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Ibuprofen Loaded Sodium Alginate Sponges for Acute
Wound Treatment

SUMMARY

In this study, the potential of ibuprofen-loaded sodium alginate
sponges for wound treatment was investigated through in vitro
and cell culture cyrotoxicity assays. Sodium alginate solutions
at two different concentrations were dried using a lyophilizer to
obtain drug delivery systems in the form of sponges containing
various concentrations of ibuprofen. The prepared formulations
were characterized for critical properties including water-holding
capacity, molecular interactions (FTIR), tissue elasticity (texture
analysis), drug content, drug release kinetics, and cytotoxicity. The
results showed that the sponges could absorb water up to 5 times
their own weight and dissolved completely within 2 hours, with
a faster drug release observed compared to pure ibuprofen. Drug
release kinetics revealed that Formulation A followed a first-order
kinetic model, while Formulation B conformed to the Hopfenberg
model. Cytotoxicity tests indicated that pure ibuprofen exhibits dose-
dependent toxicity, however this was significantly reduced when
incorporated into the sodium alginate formulation. Overall, the
findings suggest that ibuprofen-loaded sodium alginate sponges have
a high potential for use in wound treatment.
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Yara Tedavisi Igin Tbuprofen Yiiklii Sodyum Aljinat Siingerler

0z

Bu ¢alsmada, ibuprofen yiiklii sodyum aljinat siingerlerinin yara
tedavisinde kullanim potansiyeli in vitro ve hiicre kiiltiirii-sitotoksisite
caligmalar: ile aragtirimigtir. Bu amagla, iki farkly derisimde
hazirlanan  sodyum  aljinar  ¢ozeltileri, liyofilizator araciligryla
kurutularak, cesitli derisimlerde ibuprofen iceren siinger formunda
ilag ragiyicr sistemler elde edilmigtir. Hazirlanan formiilasyonlarm
su tutma kapasitesi, molekiiler etkilesimleri (FTIR), doku esnekligi
(tekstiir analizleri), etkin madde miktars, ilac salim kinetigi ve
sitotoksisitesi gibi kritik ozellikleri incelenmistir. Caligma sonucunda,
siingerlerin kendi agirliginin 5 katina kadar su tutabildigi ve 2 saar
icinde tamamen ¢oziindiigii gozlenmistir. Ayrica, saf ibuprofene
kuyasla etkin madde saliminin daba hizli oldugu tespir edilmistir.
Tlag salim kinetigi incelendiginde, A formiilasyonlarinin  birinci
derece kinetik modele, B formiilasyonlarinin ise Hopfenberg modeline
uydugu  belirlenmigtir. Sitotoksisite testleri, saf ibuprofenin doza
bagly roksisite gosterdigini, ancak sodywm aljinat formiilasyonuna
katilmasiyla bu toksisitenin azaldigini ortaya koymugtur. Elde edilen
bulgular, ibuprofen yiiklii sodyum aljinat siingerlerin yara tedavisinde
kullanim potansiyelinin yitksek oldugunu gistermektedir.
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INTRODUCTION

Dermal injuries are wounds on the skin, often
caused by cuts, incisions, or bruises. Wound healing
outcomes are significantly influenced by numerous
factors, including tissue perfusion, oxygen satura-
tion, infectious agents, edema, local inflammation,
systemic stress, metabolic status, nutritional deficien-
cies, and coexisting morbidities (Tottoli et al., 2020).
Wound healing is a complex physiological process
that restores skin integrity and regenerates damaged
tissues, involving various cell populations, the extra-
cellular matrix, and soluble mediators such as growth
factors and cytokines (Velnar et al., 2009). The wound
healing process occurs in four consecutive yet over-
lapping phases. This progression involves hemostasis
for cessation of hemorrhage, inflammation for the
recruitment of necessary immune cells, proliferation
for new tissue synthesis, and re-epithelialization to
ultimately restore the functional skin barrier (Guo
& DiPietro, 2010; Pefia & Martin, 2024). Due to its
vital role as a barrier, cutaneous wound healing is an
indispensable survival mechanism that facilitates to
wound closure and tissue restoration. The process is
physiologically complex, relying on the coordinated
action of diverse cell populations and molecular me-
diators. These elements engage in an intricate, tempo-
rally sequenced cascade to ensure the structural and
functional re-establishment of the dermis (Pazyar et
al., 2014; Sorg et al., 2017).

The inflammatory phase, which succeeds the ini-
tial injury, encompasses both hemostasis and cutane-
ous neurogenic inflammation (Schultz et al., 2011).
The inflammatory phase, which begins immediately
after injury and lasts around an hour, is marked by
blood clotting and the activation of the innate im-
mune system, thereby setting the stage for healing.
A rapid influx of neutrophils then occurs within 24
hours to eliminate pathogens and clear the wound.
These cells gradually decrease over the next week as
the healing process moves forward (Cafiedo-Dor-

antes & Cafnledo-Ayala, 2019). Hemostasis is initially
690

established through the formation of a platelet plug,
subsequently stabilized by the development of a fibrin
matrix that provides a provisional scaffold for cellular
infiltration and tissue regeneration (Yang et al., 2021).
The proliferative phase begins 2-10 days after injury,
focusing on new tissue formation. This involves cell
proliferation and migration, leading to the formation
of highly vascularized granulation tissue in the der-
mis. Simultaneously, re-epithelialization begins as ke-
ratinocytes migrate from the wound edges to restore
the skin’s structural and functional integrity (Tottoli
et al., 2020).

Non-steroidal anti-inflammatory drugs (NSAIDs)
are used to manage tissue injury by providing analge-
sic, anti-inflammatory, and antipyretic effects which
improve patient comfort and recovery (Chen & Dra-
goo, 2013). While the long-term use of NSAIDs for
chronic wounds is debated due to concerns that they
may impair healing, a growing body of evidence sup-
ports their beneficial short-term use. Administering
of NSAIDs for a brief period can reduce excessive
inflammation, enhance patient comfort, and foster
a more favorable environment for wound healing
to progress (Anderson & Hamm, 2012). Ibuprofen
(2-(4-isobutylphenyl)propanoic acid) is a widely used
NSAID, employed to treat a variety of conditions, in-
cluding fever, pain, and inflammation. In wound heal-
ing, ibuprofen’s ability to modulate inflammation pro-
vides both symptomatic relief and regulation of the
tissue repair process. The analgesic and anti-inflam-
matory effects of ibuprofen arise from the inhibition
of Cyclooxygenase (COX) enzymes, thereby reducing
prostanoid synthesis and mitigating pain and inflam-
mation (Rainsford, 2009). While the application of
NSAIDs for wound healing is a contentious issue,
studies on formulations containing ibuprofen are fre-
quently reported in the literature. Furthermore, ibu-
profen has been utilized within the context of wound
healing, where its capacity to modulate inflammation
contributes not only to symptomatic relief but also to

the regulation of the tissue repair process (Anderson
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& Hamm, 2012; Andrgie et al., 2020a; Jan-Roblero &
Cruz-Maya, 2023; Khalil et al., 2025; Morgado et al,,
2017; Price et al., 2007).

Opver the past decades, a diverse range of advanced
wound dressing materials (e.g., microneedles, hydro-
colloids, hydrogels, nanofibers, foams, and films)
has been investigated, with the collective purpose of
optimizing the wound healing microenvironment
by regulating moisture balance, reducing microbi-
al invasion, and providing the structural scaffolding
necessary for tissue regeneration (Long et al., 2022;
Sadeghi-Aghbash et al., 2023; Tenorova et al., 2022;
Wang et al., 2022). Sponges are effective wound dress-
ings primarily due to their porosity, high absorption
capacity, and air permeability, properties that allow
them to promote rapid hemostasis. 3D porous struc-
ture of sponges also allows them to act as carriers for
bioactive agents (like anti-inflammatory or antibac-
terial substances), which enhances their therapeutic

potential in wound healing (Long et al., 2022).

Alginates are linear, water-soluble, and high-
ly swellable anionic polysaccharides naturally de-
rived from the cell walls of brown algae (Shaikh et
al., 2022). Alginate biopolymers are composed of
1,4-linked P-D-mannuronic acid (M) and a-L-gu-
luronic acid (G) monomers, which are arranged in
block-like sequences that can be either heterogeneous
(MG) or homogeneous (poly-M, poly-G). Owing to
their inherent hydrophilic properties, alginates can be
processed into sponge-like forms, making them suit-
able for application on wounds, where they promote
moisture retention and facilitate the healing cascade
(Barbu et al,, 2021). A study reported the develop-
ment of ibuprofen-loaded nanofibers. The resulting
controlled-release system demonstrated sustained
drug release that extended for 14 days (Mohiti-Asli et
al,, 2017). In another study, thermosensitive hydrogel
systems were developed, and nearly 70% ibuprofen re-
lease was observed after 3 days (Andrgie et al., 2020b).
Alginates are well known for accelerating the healing
of wounds in humans. After lyophilization, which

creates the porous structure, the resulting sponge is

used as a topical application matrix (Dai et al., 2009).
Sodium alginate has become a preferred material for
wound dressings due to its biocompatibility, low im-
munogenicity, water retention and degradability (Lv
et al,, 2022). Also, it is highly hydrophilic, enabling
it to absorb wound exudate, maintaining a moist mi-
croenvironment. Combined with its biodegradability
and antibacterial activity, sodium alginate’s utilization
in creating a 3D porous, high-swelling sponge is a
highly promising strategy for managing wounds and
burns (Hu et al., 2018; Naghshineh et al., 2019). Most
studies focused on wound healing are directed toward
controlled and sustained release (Djekic et al., 2020;
Romanelli et al., 2009). While many studies focus on
controlled and long-term drug delivery, the release
of ibuprofen was conversely aimed to be accelerated
and its relative solubility enhanced in this study. To
achieve this, ibuprofen-loaded, water-soluble sodium
alginate sponges were developed, and lyophilization
was utilized in their fabrication to ensure a porous

and stable structure.
MATERIALS AND METHODS
Materials

Ibuprofen was kindly gifted from Drogsan, Turkey.
Sodium alginate was purchased from Sigma Aldrich,
Germany. Acetonitrile was provided Carlo Erba, Italy.

All other chemicals used were in analytical grade.
Preparation of sponges

Sodium alginate solutions were prepared at 2%
and 5% (w/w) concentrations by dissolving the poly-
mer in distilled water based on prior studies with
modifications (Wang et al., 2023). To these solutions,
different ratios of ibuprofen in ethanol (as detailed in
Table 1.) were added and mixed on a magnetic stir-
rer for 10 minutes to ensure homogeneity. The re-
sulting formulations were then frozen at -20 °C and
subsequently lyophilized to produce porous sponges.
Freeze-drying process facilitated the removal of water
by sublimation, which is crucial for creating the de-

sired spongy structure.
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Table 1. Composition of sponges

Formulation Sodium alginate (mg) Distilled water (g) Ibuprofen (mg) Ethanol (mL)
A0 500 25 - 1
Al 500 25 165 1
A2 500 25 330 1
BO 1250 25 - 1
B1 1250 25 165 1
B2 1250 25 330 1

Ibuprofen is a chemically stable drug with a typi-
cal shelf life of at least two years under standard stor-
age conditions (Farmer et al.,, 2002). Consequently,
preservative-free solution formulations of ibuprofen
are available on the market (Ustiines, 2025). In the
preparation of ibuprofen sponges, stability testing was
omitted from the scope of the study because the man-
ufacturing process does not involve exposure to tem-
perature and heat that threaten stability, and because
the formulations prepared via lyophilization result in

a solid matrix form.
HPLC conditions

A method was used to determine the amount of
ibuprofen in drug content and release studies using
High-Performance Liquid Chromatography (HPLC).
The analysis was performed on a C18 column (250
x 4.6 mm, 5 pm), with a mobile phase consisting of
acetonitrile, distilled water, and o-phosphoric acid
(70:30:1). A photodiode array detector was set to a
wavelength of 225 nm. The system operated at a flow
rate of 1 mL/min, and the injection volume was 20 uL
(Namazov, 2022) chronic or acute pain, as well as as
an antipyretic in both children and adults. The nega-
tive effects of NSAIDs on the duodenum and stomach
in the gastrointestinal tract (GIS). The HPLC meth-
od was validated for the study, considering linearity,
precision, accuracy, selectivity, and stability parame-
ters. The linear equation was obtained as y = 37579x +
10380 (r*=0.9999).

Water absorption capacity and porosity tests

100 mg sponges were weighed then placed in 10
mL phosphate buffer solution (PBS). After 5 minutes
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sponges were weighed again. The percentage of the
amount of water absorbed to the sponge weight was
determined (n=3) (Petchsomrit et al., 2017).

Porosity was determined using the ethanol dis-
placement method. An initial ethanol volume (V)
was measured (n=3). A certain sponge sample was
immersed, and the resulting volume (V) was record-
ed. After 5 minutes, the sample was removed, the final
ethanol volume (V,) was measured, and porosity was
calculated from these volumes according to equation
(1) (Naghshineh et al., 2019):

Vi—V;
%—%Xloo (1)

Fourier transform infrared analyses

To determine the structural properties, Fourier
transform infrared spectroscopy (FTIR; IRAffini-
ty-1S Shimadzu, Japan) was performed. The analyses
were conducted in the 4000 to 500 cm™ range with
a high-sensitivity DLATGS detector and a Germa-
nium-coated KBr beam splitter. The spectra of pure
ibuprofen and sodium alginate were used as reference
materials for comparison.

Morphological analyses

The morphology and porosity of the sponges were
determined using Scanning Electron Microscopy
(SEM). Analysis was conducted on a Carl Zeiss SU-
PRA 50VP SEM (Oberkochen, Germany) at a con-
stant voltage of 15 kV, various magnifications, and a
temperature of 25+2 °C.

Texture analyses

The mechanical strength of the sponges was as-

sessed using a texture analyser (TA.XT plus, Stable



FABAD J. Pharm. Sci., 50, 3, 689-706, 2025

Micro Systems, UK). Compression mode was chosen
to evaluate the flexibility of the sponges. For analyses,
the force required for the probe to advance 4 mm into
the sponges was measured (n=3).

Drug content and loading capacity

The amount of ibuprofen in the sponges was de-
termined using HPLC. A sponge sample (5 mg) was
initially dissolved in 10 mL of a 1:1(v/v) mixture of
ethanol and distilled water. The resulting solution was
then filtered (0.45 pm) before being analyzed by the
HPLC system. In pharmaceutical analyses, the drug
content is determined by calculating the proportion
of the active drug component within the formulation
and expressing this as a percentage. To calculate the
drug loading capacity, the drug content is divided by
the total amount of ibuprofen used, and the result is
expressed as a percentage (Khoukhi et al., 2016).

In vitro drug release and release kinetics

In vitro drug release studies were conducted using
the dialysis bag method (Yurtdag-Kirimlioglu et al,,
2018). Drug release was evaluated using sponge sam-
ples loaded with 2 mg of ibuprofen. Furthermore, to
achieve sink conditions, the study was completed us-
ing a sponge formulation containing one-fifth of the
saturated concentration of ibuprofen. The experiment
was conducted in a 50 mL release medium of pH 7.4
PBS, with the temperature strictly maintained at 37+1
°C to simulate physiological conditions (Mohandas et
al., 2015)we have developed a bi-layered sponge that
promotes fibrin clot stability and prevents secondary
bacterial wound infections. Using the technique of
freeze-drying, a bi-layer matrix consisting of hyal-
uronic acid (HA. To assess the in vitro release profile,
samples were withdrawn from the release medium at
predetermined time points (0.5, 1, 1.5, 2, 3,4, 5,and 7
hours). An equal volume of fresh medium was simul-
taneously replaced (Stoyanova et al., 2016)character-
ized by dissolution-limited oral bioavailability. One
approach to improve its water solubility and bioavail-

ability is by solubilizing it in micellar surfactant solu-

tions. Here we investigate the effect of the surfactant
type and the mechanism of solubility enhancement
of Ibuprofen in surfactant solutions. The equilibrium
Ibuprofen solubility in solutions of six surfactants was
determined by HPLC. The nonionic surfactant poly-
sorbate 80 (Tween 80). The amount of ibuprofen in
each sample was quantified via HPLC (n=3). The data
was analyzed using DDSolver to model the drug re-
lease kinetics (Zhang et al., 2010).

Cytotoxicity study

The cytotoxicity of the drug formulations was
evaluated using the MTT assay on human umbil-
ical vein endothelial cells (HUVEC) (Romani et al.,
2024). This protocol was adapted from a similar MTT
assay previously described (Yalginkaya et al., 2025).
HUVEC cells were maintained in Dulbecco’s Modi-
fied Eagle Medium (DMEM) supplemented with 10%
fetal bovine serum (FBS) and 1% penicillin-strepto-
mycin. For the assay, cells were seeded into 96-well
plates at a density of 2x10* cells and incubated for 24
hours at 37 °C in a humidified atmosphere with 5%
CO,. After the initial incubation, cells were treated
with various concentrations of the formulations and
ibuprofen (20-300 pg/mL). The formulation and ac-
tive substance were dissolved in fresh medium. All
procedures were carried out aseptically in a Laminar
Flow Cabinet (Kojair, Finland). Following 24 and 48
hours of treatment, the medium was removed and 20
uL of MTT solution (5 mg/mL in PBS) was added to
each well. The plates were then incubated for anoth-
er 3 hours to allow formazan crystal formation. Sub-
sequently, the MTT solution was carefully removed,
and 200 pL of dimethyl sulfoxide (DMSO) was added
to dissolve the resulting formazan crystals. The ab-
sorbance was measured at 570 nm using a microplate
reader (Cytation 5, BioTek, UK), and the resulting
values were used to calculate cell viability. Viability
was expressed as a percentage relative to the untreated
control cells, which were considered to have 100% vi-

ability. All experiments were conducted in triplicate.
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RESULTS AND DISCUSSION
Preparation of sponges

During preparation, Formula B’s sodium alginate
solutions were more viscous. The addition of ibupro-
fen made the solutions opaque, as the drug precipi-
tated due to its insolubility in the alginate solutions
(Garzén & Martinez, 2004). To ensure a homoge-
neous distribution of ibuprofen within the sponge, the
solutions were stirred on a magnetic stirrer at 750 rpm
for 30 minutes before being placed in the refrigerator.
After lyophilization, the porous morphology of the
sponges was visually apparent. Organoleptic controls
revealed that the sponges from Formula A exhibited a
softer and more flexible texture, which was attributed

to their lower sodium alginate content.
Water absorption capacity and porosity test

Table 2 presents the water absorption capacity and

porosity results. The sodium alginate sponges demon-

strated the ability to absorb 2.9 to 5 times their weight
in water within a mere 5-minute period. Despite the
higher sodium alginate content in Formula B delaying
the process, the high hydrophilicity of all sponges led
to rapid dissolution and a loss of structural stability
within 1-2 hours. To improve structural integrity, so-
dium alginate is commonly cross-linked with calcium
ions. However, the ions present in PBS can disrupt
this structure by interacting with the calcium (Chia-
oprakobkij et al., 2011). In Formula A, an increase in
ibuprofen content led to a decrease in water absorp-
tion capacity due to a higher ibuprofen-to-sodium
alginate ratio. Conversely, no direct relationship was
found between this ratio and water retention in For-
mula B. Porosity analysis indicated that the formula-
tions exhibited varying degrees of porosity. However,
no direct correlation was established between the ibu-
profen concentration and the resulting porosity. The

results confirmed the porous nature of the sponges.

Table 2. Results of water absorption capacity and porosity tests (n=3; mean + SE)

Code Absorption of Water % Porosity %
A0 358.1978+62.0942 75.07+7.77
Al 328.3034+29.3729 38.07+3.77
A2 291.8699+31.4725 73,24+1.29
BO 449.4580+75.5654 59.10+3.97
B1 460.0879+25.8998 64.20+1.72
B2 500.5849+67.9352 60.40+2.82

Fourier transform infrared analyses

FTIR spectroscopy is a powerful, high-resolution
technique that measures the vibrational frequencies
of chemical bonds to identify functional groups and
characterize chemical structures, including surface
components and drug-polymer interactions (Liu et
al., 2018). FTIR analysis results are shown in Figure
1. The FTIR spectrum of ibuprofen reveals its molec-
ular structure through several characteristic absorp-
tion bands. A strong band at 2953 cm™ is assigned
to the CH, asymmetric stretching vibration, while a
very strong peak at 1712 cm™ is a clear indicator of

the C=0 stretching motion. Aromatic C=C bonds are
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observed in the region of 1460-1550 cm™ and a band
atl417 cm™ is attributed to the C-C stretching vibra-
tion in aromatic ring. Additionally, a very strong peak
at 1230 cm™* for C-C stretching and a strong band at
779 cm™ for CH, vibrations serve as the molecule’s
unique fingerprint. Other observed features include
CH, rocking (strong intensity) at 935 cm™ and CH,
asymmetric stretching at 2920 cm™'. The medium in-
tensity O-H...O valence stretching vibrations at 2727
cm™ and 2630 cm™ confirm the presence of a hydro-
gen-bonded dimer. In addition, various in-plane and
out-of-plane C-H and O-H deformations were noted

at multiple frequencies, with all assigned bands align-
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ing with the known functional groups of ibuprofen
(Kamari & Ghiaci, 2016; Namazi et al., 2019; Ramu-
kutty & Ramachandran, 2012).

The carboxylate anion form (COO-) is observed
at 1597 cm™. The band at 821 cm™ is characteristic
of mannuronic acid residues within the sodium algi-
nate structure. The bands at 1076 cm™ and 1024 cm™
are assigned to the C-O and C-C stretching vibrations

of the pyranose ring, as well as the C-O-C glycosidic
bonds. The band at 1297 cm™ is assigned to skeletal
vibration. Additionally, the band at 1406 cm™ is at-
tributed to the C-OH deformation vibration and the
symmetric O-C-O stretching vibration of the carbox-

ylate group. Finally, a weak signal around 2956 cm™ is

due to C-H stretching vibrations (Huang et al., 2017;
Lawrie et al., 2007).

Figure 1. FTIR results of formulations; IBU: Ibuprofen, NAL: Sodium Alginate, PM: Physical mixture of sodi-

um alginate and ibuprofen

Characteristic bands for sodium alginate were de-
tected in both A0 and BO formulations, with minor
shifts in the peaks at 817, 1024, 1083, 1288, 1597, and
2364 cm™. The FTIR spectrum of the physical mixture
revealed characteristic peaks of both ibuprofen and
sodium alginate. The prominent bands at 2954, 1714,
1417, 1319, 1230, 935, 866, 779, and 667 cm™ are at-
tributed to ibuprofen, while the peak at 1598 cm™ is
assigned to the carboxylate anion of sodium alginate.
Analysis of the Al spectrum revealed distinct peaks
corresponding to both ibuprofen and sodium alginate.
Specifically, ibuprofen is represented by peaks at 671,
779, and 1417 cm’, while characteristic sodium algi-
nate peaks appear at 1031, 1087, 2357, and 1600 cm™.

The spectrum further showed a lack of peaks at 2727
and 2630 cm’!, which implies the absence of hydrogen
bonding within the Al formula (Kumar et al., 2014;
Ramukutty & Ramachandran, 2012).

The FTIR spectrum of the A2 formula exhibits
characteristic peaks for sodium alginate at 937, 1026,
1083, and 1598 cm’!, and a peak for ibuprofen at 1415
cm’. A significant finding is the disappearance of the
characteristic ibuprofen peaks that were present in the
physical mixture spectrum, which was observed in
both Al and A2 formulations. This spectral change is
likely caused by the electrostatic interaction between
sodium alginate and ibuprofen (Liu et al., 2019) in-

cluding the zein final concentration, the mass ratio of
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zein to SC, and the mass ratio of SC to SA influence
the physicochemical properties of the nanoparticles.
The fluorescence spectrum confirmed that curcumin
was encapsulated in the composite nanoparticles with
an increase in the mass ratio of curcumin to zein, and
the encapsulation efficiency of curcumin decreased.
When coated with SA, there was a significantly im-
proved encapsulation efficiency. Fourier transform
infrared spectroscopy (FTIR). The FTIR spectrum of
the B1 formula showed that only the ibuprofen peak
at 1415 cm™ (C-C stretching vibration in aromatic
ring) remained. Furthermore, slight displacements
were noted in the peaks assigned to sodium alginate.
This trend is also replicated in the B2 formula. The
FTIR results show that ibuprofen maintains its stabil-
ity in sodium alginate sponges.
Morphological analyses

SEM images (Figure 2.) confirmed the porous
structure of the sponges. Pores were observed to be
irregularly distributed throughout the sponge matrix.
Formula B, prepared with a higher sodium alginate
percentage, exhibited distinct porosity compared to

Formula A.

202611003 14,25 HLMDAS x400 200 pm

Texture analysis

The texture analysis results are presented in Figure
3. Formula BO, requires a force of 50 N to be com-
pressed by 4 mm, whereas for A0, this force is 6 N.
The sponge texture becomes increasingly soft as the
concentration of ibuprofen rises in the B formula-
tions. Approximately 15 N is required to compress
Formula B1 by 4 mm, while this value is 10 N for For-
mula B2. Conversely, Formula A1 was determined to
have the softest sponge texture. For Formula A2, the
required force increased significantly as the distance
increased. This suggests that the sponge is nearing
its incompressibility point. In a study conducted by
Boateng et al., sodium alginate wafers were prepared
at five different concentrations (1% to 5%), utilizing
paracetamol as a model drug. According to the tex-
ture analysis data obtained from the study, the maxi-
mum force required to compress a 2% concentration
wafer by 2 mm was recorded as 20.6 N, while this val-
ue was observed to be 93.7 N for the 5% concentra-
tion. In comparison, it was determined that the ibu-
profen-loaded sponge formulations possessed a softer
texture, despite being subjected to similar preparation

processes (Boateng et al., 2010).

TC3R1603 13:80 H

Figure 2. SEM imaging results of formulations
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Figure 3. Texture analysis result of sponges (n=3, mean * SE)

Drug content and loading capacity

The amount of ibuprofen in the sponges is given in
Table 3. Formula B1 demonstrated the highest load-
ing capacity, closely followed by B2, while formula
Al exhibited the lowest. This loss of active substance
occurred during the formulation preparation, specif-
ically high-vacuum drying process (Li & Yang, 2015).
Furthermore,3 the inherent hygroscopicity of sodium
alginate led to a mass increase, caused by the entrap-
ment of distilled water during the preparation of the
solution, which consequently reduced the loading ca-
pacity (Xie et al., 2022; Zhang et al., 2024).

Table 3. Drug content of sponges (n=3; mean * SE)

Formulation Drug Content Loading
(% wiw) Capacity (w/w)
Al 10.31 £ 0.43 41.56 £ 1.73
A2 24.85 +0.84 62.56 +2.11
Bl 9.40 + 0.80 80.58 £ 3.96
B2 1521 +1.23 72.93 £5.91

In vitro drug release and release kinetics

Based on data from in vitro release studies, formula
B2 was identified as the fastest-releasing formulation.
Conversely, formula A2, while being the slowest-re-

leasing formulation, still achieved about 100% release

within 4 hours (Figure 4.). The prepared formulations
enhanced the dissolution rate of ibuprofen (Kaynak
et al.,, 2024). This is particularly notable given that
ibuprofen’s solubility is pH-dependent, with studies
consistently demonstrating an increase in solubility as
the pH rises (Higton, 2015; Janus et al., 2020). The pH
of sodium alginate solutions typically ranges from 8
to 10 (Latifah et al., 2022). Micro-environmental pH
changes and physical interactions with the sodium
alginate matrix accelerate ibuprofen solubility (Arica
et al,, 2005). Immediate release of ibuprofen was also
observed in another study that utilized cross-linked
sodium alginate beads (Li et al., 2021). In addition to
ibuprofen’s high solubility in basic environments due
to its acidic nature (pKa: 5.2), the polymer/dissolution
medium coefficient is also a significant factor influ-
encing the dissolution rate. The inclusion of sodium
alginate has been shown to increase the ibuprofen re-
lease rate. This is attributed to the excipient’s ability
to generate osmotic forces capable of disrupting the
membranous barrier, which facilitates a higher rate
of drug release (Majid Khan & Bi Zhu, 1998). These
findings align with and confirm the release results ob-

served in our study.
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Figure 4. In vitro drug release results (n=3, mean +SE)

The prepared sponge formulations conformed to
different release kinetics, as shown in Table 4. The data
were analyzed using DDSolver (Zhang et al., 2010).
The lowest Akaike Information Criterion (AIC), high-
est Model Selection Criterion (MSC), and coefficient
of determination (r’, dj) values were used to select the
appropriate kinetic model (Zuo et al., 2014). The re-
lease kinetics of formulations A1 and A2 were first-or-
der, while the Hopfenberg model was suitable for Bl
and B2. In contrast, pure ibuprofen conformed to the

Hixson-Crowell model.

Under first-order release kinetics, the drug release
rate is directly proportional to the amount of drug
remaining in the matrix. Consequently, as the drug
concentration decreases, the release rate slows down
proportionally. This principle is consistent with the
Noyes-Whitney equation (Dokoumetzidis & Mach-
eras, 2006). Consequently, this model is particularly
well-suited for porous matrices that contain water-sol-
uble components, where the dissolution and diffusion
processes are the primary factors controlling the drug
release profile (Askarizadeh et al., 2023).
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The Hopfenberg model describes drug release
from surface-eroding polymers with a constant sur-
face area. In this model, matrix erosion and time are
the limiting factors, influenced by internal and ex-
ternal diffusional resistance (Gupta et al., 2020). This
model is relevant for surface-eroding polymers, where
the drug release rate is directly influenced by the
rate of polymer matrix degradation from the surface
(Paarakh et al., 2018). The Hopfenberg model, which
assumes matrix erosion is the rate-limiting step for
drug release, was a good fit for cylindrical (n=2) and
spherical (n=3) systems, respectively, as it accounts
for the formulation’s geometry (Vidart et al., 2018).
For the Bl formula, which exhibited Hopfenberg ki-
netics, the release exponent (n value) was found to be
4.125. In contrast, the B2 formula showed an n value
of 3, consistent with release from a spherical structure
(Katzhendler et al., 1997). Drug transport and release
from pharmaceutical systems is a complex process
driven by a combination of physical and chemical phe-
nomena, making it challenging to develop an accurate
mathematical model (Costa & Sousa Lobo, 2001).
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Table 4. Kinetic models of formulations

Release Models
Code Parameters
Zero Order | FirstOrder | Higuchi | Korsmeyer-Peppas | Hixon-Crowell | Hopfenberg

k 21.940 2.380 51.780 86.312 0.250 0.250

T, -39.414 0.872 -11.870 0.733 -9.576 -6.827

Al AIC 80.927 34.894 71.772 41.533 70.202 68.561
MSC -3.949 1.805 -2.805 0.975 -2.609 -2.403

- - - 0.096 - 3.000

k 21.307 1.114 49.075 65.312 0.237 0.277

Y -3.582 0.991 -0.008 0.725 0.483 0.804

A2 AIC 77.218 27.342 65.103 55.475 59.765 52.753
MSC -1.772 4.462 -0.258 0.946 0.410 1.286

- - - 0.290 - 5.250

k 21.931 1.750 51.055 71.270 0.249 0.311

Y -5.523 0.940 -0.736 0.557 -0.193 0.980
B1 AIC 79.161 41.590 68.570 58.410 65.568 33.759
MSC -2.125 2.571 -0.802 0.469 -0.426 3.550

- - - 0.240 - 4.125

k 22.285 3.075 52.284 39.042 0.240 0.480

rzadj -7.632 0.622 -1.577 -4.322 -0.613 0.966
B2 AIC 80.443 55.414 70.774 77.340 67.026 36.812
MSC -2.406 0.723 -1.197 -2.018 -0.728 3.048

- - = 0.503 - 3.000

19.597 0.528 42.823 42.356 0.135 0.135

rzmlj 0.467 0.940 0.855 0.735 0.961 0.954

IBU AIC 68.890 51.380 58.486 64.082 48.029 50.029
MSC 0.380 2.569 1.680 0.981 2.987 2.737

n - - - 0.423 - 3.000

An analysis of the models suggests that the drug
release mechanism in the B formulations involves a
combination of swelling, matrix erosion, and mixed
diffusion and chain relaxation mechanisms. Consid-
ering the porous structure of the sponges and the wa-
ter solubility of sodium alginate, the release kinetics of
formulations A1 and A2 were found to be first-order,
which is a result consistent with the literature. The
elevated sodium alginate concentration in Formula
B, as opposed to Formula A, led to a modification of
the release kinetics. This difference is characterized by
ibuprofen release being primarily driven by the struc-
tural erosion of the sponge matrix. While the precise

mechanism for the release of ibuprofen from the Bl

formulation has not been elucidated in the existing
literature, evidence suggests that the process proceeds

via super-case II transport (Martin-Illana et al., 2022).

The difference factor (f,) and similarity factor (f))
are key metrics for assessing the difference and simi-
larity between two drug release profiles. An f1 value of
0-15 and an f, value of at least 50 are the established
criteria for similarity, as per EMA and FDA guide-
lines. Both factors are widely used to compare the
release rates of drug delivery systems (Muselik et al.,
2021; Priese et al., 2023 )neither the EMA nor the FDA
provides unambiguous instructions for comparing the
dissolution curves, except for calculating the similar-
ity factor f2. In agreement with the EMA and FDA
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strategy for comparing the dissolution profiles, this
manuscript provides an overview of suitable statisti-
cal methods (CI derivation for f2 based on bootstrap,
Cl derivation for the difference between reference and
test samples, Mahalanobis distance, model-depen-
dent approach and maximum deviation method. The
prepared sponge formulations, in this case, have dif-
ferent release profiles than pure ibuprofen, as shown
by the results (Table 5.) obtained in this study.

Table 5. Similarity and difference factors of for-

mulations versus pure ibuprofen

Formulation | (f) Difference factor | (f,) Similarity factor
Al 037 022
A2 025 032
B1 032 027
B2 036 024
Cytotoxicity study

Due to its biocompatibility and ability to support
tissue regeneration, alginate is a favorable polymer for
wound healing applications (da Silva et al., 2024). The
cytotoxicity of the formulations was evaluated using
an MTT assay on human umbilical vein endothelial
cells (HUVECs), with the results presented in Figure
5 (Jiang et al., 2021). Additionally, cell cultures in the
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multi-well plates were routinely monitored via mi-
croscopy throughout the study, and no evidence of

contamination was observed.

Based on the MTT assay results, the empty for-
mulation containing 5% alginate exhibited a higher
proliferative effect, leading to significantly higher cell
viability compared to the 2% alginate empty formu-
lation. These findings are consistent with a study by
Jiang et al., which demonstrated the cytoprotective
effect of alginate oligosaccharides on endothelial cells
under oxidative stress, suggesting their potential an-
tioxidant and antiapoptotic roles (Jiang et al., 2021).
Similarly, the cytotoxic effect of Ibuprofen was evalu-
ated against HUVEC cells to validate the assay. A dose
of 100 ug/mL ibuprofen demonstrated its toxic poten-
tial, reducing cell viability to 44.22% after 24 hours of
exposure. This inhibitory effect remained consistent
at the 48-hour mark, with cell viability at 46.82%, con-
firming the cytotoxic nature of the compound at the
tested concentration (Eldeeb et al., 2025; Habib et al.,
2024) and its metabolites significantly influence the
tumor development, and metastatic processes. The
design and synthesis of prodrugs intended for non-

steroidal anti-inflammatory drugs (NSAIDs).

48h

BO Bl B2 IBU
300 pg/mL

Figure 5. Cytotoxicity results (n = 3; mean * SD)
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Formulations with a lower drug loading capacity
were more effective at mitigating the active ingredi-
ent’s cytotoxicity. This was particularly evident with
Formulation B, which contained a higher alginate
concentration and provided better protection than
Formulation A. An example is the performance of
Formulation B1, which maintained cell viability at
75.85% after 24 hours at 100 ug/mL, in contrast to
Formulation A1, which resulted in a lower viability of
66.35%. Similar trends were observed in formulations
with identical polymer composition but different
loading capacities. At a concentration of 100 ug/mL
for 24 hours, the lower loading capacity Formulation
Al showed 66.35% cell viability, while Formulation
A2 resulted in a lower viability of 52.31%. Our find-
ings suggest a correlation between the total amount
of formulation and its ability to inhibit cytotoxicity, a
result consistent with literature on other biocompat-
ible polymers. Harrish et al. showed that chitosan, a
natural and biodegradable polysaccharide similar to
alginate, significantly reduced the toxicity of cadmi-
um sulfide nanoparticles. This observation further
highlights the potential of such polymers to improve
the safety profile of active compounds and their for-

mulations (Harish et al., 2020).

In conclusion, while the empty formulations were
not found to be dose-dependently cytotoxic, the re-
sults of the MTT assays demonstrated that ibuprofen
exhibited dose-dependent cytotoxicity. Importantly,
the study revealed that the prepared formulations ef-
fectively mitigated this cytotoxic effect, highlighting
the potential of the formulation design to enhance the

safety profile of the active ingredient.
CONCLUSION

This study successfully prepared ibuprofen-loaded
sodium alginate sponges with properties suitable for
wound dressings. The sponges showed high swelling
capacity and rapid dissolution. FTIR analysis con-

firmed molecular interactions that led to a significant

increase in the ibuprofen dissolution rate. The formu-
lations also exhibited different drug release kinetics
than pure ibuprofen, with some following the first-or-
der and others the Hopfenberg models. Notably, the
sponges were found to reduce the cytotoxicity of pure
ibuprofen, highlighting their potential for further in
vivo investigation as wound dressing applications.
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