling points and low vapor pressures, making them stable and
effective vehicles for the delivery of drugs.l'®!

Andiroba oil, derived from the seeds of the Carapa guia-
nensis tree, is traditionally used in Amazonian medicine for
its anti-inflammatory, analgesic, antimicrobial, and antimalarial
properties.l”! Andiroba oil is rich in oleic, palmitic, and linoleic
acids, with oleic acid being the most abundant.® The pres-
ence of these fatty acids, along with myristic acid, contributes
to the oil’s therapeutic potential. Sustainable extraction meth-
ods enhance its economic viability, and its antioxidant properties
further support its use in various industries.™!

Paranhos et al? reported that incorporating natural
oils, such as copaiba oil, into chitosan-based polysaccharide
matrices enhanced key wound dressing properties, includ-
ing fluid absorption capacity and antimicrobial activity. These
oil-polysaccharide composites offer multiple therapeutic advan-
tages for wound healing applications, such as antimicrobial
and anti-inflammatory effects, improved porosity, enhanced
fluid management, and controlled release capabilities, collec-
tively contributing to more efficient wound recovery. Ferreira
et al?! incorporated andiroba oil also into chitosan-based
polysaccharide matrices for the treatment of wounds. Their
findings indicate that andiroba oil improves chitosan mem-
branes’ performance by promoting granulation tissue formation,
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tissue contraction, and epithelialization, while also increasing
the material’s hydrophobicity-a crucial factor for maintaining
optimal wound moisture and facilitating cell regeneration. These
combined effects create a more favorable environment for tissue
repair, enhance healing efficiency, and reduce pain associated
with wound dryness, highlighting the therapeutic potential of
such oil-polysaccharide composites in wound care applications.
The present study aimed at producing innovative polymeric
sponges based on andiroba oil (Carapa guianensis Aubl.) incor-
porating Cu®* ions, and coated with a polymeric mixture of
alginate and cellulose. Their structural, vibrational, thermal, and
swelling properties of the obtained sponges were character-
ized for possible applications as an antimicrobial composite.
Furthermore, biodegradation and controlled release experiments
were conducted, showing optimal parameters for developing
pharmaceutical products against pathogenic microorganisms.

2. Materials and Methods
2.1. Materials

Sodium carboxymethyl cellulose (MW = 250.208 g/mol, con-
tent: >99.5%, pH (1% solution): 6 to 8.5) and sodium alginate
(MW = 198.00 g/mol, content: max 91.0%-106.0%, pH (1% solu-
tion): 5 to 8) were purchased from Sigma-Aldrich (St. Louis,
MO, USA) and andiroba oil (Carapa guianensis Aubl.) sourced
in natura was obtained from a local market. The reagents
used to obtain the [Cu,(mal),(phen),]4H,0e2MeOH crystals were
1,10-phenanthroline (10 mmol) (Biosynth, Staad, Switzerland,
purity 99.0%), Cu(ll) nitrate trihydrate (10 mmol) (Sigma-Aldrich,
St. Louis, MO, USA, purity > 98%), maleic acid (10 mmol)
(Sigma-Aldrich, St. Louis, MO, USA, purity 99.0%) and methanol
(Biosynth, Staad, Switzerland, content 99.8%).

2.2. Synthesis of Copper Complex Crystals

The complex [Cu,(mal),(phen),]4H,0e2MeOH was crystallized as
previously described by us, by slow evaporation method. Briefly,
a methanolic solution of Cu(ll) nitrate trihydrate was prepared,
then 1,10-phenanthroline was slowly added to the methanolic
solution of metal, keeping the mixture at 75 °C under constant
stirring for about 1 h. An aqueous solution (10 mL) of maleic acid
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Figure 1. Scanning electron micrographs of sponge formulations (scale bar = 500 um): a) P, b) PA, ¢) PACys, d) PACo, and e) PAC,0.

treated with NaOH (20 mmol) (Sigma-Aldrich, St. Louis, MO, USA,
purity > 98%) was slowly added to the above reaction mixture
with continuous stirring for 30 min at 75 °C. The resulting solu-
tion was filtered through a filter paper with pores of 25 uym into a
75 mL beaker and subsequently covered with polyvinyl chloride
(PVC, Sigma-Aldrich, St. Louis, MO, USA) film, where some holes
were made, and then taken for storage in the crystal growth
room at a temperature of 25 °C, to favor the slow evaporation
of the solvent, until formation of crystals.

2.3. Synthesis of Sponges

Three 12% (w/v) base solutions containing sodium car-
boxymethyl cellulose and sodium alginate were first prepared.
The crystalline powder [Cuy(mal)(phen);]4H,0e2MeOH was
added in concentrations of 0.5%, 1%, and 2% (w/w), respectively,
to each of the three 1.2% (w/v) polymeric solutions. A volume of
1.96% of andiroba oil was then added, under continued stirring
at 300 RPM for another 24 h (VELP Scientifica, Usmate, Italy) to
obtain the nanoemulsions. Following this, the nanoemulsions
were transferred to Petri dishes and cooled down at low temper-
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atures (—4 °C for 24 h) before being freeze-dried in a TERRONI
LS3000 Freeze Dryer (Lyotech, Sao Carlos, Brazil) at —40 °C for
24 h.

Five different sponges were produced, namely pure polymer
of alginate and cellulose (P); polymer and andiroba oil (PA); poly-
mer, andiroba oil and crystalline powder at a concentration of
0.5% (PACys); polymer, andiroba oil and crystalline powder at a
concentration of 1% (PAGC,); polymer, andiroba oil and crystalline
powder at a concentration of 2% (PAC,,). Their composition is
summarized in Table 1.

2.4. Characterization Techniques

The morphology of the sponges was characterized by scan-
ning electron microscopy (SEM) in a Tescan Vega3 SB equipment
(Kohoutovice, Czech Republic). Samples were mounted on car-
bon tapes and coated with a thin gold/palladium layer (20 nm)
to improve conductivity. The imaging was performed at low
accelerating voltages (6-10 kV) to preserve sample integrity, and
micrographs were recorded at different scales and magnifica-
tions to capture detailed surface morphology. The percentage
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Figure 1. Continued

of porosity was determined by analyzing images obtained by
optical microscopy using ImageJ software, which allows reliable
quantification of pore area from binarized images.

To investigate the structural nature of polymeric sponges
containing andiroba oil and Cu(ll) complex, powder X-ray diffrac-
tion (PXRD) technique was performed in a PANalytical Empyrean
diffractometer (Malvern PANalytical, Malvern, UK), operating with
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Cu-K,; radiation (A = 1.5418 A) at 40 kV and 40 MA. The data were
collected over an angular range of 7 °-55 ° with a step of 0.02°
per 2 s, at 27 °C.

Fourier transform infrared (FT-IR) spectroscopy was con-
ducted to identify the functional groups in the sponges. Spectra
were measured in transmission mode using a Bruker Vertex
70V spectrometer (Bruker, Billerica, Massachusetts, USA) in the
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spectral range of 400 to 4000 cm~'. An A225/Q Platinum Total
Reflectance Attenuated (ATR) module and a wide 6 mm aperture
RT-DLA TGS detector were used on the sample, allowing mea-
surements over 400 cm~' with a spectral resolution of 4 cm™'
for 100 scans. Baseline correction was systematically applied to
all spectra to enhance data interpretation and ensure accurate
band identification.

Differential scanning calorimetry (DSC) was used to ana-
lyze the thermal properties of the sponges. The measurement
was performed on Shimadzu DSC-60 (Kyoto, Japan) equipment
under a nitrogen atmosphere (100 mL/min) at a heating rate of
5 °C/min, in a temperature range from 25 °C to 300 °C.

2.5. Swelling and Biodegradation Tests

The water absorption capacity (deionized water was used as sol-
vent) of the sponges was quantified by calculating the mass ratio
of incorporated water (Myaer) to the initial dry weight (mq,) at
various time intervals (0, 1, 3, 5, 10, 15, 30, 60, 90, and 120 min), as
described in Equation (1):12?

Swelling = (mwater - mdry) /Mary M

The biodegradation behavior of the sponges was evalu-
ated through gravimetric analysis by monitoring mass loss over
time under simulated physiological conditions. Samples were
immersed in phosphate-buffered saline (pH 7.4) at 37 °C under
gentle stirring (50 RPM). At predetermined intervals (1, 30, 60,
90, and 120 min), specimens were removed, thoroughly rinsed
with deionized water, dried to constant weight, and reweighed
to determine residual mass. The degradation percentage was
calculated using the Equation (2):

Biodegradation (%) = (m, — m¢)/m, 2

where m, is the initial dry mass and m; is the dry mass at time
t. Both experiments were performed in triplicate.

2.6. In Vitro Release Kinetics of Cu?** lons from Sponges

The release kinetics of Cu*™ ions from sponges was evaluated
in phosphate buffer solution (pH 6.8) at 37 °C. Samples (~0.2 g)
were dispersed in 100 mL of phosphate buffer under constant
stirring (360 RPM) for 120 min. Aliquots (2 mL) were collected at
predetermined time points and analyzed using a Thermo Scien-
tific Evolution 220 UV-Vis-NIR spectrophotometer (Waltham, MA,
USA). Copper concentration was determined at 640 nm, corre-
sponding to the characteristic absorption band of Cu?* ions in
solution, using a calibration curve (R*> = 0.9891, coefficient of
variation < 3%).
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2.7. Antibacterial Activity

The bactericidal activity of the sponges was evaluated using
the disk diffusion method®! to determine whether the bacte-
ria were sensitive or resistant to the polymeric sponges con-
taining andiroba oil and Cu(ll) complex. The bacterial strains
Staphylococcus aureus (ATCC 6538), Escherichia coli (ATCC 25922),
Pseudomonas aeruginosa (ATCC 27853), and Enterococcus faecalis
(ATCC 25923) were employed to assess the antimicrobial activity
of the sponges. These strains were suspended in Mueller-Hinton
broth (Kasvi, Minas Gerais, Brazil) for testing. The bacterial inocu-
lum of each strain was prepared following the turbidity scale
corresponding to bacterial growth in Mueller-Hinton broth of
1 x 108 CFU/mL compatible with a turbidity of 0.5 on the
McFarland standard scale, obtaining absorbance in the range of
0.08-0.10 at 630 nm in a microplate spectrophotometer (BioTek
Instruments, Winooski, Vermont, USA). The sponges were cut
into 8.5 mm discs and placed on a plate containing Mueller-
Hinton broth and incubated at 35 °C for 24 h. Each sample was
tested in triplicate to ensure reproducibility. The area without
bacterial growth around the sponges was considered as the zone
of inhibition, indicating a potential antimicrobial effect.

2.8. Statistical Analysis

The bactericidal activity was assessed using mean =+ standard
deviation, with variance calculated to evaluate data dispersion.
Statistical validation was performed to ensure result reliability
and experimental reproducibility.

3. Results and Discussion
3.1. Structural Analysis via SEM and PXRD

Figure 1la-e shows the morphology and detailed microstruc-
ture of alginate-cellulose polymeric sponges incorporated with
Cu?* ions and andiroba oil. In Figure 1a, the structure of a
sponge composed of polymers only (P sponge, Table 1) shows
a slightly porous morphology; the mixture of two polymers can
form interconnected networks when processed together with
good mechanical stability.?*! The walls that form the edges of
the pores were thin and of a relatively smooth surface, with
few irregularities due to the interaction between the alginate
and cellulose after the freeze-drying process. The morphology
of the PA sponge (Figure 1b) exhibited a porous structure with
characteristics that are typical of the biopolymers and aque-
ous emulsion. The presence of polymers suggests a matrix with
high structural stability, whereas andiroba oil can influence the
morphology, creating oily pores with a morphology typical of
an oil-in-water emulsion./**?! The micrograph of sponges PAC,s,
PAC; o, and PAC,, (Figure 1c-e) shows structures with greater sur-
face complexity and porosities. The polymeric matrix of alginate
and cellulose, with the help of andiroba oil, creates a network
that allows the incorporation of crystals containing Cu?* ions.
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Table 2. Percentage of porosity of sponges obtained by image analysis via
Imagel, analyzed by optical microscopy (500 pm scale).
Sample code Percentage
P 50.520%
PA 61.424%
PACos 59.082%
PAC; o 52.865%
PAC, o 65.171%
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Figure 2. Diffractograms obtained for sponges P, PA, PACys, PAC;o, and
PAC,0.

This porous structure can favor a gradual release, from which the
crystals can be released over time,?!! depending on the solubil-
ity in liquid medium and the diffusion of the crystals through the
polymeric matrix pores.

Analysis of Table 2 (supported by Figure 1 at 500 pm scale)
reveals distinct porosity trends among the sponge formula-
tions. The control sponge P (without andiroba oil or cop-
per crystals) exhibited the lowest porosity (50.520%) among
all samples. Incorporation of andiroba oil alone significantly
increased porosity to 61.424%, suggesting its role as an effec-
tive porogenic agent, likely through phase immiscibility with
the polymer matrix or microchannel formation during pro-
cessing. Interestingly, porosity variation with copper crystal
concentration followed a nonlinear trend. At moderate con-
centrations (PAC,s and PAGC,), copper crystals appeared to
reduce porosity, potentially due to pore filling by the inor-
ganic phase or matrix compaction effects. However, at the
highest concentration (PAC,o), we observed a notable poros-
ity increase, possibly indicating crystal-induced microstructural
modifications that create larger or more distributed pores. This
complex behavior suggests synergistic interactions between
andiroba oil and copper crystals at higher concentrations, pro-
moting structural instabilities that enhance the overall poros-
ity.

Figure 2 shows the PXRD patterns of the polymeric sponges
incorporated with andiroba oil and crystals containing Cu*"
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Figure 4. Heat flux of the sponges of sponges P, PA, PACys, PAC;, and
PACyp.

ions in the angular range of 26 = 7 ° to 55°. The diffrac-
tograms reveal the presence of three broad halos centered
around 20 = 13 °, 260 = 20 °-22°, and 20 = 27 °-29 °. The
dashed lines indicate that the diffractogram of the sponge
P (polymer of alginate and cellulose) shifted toward larger
angles, suggesting that the material is more contracted and
rigid due to interactions between the long monomeric chains
of the alginate and cellulose macromolecules. In contrast, the
diffractograms of the polymer combined with andiroba oil
and crystalline grains at various concentrations (PA, PACs,
PACiy, and PAG,,) shifted toward smaller angles, indicating
that the addition of these compounds causes an expansion
or increased spacing between the monomeric chains of the
polymer.

Furthermore, the absence of crystalline peaks in the XRD
pattern indicates that the material has an amorphous structure,
in other words, the interaction between the chemical groups
(unsaturated fatty acids," organic and inorganic molecules)
does not provide a long-range atomic ordering nature.
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Figure 5. a) Swelling degree determined by the measurement of the water
absorption capacity for the synthesized sponges as a function of time. b)
Biodegradation profile for sponges under simulated physiological
conditions over time.

3.2. Infrared Vibrational Spectroscopy

In addition to structural characterizations, vibrational analyses
are of great importance in materials science because these pro-
vide detailed information about the chemical composition and
functional groups present in the polymer matrix.[2®!

The IR absorption spectra of the sponges incorporated with
andiroba oil and crystalline grains were analyzed for each formu-
lation, as shown in Figure 3. In the spectra of P, PA, PAC,s, PAC;,
and PAC,, a broad band is observed between wavenumbers
3746 and 3020 cm™, corresponding to the stretching vibration
of OH groups (present in both cellulose and alginate), as well
as the H,O and methanol molecules present in the crystals. In
the spectra containing andiroba oil, the bands near 2925 and
2852 cm™' are attributed to stretching vibrations of C—H and
C—O0 bonds, and to in-plane deformations of the CH—OH bonds,
possibly related to the triglycerides belonging to andiroba oil
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Figure 6. Release kinetic curves for the PACys, PACyo, and PAC,, sponges
in phosphate buffer solution.

which is rich in fatty acids,'””! and compounds related to crys-
talline grains.!®! In the same region of the P spectrum, only a
minor shoulder is observed, corresponding to the vibrations of
the polymeric carbon chains.2*28!

The spectra of PA, PACys, PAGCy, and PAC,, show bands
related to the stretching of the C=C double bond and of car-
bonyl unit (C=0) at approximately 1743 and 1600 cm™', with
similar characteristics because of the presence of fatty acids
in andiroba oil. Between 1500 and 1200 cm™ significant differ-
ences are observed, highlighting the interaction of the crystalline
grains with the polymer due to the deformation of the bands
as the concentration of crystals increases. Wavenumbers around
1200 and 1000 cm™ are associated with vibrations of C—O0—C
bonds, typical of polysaccharides.!*!

These observations suggest an increasing interaction
between andiroba oil, the alginate/cellulose matrix, and the
copper crystals, especially with increasing crystal concentration.

3.3. Differential Scanning Calorimetry (DSC)

Figure 4 shows the DSC thermogram of the sponges P, PA,
PACos, PACiy, and PAGC,,, highlighting both endothermic and
exothermic events. The first endothermic events are related
to the enthalpy of vaporization of the water molecules that
were absorbed by the sponges during the storage time, with
the following values: 84 kJ/mol (P), 136 kJ/mol (PA), 108 kJ/mol
(PACq5s), 131 kJ/mol (PAC;p), and 180 kJ/mol (PAC,,). An increase
in enthalpy values is observed from formulation based only
on polymers (P sponges) to the formulation containing 2% of
Cu,(mal),(phen);]4H,0e2MeOH (PAC,, sponges). This happens
in hydrophilic polymers, such as cellulose and alginate, where
water tends to form strong hydrogen bonds with hydroxyl (OH)
and carboxylate (COO™) groups. PAC,, sponges, on the other
hand, have a higher number of molecules, favoring a greater
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Figure 7. In vitro antibacterial inhibition zones of P, PA, PACys, PACo, and PAC,,, against Gram-positive (S. aureus and E. faecalis) and Gram-negative (E. coli

and P. aeruginosa).

amount of hydrogen bonds and consequently increasing the
network energy between chemical species. These interactions
(strong chemical bonds, i.e., the covalent bonds belonging to
the complex) require more energy to break, which increases the
enthalpy of vaporization compared to water that is not bound.
Therefore, the stronger the bond between water and the poly-
mer, the greater the enthalpy of vaporization, as more energy
will be required to release water from the polymeric matrix.3!

ChemistrySelect 2025, 10, 00502 (8 of 11)

The two exothermic events indicate the partial decompo-
sition of the polymeric matrix, occurring within the following
temperature ranges: P sponge at 247 °C and 275 °C; PA sponge
at 244 °C and 289 °C; PAC,s: 246 °C and 288 °C; PAC;4: 244 °C and
277 °C; PAC,: 241 °C and 276 °C. These exothermic events involve
the breakdown of the monomeric chains of alginate and cellu-
lose, as well as the organic molecules belonging to the crystals
and andiroba oil.
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Table 3. Mean, standard deviation and variance of the diameters (mm) from bacterial inhibition zones of the sponges against Gram-positive and Gram-
negative bacteria.
Gram-positive Statistical data P PA PACs5 PACo PAC, 0
S. aureus ATCC Average 0 0 15.0 mm 18.3 mm 233 mm
6538 Standard 0 0 0.41 mm 0.88 mm 1.67 mm
deviation
Variance 0 0 0.1 mm? 0.51 mm? 1.90 mm?
E. faecalis ATCC Average 0 0 20.7 mm 26.7 mm 29.6 mm
29212 Standard 0 0 0.50 mm 1.05 mm 0.74 mm
deviation
Variance 0 0 0.16 mm? 0.74 mm? 036 mm?
Gram-negative Statistical data P PA PACs PACio PAC; 4
E. coli ATCC 25922 Average 0 0 19.1 mm 21.9 mm 22.8 mm
Standard 0 0 132 mm 1.16 mm 1.27 mm
deviation
Variance 0 0 117 mm? 0.90 mm? 1.08 mm?
P. aeruginosa ATCC Average 0 0 111 mm 187 mm 19.3 mm
27853 Standard 0 0 0.85 mm 121 mm 0.41 mm
deviation
Variance 0 0 0.48 mm? 0.98 mm? 0.11 mm?

3.4. Swelling Behavior and Biodegradation Studies

Figure 5a displays the swelling behavior of the sponges in an
aqueous medium as a function of time. As observed, the PAC
sample exhibits higher swelling values than the P sample at all
time intervals, confirming that andiroba oil acts as a porogenic
agent (consistent with the SEM results discussed earlier), thereby
enhancing liquid absorption. For the sponges containing Cu(ll)
complexes, reduced swelling was observed in PACys and PAC,
compared to PAC, suggesting partial pore filling and matrix com-
paction at 0.5% and 1% crystal concentrations. In contrast, higher
crystal loading (2%, PAC,) resulted in increased swelling, likely
due to additional pore formation or structural modifications
induced by crystal aggregation. In general, all sponges reached
~80% of maximum swelling within the first 30 min, followed by
gradual saturation until 120 min, showing a kinetic profile typical
of controlled diffusion systems, which aligns with their potential
application as wound dressings.

Figure 5b presents the biodegradation kinetics under simu-
lated physiological conditions as a function of time. The results
show that the PAC sample degraded faster than the control P at
all evaluated time points, suggesting that andiroba oil enhances
hydrolytic cleavage of the polymer matrix. This observation
aligns with its porogenic role, as evidenced by SEM and swelling
studies, which increases the effective surface area for degrada-
tion. For PACys and PAC,y, intermediate degradation rates were
observed (~40% and 37% at 120 min, respectively), attributed to
partial pore occlusion by Cu(ll) crystals, which slightly delayed
saline-mediated degradation. In contrast, PAC,, exhibited accel-
erated degradation (~46% at 120 min), likely due to structural
defects and enlarged pores caused by excessive crystal loading
(2%), facilitating faster breakdown. All sponges displayed rapid
initial degradation (=70% within 30 min), followed by a decel-
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erated phase, a pattern characteristic of surface-eroding bioma-
terials. The strong correlation between swelling (PAC,o: 0.62 g)
and biodegradation (*46%) highlights interconnected porosity-
degradation mechanisms. This synergistic behavior is particularly
advantageous for wound dressing applications, where controlled
fluid absorption and timed degradation are critical for optimal
performance.

3.5. Simulated Controlled Release

To investigate the controlled release of Cu** ions from PAC,s,
PAC; o, and PAG,, spheres, the samples were evaluated for their
release kinetics in a liquid medium (phosphate buffer) over 120
min (Figure 6). For all three samples, a significant increase in Cu?*
ion concentration was observed over time, particularly within
the first 60 min. Upon comparison, it was found that the sam-
ple with the highest percentage of dispersed crystals (PAC;0)
reached the highest maximum concentration of Cu?* ions in the
medium (65 + 3 mg/mL), followed by PAC;, (40 + 4 mg/mL) and
PACys (18 £ 3 mg/mL). These results indicate highly beneficial
behavior from a clinical perspective, as the sponges containing
the Cu(ll) complex help maintain therapeutic concentrations of
Cu?* ions in the liquid medium, ensuring a controlled release
profile.

3.6. Bactericidal Activity
To further complement the physicochemical analysis, a qualita-
tive method was utilized to evaluate the bactericidal activity of

the sponges. Figure 7 shows the in vitro antibacterial inhibition
zones for sponges P, PA, PACys, PAC,, and PAC,,, against Gram-
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positive (S. aureus and E. faecalis) and Gram-negative (E. coli and
P. aeruginosa) bacteria.

Table 3 depicts the statistical data of bacterial inhibition
(halo diameter in mm) for the five sponges, as well as the
statistical data of mean, standard deviation and variance. The
results show that P (alginate/cellulose) and PA (polymer with
oil) sponges exhibited no antibacterial activity.’"" The diame-
ter of the inhibition zones of the sponges increased with the
increase of the concentration of [Cu,(mal),(phen),]4H,0e2MeOH
(Figure 7 and Table 3). The PAC,, concentration was the most
effective against Gram-positive bacteria, presenting the largest
inhibition halos for S. aureus (23.3 mm) and E. faecalis (29.6 mm).
When interacting with the strains, the sponges can penetrate
the bacterial membrane due to their solubility; the complex
and its constituents could undergo ligand exchange processes,
allowing the complex to interact with biomolecules within the
pathogenic cells. This interaction could disrupt normal cellu-
lar processes, further supporting the antibacterial action of the
sponge.

These data indicate that the incorporation of crystalline
grains of the Cu(ll) complex and andiroba oil into polymeric
matrices can significantly enhance their effect for therapeutic
use as antibacterial agents.

4. Conclusions

The sponges were successfully obtained by the freeze-drying
technique at —40 °C. SEM and XRD analyses revealed that the
addition of crystals to the alginate, cellulose, and andiroba oil
matrix resulted in a structure with greater surface complexity
and porosity, exhibiting an amorphous structural pattern. The
IR spectra identified the key vibrational modes associated with
the chemical composition and functional groups in the sponges,
such as the stretching of OH, CH, CO, C=C and C=0. Thermal
analysis showed an increase in the vaporization enthalpy values
of H,O molecules, attributed to the strong interactions between
water and the polymeric matrix. Additionally, the combined
data of swelling degree, biodegradation, and modified Cu**
release, placing the sponges PACys, PAC;o, and PAC,, as promis-
ing candidates for advanced wound dressings, where tailored
material properties are pivotal for therapeutic efficacy. Moreover,
antimicrobial studies demonstrated that the PACys, PACo, and
PAC,, sponges exhibited effective inhibition zones, confirming
their antimicrobial properties. Our findings open perspectives
for further studies by proposing the developed sponges as
biomaterials with antimicrobial activity as adjuvants of healing
processes.
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