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A B S T R A C T

Infected pressure ulcers remain difficult to manage because conventional dressings cannot simultaneously pro
vide mechanical robustness, sustained antimicrobial delivery, and a favorable healing environment. Here, so
dium alginate (SA) hydrogels were engineered with a dual-reinforcement strategy, electrospun polycaprolactone 
(PCL) fibrous films versus their hydrolysis-derived fragments, to independently tune mechanical behavior while 
compartmentalizing two bioactive agents, Nisin Z (NZ) and cinnamaldehyde (CN), for combined antimicrobial 
and antioxidant function. This architecture-driven approach distinguishes the system from previous single- 
reinforcement or single-agent SA-based dressings.

NZ was highly active against Gram-positive bacteria (S. aureus, S. epidermidis; MBC = 8 μg/mL) and less so 
against Gram-negative strains (E. coli, 128 μg/mL; P. aeruginosa, 32 μg/mL), with CN requiring 20–320 μg/mL. 
Combined, NZ and CN acted synergistically against S. aureus (FICI = 0.019). Film-reinforced hydrogels preserved 
compressive strength, while fragment-reinforced systems favored flexibility and recovery after 50% deformation, 
giving the platform tunable mechanics for different wound geometries. NZ and CN were released over 48 h 
through diffusion- and retention-dominated mechanisms, respectively, sustaining >90% bacterial reduction 
against Gram-positive strains, strong antibiofilm activity, and > 80% DPPH antioxidant scavenging, without 
compromising HaCaT keratinocyte viability (> 85%).

By showing that reinforcement architecture and bioactive compartmentalization can be engineered jointly 
rather than independently, this work introduces a versatile SA-based platform for infected chronic wound 
management, with direct translational potential for pressure ulcer care.

1. Introduction

Pressure ulcers, or pressure injuries, are localized lesions of the skin 
and underlying tissues, caused by sustained pressure, shear forces, or 
friction, particularly in immobilized and elderly patients. These wounds 
represent a significant clinical and economic burden due to their high 
prevalence and association with severe complications [1–3]. Their 
management remains challenging, as chronic wounds provide a favor
able environment for microbial colonization and biofilm formation, 
which significantly impair tissue regeneration and reduce the efficacy of 
conventional antimicrobial therapies [4–6]. Also, common dressings, 

such as gauzes and simple polymeric films, often fail to maintain an 
optimal moist environment, deliver bioactive agents effectively, and 
adapt to irregular wound surfaces, thereby hindering their therapeutic 
potential [7,8].

In this context, hydrogels have emerged as promising wound care 
materials due to their high-water content, biocompatibility, and tunable 
physicochemical properties [9]. By mimicking the extracellular matrix, 
they provide a moist environment that supports cell migration and 
proliferation, while facilitating gas exchange and nutrient transport 
[10,11]. Moreover, hydrogels enable the localized and controlled 
release of antimicrobial and regenerative agents, enhancing therapeutic 
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efficacy and minimizing systemic side effects [12]. Among naturally 
derived polymers, sodium alginate (SA) has been widely used in wound 
management due to its biocompatibility, high exudate absorption ca
pacity, and ability to form stable hydrogels under mild conditions, 
enabling effective moisture retention and controlled drug delivery [13]. 
However, conventional hydrogels often exhibit limited mechanical 
strength and structural stability, restricting their use in load bearing or 
highly exudative wounds [14].

To address these limitations, reinforcement strategies have increas
ingly focused on incorporating electrospun fibers. Electrospinning en
ables the production of ultrafine fibers with high surface area, 
interconnected porosity, and controllable architecture, also closely 
resembling the native extracellular matrix fibrous system [15,16]. These 
fibrous structures support cell adhesion and migration while acting as 
physical barriers against microbial invasion [17–19]. Polycaprolactone 
(PCL) is particularly suitable for reinforcing hydrogel matrices due to its 
biocompatibility, tunable degradation rate, and mechanical resilience 
[20,21]. Fragmented PCL fibers embedded within hydrogel matrices can 
form composite systems that combine hydration and flexibility with 
enhanced mechanical stability, resulting in improved tensile properties 
and resistance to deformation [22–25]. In addition, fibrous networks 
can act as reservoirs for therapeutic agents, enabling sustained and 
localized therapeutic delivery [17,19].

The incorporation of bioactive agents in fiber-reinforced hydrogels 
represents a promising strategy to fight infections and promote tissue 
regeneration in chronic wounds. Composite systems loaded with anti
biotics, essential oils, natural extracts, or growth factors have demon
strated sustained antibacterial activity and accelerated wound closure 
[11,26–28]. In this context, Nisin Z (NZ), a 34-amino acid amphipathic 
peptide, exhibits potent activity against Gram-positive bacteria through 
inhibition of cell wall synthesis and membrane pore formation, com
bined with high stability and low cytotoxicity [29–32]. Conversely, 
cinnamaldehyde (CN), a major component of Cinnamomum essential 
oils, displays broad-spectrum antimicrobial, antifungal, and anti- 
inflammatory activities, primarily through membrane disruption and 
enzyme inhibition. Its stabilization within polymeric matrices enables 
controlled release and preservation of bioactivity [26,33–35].

Despite the growing interest in dual-agent hydrogels for infected 
wound management, most existing formulations present important 
design limitations. In many cases, both bioactive agents are loaded into 
the same hydrogel matrix, which restricts independent control over their 
release kinetics and often results in premature burst release of the more 
soluble compound while compromising the stability of the more labile 
one [36]. Pairing hydrophilic antimicrobial peptides with hydrophobic 
essential oil components in a single carrier further complicates this 
balance, as the two agents differ markedly in solubility, stability, and 
diffusion behavior. When fiber reinforcement is included, it is typically 
limited to a mechanical role, with little exploration of its potential as a 
distinct compartment for housing one of the bioactive agents indepen
dently [37].

This lack of independent, compartmentalized control over the 
loading and release of chemically distinct antimicrobial agents repre
sents a clear gap in the current design of dual-agent hydrogels. To date, 
no studies have reported a system that combines electrospun fiber 
reinforcement, used as an independent bioactive compartment, with the 
dual delivery of NZ and CN within alginate hydrogels. Hence, this work 
proposes a new design strategy for multifunctional wound dressings by 
integrating electrospun PCL reinforcement with the compartmentalized 
delivery of NZ and CN within alginate hydrogels. This previously un
reported approach combines structural reinforcement with comple
mentary antibacterial and antioxidant functions, enabling simultaneous 
optimization of mechanical performance and biological activity for the 
treatment of infected pressure ulcers.

2. Materials and methods

2.1. Materials

Polycaprolactone (PCL) (Mw 80,000) was purchased from Sigma- 
Aldrich, Merck KGaA (Germany), whereas reagents N,N-dime
thylformamide (DMF; ρ = 0.948 kg/L) and chloroform (CHF; solubility 
of 8 g/L in distilled water or dH2O) were obtained from PanReac 
AppliChem, ITW Reagents (Italy). These were used in the preparation of 
polymer solutions to produce fibrous films. Sodium alginate (SA), cin
namaldehyde (CN), and Nisin Z (NZ) were purchased from Sigma- 
Aldrich Merck KGaA (Germany) and were used to produce the hydro
gels and provide bioactivity to the system, respectively. Calcium chlo
ride (CaCl2) purchased from ChemLabs (South Africa) was used as a 
coagulation bath for the formation of hydrogels.

Mueller Hinton broth (MHB, 21 g/L), purchased from Pronadisa 
(Condalab, Spain), trypticase soy broth (TSB, 30 g/L), nutrient broth 
(NB, 13 g/L), and agar (for trypticase soy agar, TSA, and nutrient agar, 
NA, preparation) purchased from HiMedia Laboratories (Germany) were 
used as culture media for bacterial growth. Staphylococcus aureus 
(S. aures, ATCC 6538), Staphylococcus epidermidis (S. epidermidis, ATCC 
35984), Pseudomonas aeruginosa (P. aeruginosa, ATCC 27853), and 
Escherichia coli (E. coli, ATCC 25922), the reference bacterial strains, 
were obtained from the American Type Culture Collection (ATCC, USA).

Phosphate-buffered saline solution (PBS) was prepared at pH 7.4 
(adjusted with 1 M hydrochloric acid) from a combination of sodium 
chloride (8.00 g/L), potassium chloride (0.20 g/L), dibasic sodium 
phosphate (1.44 g/L), and monopotassium phosphate (0.24 g/L), all 
obtained from Sigma-Aldrich.

Folin-Ciocalteu reagent, gallic acid, 2,2-diphenyl-1-picrylhydrazyl 
(DPPH), and trolox (6-hydroxy-2,5,7,8-tetramethylchroman-2-carbox
ylic acid; 97.0%) were purchased from Sigma-Aldrich (Germany). So
dium carbonate was purchased from Riedel-de Haën, (Germany), and 
sodium hydroxide from Labkem (Spain). Dimethyl sulfoxide (DMSO) 
and ethanol (99.8%) were purchased from Fisher Scientific (UK). Acetic 
acid was purchased from Panreac (Spain). Crystal violet was purchased 
from Certistain (USA). The human keratinocyte cell line (HaCaT) was 
purchased from Cell Lines Service GmbH (CLS, Germany). Dulbecco's 
Modified Eagle Medium (DMEM, high glucose, GlutaMAX, pyruvate), 
antibiotic-antimycotic solution (penicillin–streptomycin; 10,000 U/ 
mL), and trypsin-EDTA solution (0.25% w/v) were all obtained from 
VWR Chemicals (Portugal). Methanol, tris(hydroxymethyl)amino
methane (TRIS), fetal bovine serum (FBS), trypan blue, sodium resa
zurin, sulforhodamine B (SRB), and Triton X-100 were supplied by 
Merck (Portugal), while Hoechst 33342 was purchased from Thermo 
Fisher Scientific (Portugal).

The reagents and polymers were all used as commercially available, 
without additional chemical modifications.

2.2. Methods

2.2.1. Antimicrobial evaluation and synergy of active agents
The antimicrobial activity of NZ and CN was evaluated individually 

against S. aureus, S. epidermidis, E. coli, and P. aeruginosa by determining 
the minimum inhibitory (MIC) and minimum bactericidal (MBC) con
centrations, using broth microdilution followed by colony counting on 
agar (Section S1-S1.1 of Supporting Information file). The interaction 
between NZ and CN was assessed using the checkerboard method, and 
the fractional inhibitory concentration index (FICI) was calculated (Eq. 
(1)) to classify the interaction as synergistic (FICI ≤0.5), additive 
(0.5–1.0), indifferent (1.0–4.0), or antagonistic (> 4.0). Full checker
board protocol details are provided in Section S1-S1.2 of Supporting 
Information file. 

FICI =
MBCNZ combinated

MBCNZ isolated
+

MBCCN combinated

MBCCN isolated
(1) 
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2.2.2. Total phenolic content and antioxidant activity of the free agents
Total phenolic compound content (TPC) of NZ and CN was deter

mined by the Folin-Ciocalteu method [38], expressed as mg gallic acid 
equivalents per gram of sample. Antioxidant activity was evaluated by 
the DPPH radical scavenging assay [39], expressed as percentage of 
DPPH reduced (%DPPHr) relative to Trolox as positive control. Full 
protocols, reagent concentrations, and calculation equations are pro
vided in Supporting Information, respectively in Sections S1-S1.3 and 
S1-S1.4.

2.2.3. Production of PCL films by electrospinning
PCL polymer solution was prepared at 14% (w/v) in CHF/DMF at 70/ 

30% (v/v) at a stirring speed of 150 rpm at 50 ◦C for 4 h. Viscosity 
measurements were performed on a Brookfield DV-II + Pro viscometer 
(Hadamar-Steinbach, Germany), using shaft 21, at 15 rpm, for approx
imately 10 min at 22 ◦C, with recordings every 30 s, while conductivity 
was measured using Thermo Scientific Benchtop Meter equipment 
(Orion Versa Star Pro, Waltham, MA, USA).

Electrospun films were continuously deposited on an aluminum foil 
collector for 1.5 h. The processing parameters were optimized for a 
voltage of 25 kV, flow rate of 0.8 mL/min, and distance from the needle 
to the collector of 18 cm, using a needle with an internal diameter of 22 
gauge. Throughout the process, environmental conditions were 
controlled, maintaining constant temperature (20–25 ◦C) and humidity 
(40–60%) constant [40].

2.2.4. Hydrolysis and fragmentation of PCL fibers
Electrospun films were detached from the aluminum collector and 

cut into fragments smaller than 1 × 1 cm2. They were then washed with 
99% ethanol, dried, and hydrolyzed into fragments by treatment with 1 
M NaOH for 3 days. After the treatment period, the pH of the suspension 
was evaluated with an indicator strip. The suspension was then centri
fuged at 4000 rpm for 10 min to separate the fragmented fibers from the 
liquid. To ensure complete removal of NaOH residues, the fragments 
were washed successively in 99% ethanol, with the pH measured after 
each wash until it stabilized. Finally, the fragments were dried at 37 ◦C 
and stored in a desiccator until further use.

2.2.5. Modification of electrospun films and fragments with CN
PCL fragments and films were submerged in CN solutions prepared in 

ethanol at different concentrations: MBC, 5 × MBC, 10 × MBC, 20 ×
MBC, 50 × MBC, and 100 × MBC, to ensure that the amount effectively 
bound to the fragments and films was equal to or greater than the 
determined MBC. The samples were kept under agitation for 24 h. The 
concentration of CN immobilized in the fibers was determined indirectly 
by differences between UV–visible spectroscopy absorbance readings of 
the amount of CN at 0 h of contact (stock solution) and the amount 
remaining after immersion of the fibers. Experiments were done in 
triplicate.

2.2.6. Preparation of SA hydrogels
Hydrogels were produced from a 2% (m/v) SA solution in dH2O, 

heated to 50 ◦C at 150 rpm for 12–18 h. The SA solution was then 
transferred to glass Petri dishes (90 mm in diameter) at 20 mL (ideal 
volume to obtain a thin, continuous hydrogel that covered the entire 
bottom of the dish) and left at room temperature for ≈ 2 h to stabilize 
(homogeneous distribution of the solution without bubbles). Next, 2% 
(m/v) CaCl2 was added, also at 20 mL, to induce coagulation. The bath 
was left to act for 2 h30, after which the hydrogels were detached and 
washed successively in dH2O to eliminate any remaining salts [24].

2.2.7. Loading of hydrogels with NZ
After optimizing the production of the hydrogels, the functionaliza

tion process began. For this, NZ was dissolved in dH2O at different 
concentrations: MBC, 10 × MBC, 20 × MBC, 30 × MBC, 50 × MBC, and 

100 × MBC to ensure that the amount effectively bound to the hydrogels 
was equal or greater than MBC. Hydrogel samples were immersed and 
kept under agitation for 24 h. After this period, absorbance readings 
were taken by UV–visible spectroscopy. The concentration of NZ bound 
to the hydrogel was determined indirectly, by the difference between the 
amount of NZ at 0 h of contact (stock solution) and the amount 
remaining after immersion of the hydrogel. Experiments were con
ducted in triplicate.

To evaluate the antibacterial efficacy of the hydrogels and determine 
the optimal concentration of NZ, a “shake flask” test was performed 
based on an adaptation of the ASTM-E2149–01 standard. This test was 
conducted against suspensions of S. aureus, S. epidermidis, E. coli, and 
P. aeruginosa prepared in TSB and NB at 1 × 105 CFU/mL. Quadrangular 
samples of the NZ-loaded and unloaded (control) hydrogels with 6 cm 
sides were placed in contact with 500 μL of the bacterial suspension and 
incubated for 24 h at 37 ◦C at 120 rpm. After this time, 20 μL aliquots of 
the suspension were collected, and successive dilutions were performed 
in PBS (between 10− 1 and 10− 5). The dilutions were then cultured in 
Petri dishes (90 mm in diameter) containing TSA or NA and incubated at 
37 ◦C for 18 to 24 h. After incubation, the colonies formed were counted, 
and the results were expressed as percentage of bacterial growth inhi
bition. The results obtained allowed the selection of the optimal con
centration to be used for the modification of the hydrogels.

It should be noted that this preliminary antibacterial test was not 
applied to the fragments and fibrous films after modification with CN, 
described in Section 2.2.6, due to the high surface area of these struc
tures, which tends to increase the exposure of the agent. Additionally, 
the fibrous structures were not designed for direct exposure to bacteria, 
but rather the hydrogel, where these fibers were incorporated. For that 
reason, this step was deemed non-essential for deciding on the func
tionalization concentration of the agent.

2.2.8. Fiber-reinforced hydrogels
After optimizing the production conditions and defining the ideal 

concentrations for functionalizing the bioactive agents in each structural 
component, non-reinforced (controls) and reinforced hydrogels with 
and without active agents were produced. The agents were incorporated 
by immersing the different structures in the respective active solutions, 
under constant agitation as described in Sections 2.2.6 and 2.2.8. 
Finally, the hydrogels with and without fibrous reinforcement were 
washed in dH2O to remove coagulation bath salts that remained 
attached and then disinfected in sequential washes with 70% ethanol 
(1×) and PBS (3×), each washing lasting 5 min under constant agitation 
at 120 rpm.

The incorporation of the reinforcing structures followed distinct 
procedures depending on their morphology. For film-reinforced hydro
gels (SA/FL), the PCL film was cut to match the dimensions of the Petri 
dish used for casting and placed at the bottom of the dish prior to 
pouring the SA solution, which was then cast directly over it following 
the procedure described in Section 2.2.6. For fragment-reinforced 
hydrogels (SA/FR), the mass of PCL film used per casting dish was 
first determined and used as a reference to define an equivalent mass of 
fragments for each formulation, ensuring comparable PCL content be
tween the two reinforcement types. The fragments were then dispersed 
directly into the SA solution under magnetic stirring for 30 min, fol
lowed by ultrasonication for an additional 10 min to improve homoge
neity, prior to casting. In both cases, the resulting solutions were left to 
stabilize at room temperature and subsequently coagulated with the 
CaCl2 bath, following the conditions described in Section 2.2.6.

For the nomenclature of the samples, listed in Table 1, the symbol “/” 
was used to indicate combination of structures in the system and the 
symbol “+” to indicate the addition of the active agents. For simplicity, 
electrospun PCL films were designated FL, while the fragments resulting 
from the hydrolysis of these films were identified as FR. The hydrogel, 
being a structure that is repeated in all samples, was designated by the 
name of the polymer, SA.
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2.2.9. Physical, chemical, thermal, and mechanical characterization
Individual system components (polymers, bioactive agents, films, 

fiber fragments, and hydrogels) were characterized as controls alongside 
the corresponding composite systems. Morphology was examined by 
scanning electron microscopy (SEM). Chemical composition was 
analyzed by Fourier-transform infrared spectroscopy with attenuated 
total reflectance (ATR-FTIR) (400–4000 cm− 1), while thermal behavior 
was evaluated by thermogravimetric analysis (TGA/DTG) and differ
ential scanning calorimetry (DSC). Physicochemical properties, 
including hydration degree, degradation profile, porosity, and air 
permeability, were determined using gravimetric or standardized 
methods (ISO 9237 for air permeability). Mechanical performance was 
assessed by adhesiveness and cyclic compression tests (three cycles at 
50% deformation) using a Hitachi DMA 7100. Detailed experimental 
procedures, equipment settings, sample dimensions, and calculation 
methods are provided in the Supporting Information (Section S1-S1.5).

2.2.10. Biological evaluations
The biological performance of the developed hydrogels was evalu

ated through bioactive release, antioxidant, antibacterial, antibiofilm, 
and cytocompatibility assays. Detailed experimental procedures, re
agent concentrations, instrument settings and calculation equations are 
provided in the Supporting Information file, Section S1-S1.6.

The release kinetics of NZ and CN from control and reinforced 
hydrogels were determined under sink conditions by ultraviolet-visible 
(UV–Vis) spectroscopy. Hydrogel discs (10 mm diameter) were 
immersed in phosphate-buffered saline (PBS) at 37 ◦C under constant 
agitation, and the release medium was completely collected and 
replaced with fresh PBS after 1, 2, 4, 6, 24, and 48 h to obtain cumulative 
release profiles. Calibration curves were established for both bioactive 
agents in PBS, and polymer interference was evaluated and subtracted 
before quantification. Release profiles were expressed as the cumulative 
percentage of NZ or CN released over time.

The antioxidant activity of the released fractions was assessed using 
the DPPH radical scavenging assay. Aliquots collected during the release 
study were incubated with DPPH solution, and radical scavenging ac
tivity was determined spectrophotometrically using Trolox as the posi
tive control. Results were expressed as the percentage of DPPH 
reduction at steady state.

Quantitative antibacterial activity was evaluated according to the 
ASTM E2149 shake-flask method against Staphylococcus aureus, Staph
ylococcus epidermidis, Escherichia coli, and Pseudomonas aeruginosa. 
Samples were incubated with bacterial suspensions (105 CFUs/mL) for 
1, 2, 4, 6, and 24 h, after which serial dilutions were plated on agar for 
colony counting. Antibacterial performance was expressed as the per
centage of bacterial reduction relative to untreated controls.

Antibiofilm activity was investigated after 48 h of bacterial growth 
using complementary assays to evaluate both biofilm biomass and 
metabolic activity. Total biomass was quantified by the crystal violet 
assay, whereas bacterial metabolic activity was determined using the 
resazurin assay. Results were expressed relative to untreated bacterial 
controls.

Cytocompatibility was assessed by direct contact according to ISO 
10993-5 using HaCaT keratinocytes cultured under standard conditions. 
Sterilized hydrogels were placed directly onto the cell monolayer, and 
biological response was evaluated after 24 and 48 h by measuring 
metabolic activity using the resazurin assay, cell mass by sulforhod
amine B (SRB) staining, and cell proliferation by Hoechst 33342 stain
ing. Untreated cells and Triton X-100-treated cells were used as positive 
and negative controls, respectively.

2.3. Statistical analysis

All experiments were performed in triplicate unless otherwise stated 
in the Experimental Section. Results are expressed as mean ± standard 
deviation (SD). Statistical analysis was carried out using GraphPad 
Prism 8.0 software (GraphPad Software Inc., USA). Data normality was 
assessed prior to analysis. Differences between groups were evaluated 
using one-way or two-way analysis of variance (ANOVA). Statistical 
significance was considered at p < 0.05.

3. Results and discussion

3.1. Characterization of bioactive agents

3.1.1. Antimicrobial activity and synergistic interaction
The antimicrobial potential of NZ and CN was initially evaluated 

individually against the four bacterial species most frequently associated 
with infected chronic wounds, namely Staphylococcus aureus, Staphylo
coccus epidermidis, Escherichia coli, and Pseudomonas aeruginosa. Their 
interaction was subsequently investigated to determine whether co- 
delivery could enhance antibacterial efficacy. The MIC and MBC 
values obtained for each bioactive agent are summarized in Table 2.

NZ exhibited pronounced antibacterial activity against the Gram- 
positive bacteria, with MIC and MBC values of 8 μg/mL for both 
S. aureus and S. epidermidis. Conversely, substantially higher concen
trations were required against the Gram-negative bacteria, particularly 
E. coli, for which the MBC reached 128 μg/mL. This susceptibility profile 
is consistent with the well-established mechanism of action of NZ, which 
involves binding to Lipid II, a key precursor of bacterial cell wall 
biosynthesis, thereby inhibiting peptidoglycan synthesis while simulta
neously promoting pore formation in the cytoplasmic membrane. The 
resulting disruption of membrane integrity ultimately leads to bacterial 
cell lysis and explains the high efficacy of this class I bacteriocin against 
Gram-positive bacteria [32]. The reduced susceptibility observed for 
Gram-negative bacteria is mainly attributed to the presence of an outer 
membrane that acts as a permeability barrier, limiting peptide pene
tration and access to its intracellular targets [29].

CN displayed a similar susceptibility profile, although considerably 
higher bactericidal concentrations were required, particularly against 
Gram-negative bacteria. MIC values of 4 and 20 μg/mL were obtained 
for S. aureus and S. epidermidis, respectively, whereas MBC values 
increased to 320 μg/mL for E. coli and 160 μg/mL for P. aeruginosa. The 
antibacterial activity of CN has been associated with disruption of the 
cytoplasmic membrane, increasing membrane permeability and pro
moting leakage of intracellular constituents [41]. Additionally, CN in
terferes with essential cellular processes, including DNA, RNA, and 
protein synthesis, ultimately impairing cell division and bacterial 

Table 1 
Sample code.

Code Reinforcement NZ CN

SA – – –
SA/FL Film – –
SA/FR Fragments – –
SA + NZ – ✓ –
SA + NZ/FL Film ✓ –
SA + NZ/FR Fragments ✓ –
SA/FL + CN Film – ✓
SA/FR + CN Fragments – ✓
SA + NZ/FL + CN Film ✓ ✓
SA + NZ/FR + CN Fragments ✓ ✓

Table 2 
MIC and MBC determinations for NZ and CN against the four most prevalent 
bacteria in chronic wounds.

Active Agents S. aureus 
(μg/mL)

S. epidermidis 
(μg/mL)

E. coli 
(μg/mL)

P. aeruginosa 
(μg/mL)

MIC MBC MIC MBC MIC MBC MIC MBC

NZ 8 8 8 8 64 128 32 32
CN 4 80 20 20 320 320 80 160
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survival [32,42,43]. As observed for NZ, the lower susceptibility of 
Gram-negative bacteria can be explained by the structural complexity of 
their outer membrane and their intrinsic resistance mechanisms.

Considering that the proposed hydrogel was designed for the 
simultaneous delivery of both bioactive agents, their antibacterial 
interaction was subsequently evaluated using the checkerboard assay. A 
pronounced synergistic effect was observed against the Gram-positive 
strains, with fractional inhibitory concentration index (FICI) values of 
0.019 and 0.258 for S. aureus and S. epidermidis, respectively. These 
results demonstrate that combining NZ and CN substantially enhances 
antibacterial efficacy beyond that achieved by either compound alone, 
most likely because their complementary mechanisms of action facili
tate bacterial membrane disruption while simultaneously interfering 
with essential intracellular processes [32,41]. Similar synergistic 
behavior has also been reported for S. epidermidis [44]. In contrast, the 
interaction became less favorable for the Gram-negative bacteria. An 
almost synergistic (additive) effect was observed for E. coli (FICI =
0.503), whereas an indifferent interaction was obtained for P. aeruginosa 
(FICI = 2.0). This behavior is consistent with previous reports and is 
primarily attributed to the intrinsic resistance of Gram-negative bacte
ria, particularly the presence of an outer membrane that restricts the 
penetration of both antimicrobial peptides and hydrophobic com
pounds, thereby limiting the benefits of combination therapy [45].

These findings demonstrate that NZ and CN provide complementary 
antibacterial functions. Although both compounds were intrinsically 
more effective against Gram-positive bacteria, their combination 
significantly enhanced antibacterial efficacy while extending antimi
crobial coverage through the selection of concentrations corresponding 
to their individual MBC values. Consequently, 128 μg/mL of NZ and 320 
μg/mL of CN were selected for subsequent hydrogel functionalization. 
Notably, most SA-based dressings reported to date incorporate a single 
antimicrobial agent, either a peptide or a plant-derived compound, 
rather than exploiting their combined mechanisms of action. By pairing 
a membrane-active, cell-wall-targeting bacteriocin with a broader- 
spectrum aldehyde, the present system extends antibacterial coverage 
beyond what either agent achieves alone, addressing a combination 
strategy that remains largely unexplored in fiber-reinforced SA wound 
dressings.

3.1.2. Phenolic content and antioxidant activity of the selected bioactive 
agents

Considering that oxidative stress is a major factor contributing to the 
chronic inflammatory environment and delayed healing of pressure ul
cers, the phenolic content and antioxidant activity of the selected 

bioactive agents were investigated to assess their potential contribution 
to the multifunctional hydrogel. The results are presented in Fig. 1.

CN exhibited significantly higher total phenolic content (TPC) than 
NZ (Fig. 1a), reaching approximately 130 mg GAE/g at 1 mg/mL (p <
0.0001), which is consistent with its aromatic structure and its classifi
cation as an intrinsic source of phenolic compounds [46,47]. When 
evaluated at its MBC concentration (320 μg/mL), TPC decreased 
markedly to approximately 26.7 mg GAE/g, confirming the expected 
concentration-dependent response resulting from the lower amount of 
phenolic compound available for reaction. Conversely, NZ exhibited an 
unexpected concentration-dependent behavior. At 1 mg/mL, only low 
TPC values were detected (≈ 10.8 mg GAE/g), whereas a marked in
crease (≈ 97.5 mg GAE/g) was observed at its MBC concentration (128 
μg/mL). Because NZ is a lantibiotic peptide devoid of phenolic groups, 
this apparent increase is unlikely to represent genuine phenolic content. 
Instead, it is probably associated with the non-specific nature of the 
Folin-Ciocalteu assay, which is known to react with reducing com
pounds other than phenolics, together with possible molecular aggre
gation phenomena that may reduce the accessibility of reactive groups 
at higher concentrations [48].

The antioxidant activity determined by the DPPH assay (Fig. 1b) 
closely reflected the TPC results. CN exhibited pronounced radical 
scavenging activity, reaching values close to, or slightly exceeding, those 
obtained for the positive control (Trolox) at 1 mg/mL, confirming its 
strong reducing capacity [46,47]. Although DPPH reductions above 
100% should be interpreted cautiously because the intrinsic colour of 
CN may interfere with absorbance measurements, the overall antioxi
dant profile clearly demonstrates its high radical scavenging potential. 
At its MBC concentration (320 μg/mL), antioxidant activity decreased to 
approximately 15%, mirroring the reduction in TPC and confirming the 
concentration-dependent behavior previously reported for phenolic 
compounds [47,49]. In contrast, NZ exhibited negligible antioxidant 
activity at both evaluated concentrations, with DPPH reduction 
remaining close to baseline throughout the 120 min assay. This behavior 
is consistent with its peptide structure, which lacks conjugated aromatic 
systems or functional groups capable of donating electrons or hydrogen 
atoms to stabilize free radicals [48]. Moreover, the absence of antioxi
dant activity supports the hypothesis that the apparent TPC detected for 
NZ results from methodological interference rather than from intrinsic 
phenolic properties.

The antioxidant response remained stable throughout the 120 min 
evaluation period for all tested conditions, indicating that radical 
scavenging occurred rapidly and was maintained over time [49]. This 
complementary behavior is particularly advantageous for chronic 

Fig. 1. (a) Total phenolic content (TPC), expressed as gallic acid equivalents (GAE), of CN and NZ evaluated at 1 mg/mL and at their respective minimum 
bactericidal concentrations (MBCs; 320 μg/mL for CN and 128 μg/mL for NZ). (b) DPPH radical scavenging activity of the same samples over 120 min. Trolox and 
DMSO were used as positive and negative controls, respectively. Data are presented as mean ± SD (n = 3). Statistical significance in (a) was determined using Sidak's 
multiple comparisons test, with **** indicating p < 0.0001. Statistical significance in (b) was determined using Tukey's multiple comparisons test, with Trolox 
differing significantly from DMSO, 320 CN, CN, 128 NZ, and NZ at all evaluated time points (**** p < 0.0001).
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wound management, where simultaneous control of bacterial infection 
and oxidative stress is required to promote tissue repair. These findings 
demonstrate that CN is the main contributor to the antioxidant func
tionality of the proposed system, whereas NZ primarily provides anti
bacterial activity. Together with the synergistic antimicrobial 
interaction demonstrated in Section 3.1.1, these complementary bio
logical properties further support the co-incorporation of both bioactive 
agents into the fiber-reinforced multifunctional hydrogel for chronic 
wound management.

3.2. Fragmentation of PCL electrospun fibers and modification with CN

Electrospinning successfully produced continuous and homogeneous 
PCL microfibers, which were subsequently converted into fragmented 
structures by alkaline hydrolysis (Fig. 2). The as-produced fibers 
exhibited smooth, defect-free surfaces and a high degree of uniformity, 
with an average diameter of 1.03 ± 0.28 μm. This morphology is 
consistent with the rheological and electrical properties of the electro
spinning solution, which presented a high viscosity (1196.8 ± 8.7 
mPa⋅s) and low conductivity (0.349 ± 0.023 μS/cm), conditions known 
to favor the formation of stable polymer jets and continuous fibers 
during electrospinning [24].

Following alkaline hydrolysis, the fibrous architecture was exten
sively modified, resulting in fragmented structures with rough and 
irregular surfaces. These morphological changes are characteristic of 
ester bond cleavage in PCL under alkaline conditions, leading to the 
formation of terminal hydroxyl and carboxyl groups and increasing 
surface roughness [50]. Besides reducing fiber dimensions, hydrolysis 
introduced terminal hydroxyl and carboxyl groups while increasing 
surface roughness, thereby generating a more reactive surface expected 
to facilitate subsequent CN immobilization.

To functionalize the reinforcement, PCL films and fragments were 
incubated with CN solutions ranging from the MBC to 100 × MBC. 
Because of the small size of the fragments and adsorption losses during 
filtration, quantitative analysis could only be reliably performed for the 
PCL films. CN immobilization increased with increasing solution con
centration up to 16.00 mg/mL, after which a decrease was observed, 
suggesting saturation or partial desorption of the compound at higher 
concentrations. Complete loading data are presented in Table S1 (Sec
tion S2 of Supporting Information).

Based on these results, an initial CN concentration of 6.40 mg/mL 
(20 × MBC) was selected for subsequent experiments, as it provided a 
functionalized amount well above the MBC required for antibacterial 
activity while remaining below the concentration range associated with 
saturation and partial desorption of the compound. This condition 
yielded a functionalized amount of 2.793 ± 0.357 mg/mL, well above 
the MBC required for antibacterial activity (Section 3.1.1). Although CN 
loading could not be quantified directly for the fragmented fibers, their 
disrupted and irregular morphology, resulting from alkaline hydrolysis 

(Fig. 2), is expected to favor CN retention through two complementary 
mechanisms. First, the increased surface roughness and reduced frag
ment dimensions substantially increase the surface-area-to-volume ratio 
available for compound adsorption, compared to the smooth, contin
uous architecture of the intact PCL film. Second, the predominantly 
hydrophobic character of both PCL and CN favors their mutual affinity, 
so that the irregular surface generated by hydrolysis, together with the 
partially exposed internal fiber structure, likely provides additional 
retention sites through hydrophobic interactions and physical entrap
ment within surface irregularities, beyond simple superficial adsorption. 
This structural rationale supports the use of fragmented fibers as rein
forcing elements within the hydrogel matrix. The results demonstrate 
that alkaline hydrolysis provides an effective strategy for generating a 
fibrous reinforcement with enhanced surface characteristics for CN 
immobilization. The selected functionalization conditions ensured 
bactericidal amounts of immobilized CN while preserving the structural 
features required for incorporation into the multifunctional hydrogel.

3.3. Development and functionalization of the reinforced hydrogel

Following optimization of the fabrication process, three hydrogel 
formulations were successfully produced: unmodified sodium alginate 
hydrogels (SA), hydrogels reinforced with intact PCL films (SA/FL), and 
hydrogels reinforced with fragmented PCL fibers (SA/FR). Representa
tive macroscopic images are presented in the Supporting Information 
(Fig. S1, Section S2–2.2). All formulations exhibited homogeneous sur
faces without visible defects, confirming the robustness of the fabrica
tion method. Slight heterogeneity was observed in the SA/FR hydrogels 
owing to the more challenging dispersion of the fragmented fibers 
within the polymer matrix, despite the application of magnetic stirring 
and ultrasonic treatment. Peripheral regions containing excess material 
resulting from the molding process were excluded from all subsequent 
analyses to ensure uniform sample thickness.

The internal morphology of the hydrogels was further evaluated by 
SEM (Fig. 3). Representative micrographs confirmed the successful 
incorporation of the reinforcing structures into the SA matrix. In SA/FL 
hydrogels, the PCL film remained clearly distinguishable, preserving its 
fibrous architecture within the hydrogel. In contrast, SA/FR hydrogels 
exhibited localized clusters of fragmented fibers, corroborating the 
slight dispersion limitations observed macroscopically (Fig. S1, Section 
S2 from Supporting Information). Minor surface irregularities observed 
in the SA hydrogels were attributed to residual salts remaining after 
ionic crosslinking; however, these were effectively removed during the 
subsequent washing and sterilization procedures performed before 
biological evaluation.

To functionalize the hydrogel matrix, samples were incubated in NZ 
solutions ranging from the MBC to 100 × MBC. Since CN-functionalized 
fibers were expected to occupy part of the available binding sites, 
quantitative analysis was performed using SA hydrogels only. NZ 

Fig. 2. SEM micrographs of electrospun PCL structures: (left) as-produced PCL film showing continuous and uniform fibers; (right) hydrolyzed PCL fragments 
exhibiting disrupted morphology, with partially preserved fibrous structures (scale bar: 30 μm).

J. Fernandes et al.                                                                                                                                                                                                                              Biomaterials Advances 190 (2027) 215171 

6 



incorporation increased progressively with the initial solution concen
tration, demonstrating concentration-dependent loading within the 
alginate network. Complete NZ loading data are presented in Table S2 
(Supporting Information, Section S2). Based on these results and 
considering the MBC values established in Section 3.1.1, an initial NZ 
concentration of 2.560 mg/mL (20 × MBC) was selected for subsequent 
experiments, yielding a functionalized amount of 0.286 ± 0.082 mg/ 
mL, which exceeded the bactericidal threshold required against all 
tested bacterial strains. Although bactericidal loading could also be 
achieved using 1.280 mg/mL (10 × MBC), this condition exhibited 
greater variability and values closer to the minimum effective concen
tration, potentially compromising reproducibility. Therefore, the 20 ×
MBC condition was selected to ensure more consistent antibacterial 
performance.

Data demonstrated that SA hydrogels can be successfully reinforced 
with either intact PCL films or fragmented fibers while simultaneously 
incorporating bactericidal amounts of NZ without compromising the 
structural integrity of the hydrogel. Combined with the previously 
developed CN-functionalized fibrous reinforcement, this strategy 
enabled the fabrication of a fiber-reinforced multifunctional hydrogel 
integrating complementary antibacterial and antioxidant functional
ities, thereby providing a promising platform for chronic wound 
management.

3.4. Chemical, thermal, and mechanical characterization

3.4.1. Chemical analysis (ATR-FTIR)
ATR-FTIR spectroscopy was used to evaluate the chemical compo

sition of the developed systems and to confirm the successful incorpo
ration of the different components into the hydrogels. The spectra of the 
raw materials, intermediate structures, and final hydrogels are pre
sented in Fig. S2 (Section S3 from Supporting Information). The char
acteristic absorption bands observed for SA, PCL, NZ, and CN agreed 
with those previously reported in the literature, confirming the chemical 
identity of all components [32,51,52] [53].

The control SA hydrogel retained the characteristic alginate ab
sorption bands, indicating that ionic crosslinking did not induce signif
icant chemical modifications to the polymer matrix. Likewise, the 
spectra of SA + NZ hydrogels exhibited the characteristic amide I and 
amide II bands of NZ, confirming successful peptide incorporation and 
retention after the washing procedure. Similarly, SA/FL and SA/FR 
hydrogels displayed the characteristic bands of both SA and PCL, 
demonstrating successful incorporation of the fibrous reinforcement 
into the hydrogel matrix.

In the functionalized systems, partial overlap of characteristic ab
sorption bands was observed because of the coexistence of multiple 
components. In particular, PCL-related bands were less pronounced in 
FR-containing hydrogels, most likely owing to the smaller fragment size, 

Fig. 3. SEM micrographs of hydrogels: (a,b) SA, (c,d) SA/FL, and (e,f) SA/FR (green arrows highlight some of the fragmented fibers). Images on the left correspond to 
the edge/cross-section region of the hydrogels (scale bar: 400 μm), while images on the right correspond to a more central region (scale bar: 100 μm). The surface of 
sample (d) was purposely damaged to observe the fiber film underneath (damaged area on the left separated by dashed yellow line).
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their heterogeneous distribution within the matrix, and signal masking 
by the dominant alginate network. Likewise, in CN-containing systems, 
identification of some PCL bands became more difficult because of 
spectral overlap with the characteristic absorptions of CN and the 
surface-sensitive nature of ATR-FTIR analysis. Nevertheless, the coex
istence of the characteristic bands of SA, PCL, NZ, and CN confirmed the 
successful incorporation of all constituents into the multifunctional 
hydrogel. The presence of the fibrous reinforcement was further 
corroborated by the SEM observations (Fig. 3).

Overall, ATR-FTIR analysis demonstrated that neither hydrogel 
fabrication nor bioactive functionalization altered the chemical identity 
of the individual components, while confirming the successful assembly 
of the proposed fiber-reinforced multifunctional hydrogel.

3.4.2. Thermal analysis
Thermogravimetric analysis (TGA), derivative thermogravimetry 

(DTG), and differential scanning calorimetry (DSC) were performed to 
evaluate the thermal stability of the individual materials, PCL-based 
structures, and developed hydrogels, as well as to investigate potential 
interactions between the different constituents.

The thermal behavior of the individual components (SA, NZ, PCL, 
and CN) and PCL-based structures (FL, FR, FL + CN, and FR + CN) is 
presented in Section S4 (Fig. S3 and Table S3, Supporting Information). 
Overall, the obtained thermal profiles were consistent with those pre
viously reported in the literature [26,54]. SA exhibited the lowest 
thermal stability owing to its hygroscopic polysaccharide structure, 
whereas PCL showed the highest thermal stability, with a characteristic 
melting transition followed by degradation at higher temperatures [24]. 
NZ presented degradation events associated with peptide bond cleavage 
[24], while CN exhibited lower thermal stability due to its volatile ar
omatic aldehyde structure [26,54]. Following CN functionalization, 
slight shifts in degradation temperatures and modifications of the PCL 
melting transition were observed, particularly in the fragmented struc
tures, suggesting interactions between CN and the PCL matrix that may 
be enhanced by the higher specific surface area generated after 
hydrolysis.

The thermal behavior of the hydrogel formulations is presented in 
Section S4 (Fig. S4 and Table S4, Supporting Information). All hydrogels 
exhibited an initial mass loss below approximately 150 ◦C, associated 
with water evaporation from the alginate matrix [55]. Incorporation of 
the PCL reinforcement resulted in broader and slightly shifted melting 
transitions, suggesting reduced crystallinity owing to interactions 

between PCL and the alginate network [56,57]. Likewise, incorporation 
of NZ promoted attenuation of the characteristic peptide thermal tran
sitions together with slight shifts in degradation temperatures, indi
cating partial encapsulation and thermal stabilization within the 
hydrogel matrix. Hydrogels containing CN also exhibited attenuation of 
CN-related thermal events, suggesting reduced volatilization and 
stronger interactions between the bioactive compound and the sur
rounding polymeric network [58].

In the fully functionalized hydrogels, overlapping thermal events 
reflected the coexistence of SA, PCL, NZ, and CN. Nevertheless, despite 
the intrinsic thermal instability of NZ and CN, the presence of PCL 
delayed the overall degradation process, acting as a stabilizing structural 
component [59]. Generally, the thermal analysis demonstrated that 
incorporation of both bioactive agents and the fibrous reinforcement did 
not compromise the thermal stability of the developed system, while the 
observed shifts and attenuation of characteristic thermal events further 
support the successful integration and interaction of all components 
within the proposed fiber-reinforced multifunctional hydrogel.

3.4.3. Disintegration, hydration, porosity, and air permeability
The disintegration profile, degree of hydration, porosity, and air 

permeability of the developed hydrogels are summarized in Table 3. 
Together, these parameters provide a comprehensive assessment of the 
structural stability and transport properties of the materials under 
physiological conditions, which are critical for wound dressings inten
ded to maintain a moist environment while allowing oxygen diffusion 
and controlled degradation.

The control SA hydrogel exhibited progressive disintegration 
throughout the 7-day incubation period, reaching 47.38 ± 12.38% mass 
loss after 4 days and undergoing complete disintegration by day 7. This 
behavior reflects the limited long-term stability of ionically crosslinked 
alginate hydrogels, which gradually lose structural integrity because of 
ion exchange with the surrounding medium and relaxation of the 
polymeric network [24]. Although such behavior is characteristic of 
alginate, controlled degradation is desirable for wound dressings 
because it facilitates gradual replacement of the material by newly 
formed tissue. The incorporation of PCL significantly modified the 
disintegration profile, although the effect strongly depended on the 
morphology of the reinforcement. Hydrogels reinforced with continuous 
PCL films (SA/FL) exhibited higher apparent mass loss throughout the 
incubation period, reaching 81.67 ± 3.43% after 4 days. This behavior is 
likely associated with partial delamination between the hydrophobic 

Table 3 
Disintegration profile, degree of hydration, porosity, and air permeability of SA-based hydrogels. Disintegration was evaluated as mass loss (%) over 7 days of in
cubation in PBS at 37 ◦C. Degree of hydration was determined after 24 and 48 h of incubation in PBS at 37 ◦C. Porosity was measured after 1 h immersion in ethanol, 
and air permeability was evaluated according to ISO 9237 under a pressure of 200 Pa. Data are presented as mean ± SD (n = 3).

Samples Disintegration Profile - Mass loss (%) Degree of Hydration (%) Porosity (%) Air 
permeability 
(L/min)1st day 2nd day 3rd day 4th day 7th day 24 h 48 h

SA 17.06 ± 6.18 25.83 ± 2.71 35.19 ± 8.32 47.38 ±
12.38

– 98.81 ± 0.47 98.54 ± 0.41 0.421 ± 0.104 0.024 ± 0.006

SA /FL 35.30 ± 2.87 42.85 ± 7.82 54.40 ± 4.54 81.67 ± 3.43 92.79 ± 0.06 95.49 ± 1.46
68.41 ±
22.30 5.100 ± 1.587 0.011 ± 0.005

SA /FR 19.29 ± 11.87
15.43 ±
11.58

24.22 ±
16.91

33.19 ±
16.91 – 94.20 ± 0.90 – 14.310 ± 3.765 0.024 ± 0.007

SA + NZ 41.22 ± 9.38 42.12 ±
13.15

45.44 ±
12.09

67.06 ±
11.32

– 92.93 ± 3.95 91.29 ± 3.40 9.907 ± 7.063 0.033 ± 0.008

SA + NZ/FL 87.62 ± 2.33 85.94 ± 7.11 88.06 ± 4.08 87.91 ± 4.73 90.94 ± 2.95 97.10 ± 0.34 91.13 ± 5.43 13.691 ± 5.250 0.003 ± 0.001

SA + NZ/FR 43.43 ± 5.31
54.14 ±
10.63 65.89 ± 6.48 67.57 ± 3.99 – 94.31 ± 0.55 – 6.864 ± 5.139 0.003 ± 0.002

SA/FL + CN 16.99 ± 5.36
50.41 ±
31.54

73.45 ±
22.67 91.28 ± 6.72 94.12 ± 1.05 96.90 ± 1.13

75.82 ±
14.70 2.483 ± 1.052 0.000 ± 0.000

SA/FR + CN 22.49 ± 11.79 18.64 ± 4.15 27.52 ± 2.70 – – 97.26 ± 0.74 – 1.609 ± 0.725 0.007 ± 0.000
SA + NZ/FL +

CN
21.56 ± 11.84 18.41 ±

39.35
19.40 ±
32.57

16.30 ±
13.25

22.48 ±
29.14

95.93 ± 1.17 88.01 ± 4.32 5.281 ± 4.657 0.000 ± 0.000

SA + NZ/FR +
CN

14.93 ± 5.90 – – – – 97.55 ± 1.20 – 0.5991 ± 0.090 0.000 ± 0.000
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PCL film and the hydrophilic alginate matrix, creating preferential 
pathways for PBS penetration and accelerating hydrogel erosion. 
Nevertheless, residual PCL structures remained visible after 7 days, 
confirming that the observed mass loss mainly reflected degradation of 
the alginate matrix rather than the polyester reinforcement itself. In 
contrast, hydrogels reinforced with fragmented fibers (SA/FR) displayed 
a slower initial degradation profile, with only 33.19 ± 16.91% mass loss 
after 4 days. This suggests that the fragmented morphology promotes 
more homogeneous dispersion throughout the hydrogel and improves 
mechanical interlocking between the fibers and the alginate network, 
temporarily delaying structural disintegration. However, complete 
degradation still occurred before day 7, indicating that this reinforcing 
effect is primarily beneficial during the early stages of incubation. The 
bioactive agents further influenced hydrogel stability. NZ alone pro
duced only moderate changes in the degradation profile, indicating that 
peptide incorporation does not substantially alter the structural orga
nization of the alginate matrix. Conversely, CN exerted a markedly 
different effect, particularly in fragment-reinforced systems. Hydrogels 
containing CN exhibited accelerated degradation, with SA/FR + CN 
undergoing complete disintegration by day 4. This response is probably 
related to the hydrophobic aromatic structure of CN, which may disturb 
the hydrophilic alginate network, reduce intermolecular cohesion, 
weaken fiber-matrix interactions, and promote the formation of micro
structural defects [60]. Interestingly, the fully functionalized SA + NZ/ 
FL + CN hydrogel showed the highest structural stability among all 
formulations, exhibiting only 22.48 ± 29.14% mass loss after 7 days. 
This finding suggests that NZ may partially compensate for the desta
bilizing effect of CN by promoting additional intermolecular in
teractions, such as hydrogen bonding, thereby reinforcing the polymeric 
network and reducing chain mobility.

The hydration study complemented the degradation results and 
further highlighted the influence of both reinforcement morphology and 
bioactive incorporation (Table 3). All formulations exhibited hydration 
values exceeding 90% after 24 h, confirming the excellent water- 
retention capacity of alginate-based hydrogels. Such high hydration is 
advantageous for chronic wound treatment because it contributes to 
maintaining a moist microenvironment, facilitates nutrient diffusion, 
promotes autolytic debridement, and assists exudate management. More 
pronounced differences became evident after 48 h. Hydrogels contain
ing continuous PCL films exhibited a substantial reduction in hydration, 
decreasing from 95.49 ± 1.46% to 68.41 ± 22.30%, reflecting the hy
drophobic nature of PCL and its tendency to reduce water diffusion 
through the polymeric network. Fragment-reinforced hydrogels main
tained considerably higher hydration, suggesting that the discontinuous 
morphology of the fibers allows better integration within the alginate 
matrix while preserving its hydrophilic character. NZ-containing 
hydrogels also maintained hydration levels comparable to the control 
throughout the evaluation period, indicating that the peptide does not 
compromise water retention. In contrast, incorporation of CN promoted 
a reduction in hydration after prolonged incubation, particularly in film- 
reinforced hydrogels, which may be attributed to the hydrophobic 
character of the aromatic aldehyde and the resulting microstructural 
rearrangements within the polymer network [26,61]. Interestingly, 
when NZ and CN were simultaneously incorporated, hydration 
remained relatively high, suggesting that NZ partially offsets the hy
drophobic effects introduced by CN and contributes to preserving the 
hydrated hydrogel structure.

The internal architecture of the hydrogels was further assessed 
through porosity and air permeability measurements. The control SA 
hydrogel exhibited low porosity and limited air permeability, consistent 
with the formation of a relatively dense alginate network in which 
transport occurs mainly through the hydrated polymer matrix rather 
than through interconnected pores. Incorporation of PCL significantly 
modified these properties according to the reinforcement morphology. 
Continuous PCL films increased porosity but simultaneously reduced air 
permeability, indicating that the newly generated voids were poorly 

interconnected and therefore did not facilitate gas transport. 
Conversely, fragmented fibers produced the highest porosity values 
while maintaining permeability similar to the control hydrogel, sup
porting the hypothesis that they act as spacers within the polymeric 
matrix and generate a more homogeneous porous architecture. The 
bioactive agents also affected the internal microstructure. NZ increased 
porosity and slightly enhanced air permeability, suggesting that peptide 
incorporation promotes a less compact polymeric arrangement without 
compromising network integrity. However, when combined with PCL 
reinforcement, permeability decreased markedly despite the increase in 
porosity, indicating that pore connectivity rather than pore volume 
governs gas transport through these systems. Hydrogels containing CN 
exhibited the lowest permeability values together with reduced 
porosity, suggesting that CN promotes structural rearrangement and 
partial blockage of transport pathways because of its hydrophobic in
teractions with the surrounding matrix. Consequently, although 
porosity is generally associated with improved permeability, the present 
results demonstrate that the connectivity and continuity of the pore 
network are more important determinants of transport behavior than 
porosity alone. This interpretation is further supported by the SEM ob
servations (Fig. 3), which revealed heterogeneous internal structures 
and limited pore interconnectivity in CN-containing hydrogels. Notably, 
this pattern is consistent with the hydration results discussed above: the 
poorly interconnected voids generated within PCL films likely restrict 
water diffusion despite their higher porosity, whereas the more homo
geneous and interconnected porosity produced by fragmented fibers 
facilitates water uptake, explaining the higher hydration retained by 
SA/FR hydrogels compared to SA/FL.

Data demonstrates that both the morphology of the PCL reinforce
ment and the combination of NZ and CN provide effective tools for 
tailoring hydrogel degradation, hydration, and transport properties. 
Continuous PCL films improve long-term structural integrity, frag
mented fibers generate more porous architectures, CN accelerates 
degradation while reducing permeability, and NZ contributes to pre
serving hydration and partially counteracts the destabilizing effects of 
CN. Such complementary effects are particularly advantageous for 
chronic wound dressings, where balancing structural stability, moisture 
retention, oxygen transport, and controlled degradation is essential for 
supporting tissue regeneration.

3.4.4. Mechanical evaluations
The mechanical performance of the hydrogels was evaluated in terms 

of adhesiveness, compressive strength, and recovery capacity (Fig. 4), as 
these properties determine the ability of a wound dressing to remain 
attached to the wound bed while accommodating the mechanical 
stresses associated with patient movement.

The adhesion of the hydrogels was evaluated using tracing paper as a 
skin model, and the detachment force was measured after applying a 
standardized load (Fig. 4a). The control SA hydrogel exhibited the 
lowest adhesion strength, which can be attributed to its homogeneous 
and highly hydrated structure. The presence of water at the interface 
promotes a lubricating effect, reducing friction and limiting adhesion 
[62]. The incorporation of PCL, either as film (SA/FL) or fragments (SA/ 
FR), did not significantly alter adhesion, indicating that PCL alone does 
not contribute meaningfully to interfacial bonding. In contrast, the 
incorporation of NZ (SA + NZ) resulted in a significant increase in 
adhesion (p < 0.0001). This behavior can be attributed to the amphi
pathic nature of the peptide, which promotes surface reorganization and 
enhances moisture retention, increasing conformability and contact 
with the substrate [29]. These effects facilitate interfacial interactions 
and improve adhesion. However, when NZ was combined with PCL (SA 
+ NZ/FL and SA + NZ/FR), adhesiveness returned to levels comparable 
to the control. This suggests that the presence of PCL limits the exposure 
and effectiveness of NZ at the interface, reducing its ability to enhance 
adhesion.

Hydrogels containing CN (SA/FL + CN and SA/FR + CN) exhibited 

J. Fernandes et al.                                                                                                                                                                                                                              Biomaterials Advances 190 (2027) 215171 

9 



the highest adhesion, reaching the maximum measurable force (p <
0.0001). This behavior can be explained by the plasticizing effect of CN, 
which increases matrix flexibility and promotes better surface contact, 
as well as by the presence of reactive aldehyde groups that enhance 
intermolecular interactions with the substrate [63]. Additionally, CN 
may increase chain mobility at the interface, improving wetting and 
adhesion. When NZ and CN were combined, adhesion decreased 
compared to CN-only systems. Although SA + NZ/FR + CN still showed 
significantly higher adhesion, the reduction observed suggests compe
tition between NZ and CN at the interface. NZ may promote a smoother 
and more hydrated surface, which can partially hinder CN-driven in
teractions, reducing the overall adhesive effect. The results show that CN 
acts as the primary adhesion enhancer, whereas NZ mainly modulates 
the interfacial properties of the hydrogel. Such balance is particularly 
important for wound dressings, since excessive adhesion may damage 
newly formed tissue during removal, whereas insufficient adhesion 
compromises dressing fixation.

The compressive strength and recovery capacity of the hydrogels 
were subsequently evaluated after three compression cycles at 50% 
deformation (Fig. 4b and c). SA hydrogel exhibited moderate compres
sive strength (≈ 0.39 N) and limited recovery (≈ 30%), reflecting a 
balance between structural integrity and elasticity. The incorporation of 
PCL film (SA/FL) did not significantly affect compressive strength but 
reduced recovery, indicating increased rigidity and reduced ability to 
recover after deformation. This suggests that the continuous hydro
phobic phase restricts polymer chain mobility. In contrast, SA/FR 
exhibited a significant reduction in compressive strength (p < 0.0001), 
indicating weakened structural cohesion. However, this system showed 
improved recovery, suggesting that fragmented fibers promote elasticity 
by enabling localized deformation and structural rearrangement within 
the matrix.

The incorporation of NZ (SA + NZ) led to a significant decrease in 
compressive strength, indicating reduced resistance to applied stress. 
However, recovery capacity increased significantly, suggesting that NZ 
enhances flexibility and resilience. This effect can be attributed to its 

amphipathic nature, which increases water retention and facilitates 
polymer chain mobility, promoting elastic recovery at the expense of 
mechanical strength [29]. When NZ was combined with PCL film (SA +
NZ/FL), its effect was minimized, with mechanical behavior similar to 
SA/FL. This indicates that the film structure limits NZ interaction with 
the hydrogel network. On the other hand, SA + NZ/FR showed 
improved mechanical performance compared to SA/FR, suggesting that 
better dispersion of NZ enhances its ability to promote network reor
ganization and elasticity.

The incorporation of CN resulted in moderate compressive strength 
values. Significant increases were observed in SA/FL + CN, SA + NZ/FL 
+ CN and SA + NZ/FR + CN. These results demonstrate that CN con
tributes to structural reinforcement, likely through a plasticizing effect 
that enhances intermolecular cohesion and load distribution within the 
matrix, even though recovery capacity was generally reduced in CN- 
containing systems, reflecting a potential increased rigidity and 
reduced chain mobility. Notably, SA + NZ/FR + CN exhibited a signif
icant increase in recovery (p < 0.05), suggesting a synergistic effect 
between NZ and CN when both are well dispersed. In this system, NZ 
promotes flexibility, while CN maintains structural cohesion, resulting 
in a material that is both resilient and mechanically stable.

As observed, the mechanical performance of the hydrogels is gov
erned by the interplay between rigidity and flexibility. PCL film in
creases stiffness but reduces elasticity, fragmented fibers promote 
recovery but weaken strength, NZ enhances flexibility and resilience, 
and CN improves mechanical resistance while limiting recovery. Their 
simultaneous incorporation, particularly in fragment-reinforced hydro
gels, provides a favorable balance between adhesion, mechanical resis
tance, and deformability, which is highly desirable for wound dressings 
that must remain securely attached while adapting to repeated me
chanical deformation during normal patient movement. These results 
reinforce that mechanical performance in SA-based dressings is typically 
achieved at the expense of flexibility, or vice versa, when a single 
reinforcement strategy is used. By offering two structurally distinct 
reinforcement options within the same bioactive-loaded matrix, the 

Fig. 4. Mechanical performance of SA-based hydrogels: (a) adhesion strength measured to paper using a detachment test after applying a 1.5 kg load for 5 min; (b) 
compressive strength determined at maximum force under compression at 1 mm/min; and (c) recovery capacity (%) after three compression cycles at 50% 
deformation. For SA/FL + CN and SA/FR + CN samples, detachment was not achieved, and values were recorded as the maximum measurable force. Data are 
presented as mean ± SD (n = 3). Statistical significance was assessed using Dunnett's multiple comparisons test with the control sample SA, with significance being 
detected for: (a) ****p < 0.0001 for SA vs. SA + NZ, SA/FL + CN, SA/FR + CN and SA + NZ/FR + CN; (b) ****p < 0.0001 for SA vs. SA/FR, SA + NZ and SA + NZ/ 
FR + CN, * p < 0.05 for SA vs. SA/FL + CN and SA + NZ/FL + CN; (c) * p < 0.05 for SA vs. SA + NZ and SA + NZ/FR + CN.
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present platform allows the mechanical profile of the dressing to be 
tuned to the specific demands of the wound site, a level of tunability not 
offered by conventional single-reinforcement alginate systems.

3.4.5. Biological assessments of the reinforced hydrogels

3.4.5.1. NZ and CN release kinetics. The release profiles of NZ and CN 
were evaluated by UV–Visible spectroscopy after incubation of the 
hydrogels in PBS at 37 ◦C under agitation (120 rpm) for up to 48 h 
(Fig. 5). Aliquots were collected at predefined time points (1, 2, 4, 6, 24, 
and 48 h), and the release medium was replenished with fresh PBS. 
Calibration curves were established for both NZ and CN to correlate 
absorbance with concentration. To ensure accuracy, release data were 
calculated based on the difference in absorbance between loaded and 
unloaded systems, eliminating potential contributions from polymeric 
compounds leached from the hydrogel matrix.

For NZ (Fig. 5a), all systems exhibited a biphasic release profile, 
characterized by an initial burst release followed by a slower, sustained 
release phase. The initial stage is attributed to the diffusion of NZ mol
ecules weakly bound or located at the hydrogel surface. The subsequent 
phase is governed by diffusion through the polymer network and in
teractions between NZ and the matrix. The SA + NZ/FR system showed 
the highest cumulative release, which can be attributed to the increased 
porosity and structural heterogeneity introduced by the fragmented fi
bers. These features enhance water penetration and create diffusion 
pathways that facilitate NZ release. In contrast, SA + NZ/FL exhibited a 
more controlled and limited release, likely due to the presence of a 
continuous PCL film that acts as a diffusion barrier. Additionally, elec
trostatic interactions between the positively charged regions of NZ and 
the negatively charged SA matrix may contribute to partial retention of 
the peptide, particularly in more compact systems. Data shows that NZ 
release kinetics is strongly influenced by hydrogel morphology, with 
more open and heterogeneous structures promoting faster diffusion, 
while denser systems favor sustained release. This behavior is consistent 
with diffusion-controlled release mechanisms commonly observed in 
SA-based hydrogels [24].

CN release (Fig. 5b) was ten times lower than NZ and remained 
relatively constant over time. This behavior is primarily associated with 
the hydrophobic nature and low aqueous solubility of CN, which limits 
its diffusion into the PBS medium. Furthermore, CN is preferentially 
associated with PCL structures, which are also hydrophobic and act as 
reservoirs that retard release. Differences between systems were also 
observed. In SA/FL + CN, the continuous PCL film promotes a more 
gradual and controlled release, while in SA/FR + CN, the higher surface 
area of fragmented fibers allows for slightly increased release, likely due 

to enhanced local exposure. However, overall release remains limited, 
suggesting strong retention of CN within the hydrophobic domains of 
the system. The presence of NZ did not alter the CN release profile, as 
observed in SA + NZ/FL + CN and SA + NZ/FR + CN systems. This 
indicates that both agents are released independently, with NZ governed 
by diffusion through the hydrophilic matrix and CN controlled by its 
hydrophobic interactions and low solubility. From an application 
perspective, this dual-release behavior is advantageous, as it allows 
rapid availability of NZ for immediate antimicrobial action, while CN 
remains retained within the system, potentially providing prolonged 
activity at the material interface.

3.4.5.2. Antioxidant activity. The antioxidant activity of the hydrogels 
was evaluated using the DPPH assay, based on the ability of the released 
compounds to scavenge free radicals. Hydrogels were incubated in PBS 
at 37 ◦C, and aliquots were collected at different time points (1 to 48 h). 
These aliquots were subsequently reacted with DPPH for up to 120 min, 
and the antioxidant activity was monitored over time (Fig. 6). Here, only 
CN-containing systems (SA/FL + CN, SA/FR + CN, SA + NZ/FL + CN, 
and SA + NZ/FR + CN) were evaluated, as NZ did not exhibit intrinsic 
antioxidant activity (Section 3.1.2). Thus, this section focuses exclu
sively on CN-driven antioxidant behavior, minimizing interference from 
the remainder components.

At early time points (1–2 h, Fig. 6a and b), only SA/FR + CN and SA 
+ NZ/FL + CN exhibited positive antioxidant activity. At 1 h, SA/FR +
CN and SA + NZ/FL + CN showed significantly higher activity compared 
to SA/FL + CN (p < 0.0001), confirming a faster availability of CN in 
these systems. This behavior is consistent with the release profiles 
(Fig. 5b), where these formulations showed higher initial CN release. In 
contrast, SA/FL + CN and SA + NZ/FR + CN exhibited values close to 
zero or slightly negative, indicating limited CN availability. The 
enhanced activity of SA/FR + CN can be attributed to the higher surface 
area of fragmented fibers, which promotes burst release. Similarly, SA +
NZ/FL + CN showed early activity, suggesting that NZ facilitates CN 
diffusion, likely by increasing matrix hydration and mobility.

Between 4 and 6 h (Fig. 6c and d), significant differences between 
systems became more evident. At 4 h, SA/FL + CN remained signifi
cantly lower than all other systems, confirming its limited release ca
pacity. At 6 h, SA + NZ/FR + CN also showed significantly lower activity 
compared to both SA/FR + CN and SA + NZ/FL + CN, despite showing a 
release peak in Fig. 5. This discrepancy suggests that not all released CN 
is effectively available for radical scavenging, possibly due to rapid 
oxidation, instability in aqueous media, or retention within micro
domains of the matrix.

At longer time points (24 and 48 h, Fig. 6e and f), all systems showed 

Fig. 5. Release profiles of the active agents (a) NZ and (b) CN from SA-based hydrogels after 1, 2, 4, 6, 24, and 48 h of incubation in PBS. Release values were 
corrected by subtracting the contribution of unloaded systems to account for potential polymer interference. Data are presented as mean ± SD (n = 3).
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Fig. 6. Antioxidant activity of CN-containing hydrogels evaluated by the DPPH assay after (a) 1, (b) 2, (c) 4, (d) 6, (e) 24, and (f) 48 h of incubation in PBS, followed 
by up to 120 min of reaction with DPPH at 37 ◦C and 120 rpm; (g) control samples, namely Trolox (positive control), DMSO (negative control), and PBS (solvent). 
Data are presented as mean ± standard deviation (SD, n = 3). Statistical significance was assessed using Tukey's multiple comparisons test. Significant differences 
were observed depending on incubation time, namely: (a) ****p < 0.0001 for all comparisons except SA/FL + CN vs. SA + NZ/FR + CN and SA/FR + CN vs. SA +
NZ/FL + CN; (b) ***p < 0.001 for SA/FL + CN vs. SA + NZ/FL + CN and **p < 0.01 for SA + NZ/FL + CN vs. SA + NZ/FR + CN; (c) ****p < 0.0001 for most 
comparisons involving SA/FL + CN, with additional **p < 0.01 and *p < 0.05 differences between remaining systems; (d) ****p < 0.0001 for comparisons involving 
SA + NZ/FR + CN, with *p < 0.05 for remaining significant pairs; (e) ****p < 0.0001 for all comparisons except SA/FR + CN vs. SA + NZ/FR + CN (***p < 0.001); 
(f) ****p < 0.0001 for all comparisons except SA/FR + CN vs. SA + NZ/FR + CN (non significant).
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a decrease in antioxidant activity, consistent with depletion of available 
CN. However, statistically significant differences persisted (p < 0.0001), 
with SA + NZ/FL + CN maintaining the highest residual activity. This 
indicates that this system provides a more sustained release of bioactive 
CN, likely due to a balance between controlled diffusion (PCL film) and 
enhanced matrix hydration (NZ). In contrast, SA/FL + CN consistently 
showed the lowest activity across all time points (p < 0.0001), con
firming that the dense and hydrophobic film structure restricts CN 
diffusion. SA + NZ/FR + CN showed variable behavior, with fluctua
tions over time, reflecting heterogeneous release and limited effective 
availability of CN.

The control samples (Fig. 6g) validated the assay with Trolox 
exhibiting consistently high antioxidant activity, while PBS and DMSO 
showed negligible values, confirming that the observed activity arises 
from CN release. Data showed a strong correlation between CN release 
(Fig. 5) and antioxidant activity (Fig. 6). Systems that promote higher 
and more accessible CN release (SA/FR + CN and SA + NZ/FL + CN) 
exhibit greater antioxidant activity, whereas systems with restricted 
diffusion remain inactive. Notably, SA + NZ/FL + CN demonstrated the 
most balanced performance, combining sustained CN release with pro
longed antioxidant activity, highlighting its potential for applications 
requiring extended oxidative protection. The DPPH results indicate that 
antioxidant activity was governed not only by the amount of CN released 
but also by its effective availability in solution. In contrast, SA/FL + CN 

exhibited limited antioxidant activity despite CN release, likely due to 
restricted diffusion through the hydrophobic PCL film, which reduced 
the accessibility of CN to the surrounding medium. More broadly, fac
tors such as hydrophobic interactions, phase separation, and matrix 
retention may further limit CN availability even after release. Addi
tionally, the presence of NZ appears to enhance CN diffusion and sta
bilization, likely by increasing matrix hydration and reducing 
hydrophobic aggregation. These findings reinforce the importance of 
matrix design in controlling not only release kinetics but also the func
tional bioactivity of the released compounds.

3.4.5.3. Time-kill kinetics. The antibacterial performance of the hydro
gels was evaluated using a quantitative shake flask assay under dynamic 
conditions (Fig. 7) against Gram-positive bacteria (S. aureus and 
S. epidermidis) and Gram-negative bacteria (E. coli and P. aeruginosa). 
The analysis was conducted over 24 h, with sampling at 1, 2, 4, 6, and 
24 h.

For Gram-positive bacteria (Fig. 7a and b), all NZ-containing systems 
(SA + NZ, SA + NZ/FL, SA + NZ/FR, SA + NZ/FL + CN, and SA + NZ/ 
FR + CN) exhibited complete bacterial reduction (≈ 100%) from the first 
hour, with this effect being maintained throughout the entire incubation 
period (p < 0.0001). These results confirm the strong bactericidal ac
tivity of NZ against Gram-positive bacteria, which is associated with its 
ability to bind to lipid II and form pores in the cytoplasmic membrane, 

Fig. 7. Reduction in the number (% inhibition) of colonies of bacteria (a) S. aureus, (b) S. epidermidis, (c) E. coli and (d) P. aeruginosa after 1, 2, 4, 6, and 24 h of 
incubation at 37 ◦C. Data are presented as mean ± SD (n = 3). Statistical significance was assessed using Tukey's multiple comparisons test. Significant differences 
were observed depending on bacterial strain and incubation time, namely: for Gram-positive bacteria (a,b), ****p < 0.0001 for almost all comparisons involving NZ- 
containing systems (SA + NZ, SA + NZ/FL, SA + NZ/FR, SA + NZ/FL + CN and SA + NZ/FR + CN) versus systems without active agents (SA, SA/FL, SA/FR) and CN- 
only systems (SA/FL + CN and SA/FR + CN); for E. coli (c), ****p < 0.0001 and ***p < 0.001 were observed for most comparisons between CN/NZ-containing 
systems (SA + NZ/FL + CN, SA + NZ/FR + CN, SA/FL + CN and SA/FR + CN) and the remaining samples, particularly from 2 h onwards, while early time 
points showed fewer significant differences; for P. aeruginosa (d), significant differences were limited at early time points (mostly non significant), but became evident 
at longer incubation periods (6 to 24 h), with **p < 0.01 to ****p < 0.0001 observed mainly for comparisons involving CN-containing systems (SA/FL + CN, SA/FR 
+ CN, SA + NZ/FL + CN and SA + NZ/FR + CN) versus the remaining hydrogels. Statistical differences increased with incubation time and were more pronounced in 
systems containing NZ and/or CN, particularly against Gram-positive bacteria.

J. Fernandes et al.                                                                                                                                                                                                                              Biomaterials Advances 190 (2027) 215171 

13 



leading to rapid cell lysis [32]. The addition of CN (SA + NZ/FL + CN 
and SA + NZ/FR + CN) did not further increase the reduction level, as 
complete inhibition was already achieved; however, it likely contributes 
to reinforcing and stabilizing the antimicrobial effect over longer pe
riods. In contrast, hydrogels without NZ (SA, SA/FL, SA/FR) showed 
fluctuating and limited antibacterial activity, reflecting the absence of 
active agents. CN-containing systems without NZ (SA/FL + CN and SA/ 
FR + CN) exhibited moderate activity (≈ 40–60%), consistent with the 
known mechanism of CN, which involves disruption of membrane 
integrity and inhibition of essential enzymatic processes [41–43].

For E. coli (Fig. 7c), a more complex and resistant behavior was 
observed, reflecting the presence of an outer membrane that limits 
antimicrobial penetration. NZ-containing systems (SA + NZ, SA + NZ/ 
FL, SA + NZ/FR) showed partial reductions (≈ 40–90%), confirming the 
limited effectiveness of NZ alone against Gram-negative bacteria. 
However, when combined with CN (SA + NZ/FL + CN and SA + NZ/FR 
+ CN), a clear enhancement in antibacterial activity was observed, with 
reductions exceeding 60–70% after 4 to 6 h incubation. This improve
ment may be attributed to a cooperative mechanism, in which CN dis
rupts the outer lipid membrane, increasing permeability and facilitating 
NZ access to intracellular targets. This interpretation is consistent with 
previous observations in the checkerboard assay (Section 3.1.1) and 
with literature reports describing membrane permeabilization effects of 
aromatic aldehydes [64,65]. Hydrogels containing only CN also 
exhibited antibacterial activity, although less consistent (≈ 10–70%), 
while control systems without active agents showed negligible 
reduction.

For P. aeruginosa (Fig. 7d), which is known for its high intrinsic 
resistance, overall antibacterial activity was lower. NZ-containing sys
tems showed limited effectiveness, with only SA + NZ exhibiting mod
erate reduction after 24 h. This result is consistent with the absence of 
synergism observed in the checkerboard assay (Section 3.1.1). On the 
other hand, CN-containing systems, particularly SA/FL + CN and SA +
NZ/FR + CN, achieved reductions above 50% after 24 h, indicating that 
CN plays a dominant role in antibacterial activity against this strain. 
Interestingly, the effectiveness of CN-containing systems appears to 
depend on matrix structure. Systems incorporating fragments generally 
showed more variable but sometimes enhanced performance, which 
may be associated with increased surface area and improved release of 
CN. This observation aligns with the release and antioxidant studies, 
where matrix morphology was shown to strongly influence the avail
ability of active agents.

Taken across all tested strains, NZ-only systems provided rapid and 
near-complete bactericidal activity restricted mainly to Gram-positive 
bacteria, CN-only systems showed more moderate but broader- 
spectrum activity extending to Gram-negative strains, and the dual 
NZ/CN systems consistently matched or exceeded the best performance 
of either single-agent formulation, particularly against the more resis
tant Gram-negative species.

The results demonstrate that NZ is highly effective against Gram- 
positive bacteria, while CN plays a crucial role in extending antimicro
bial activity to Gram-negative strains. The combination of both agents 
enables a broader antibacterial spectrum, particularly through mecha
nisms involving membrane destabilization and enhanced permeability. 
Additionally, the hydrogel structure itself modulates the efficacy of the 
system by controlling the release and availability of the active com
pounds. From an application perspective, these findings highlight the 
potential of SA-based reinforced hydrogels as multifunctional wound 
dressings, capable of providing immediate antibacterial action (via NZ) 
and sustained activity (via CN), while overcoming the intrinsic resis
tance mechanisms of clinically relevant pathogens. This dual-kinetics 
profile, with immediate bactericidal action complemented by sus
tained activity against a broader bacterial spectrum, has rarely been 
demonstrated within a single fiber-reinforced hydrogel matrix, where 
most reported systems rely on a single release-controlled agent. The 
present results indicate that compartmentalizing NZ and CN within 

distinct structural elements of the hydrogel enables this complementary 
kinetic behavior without requiring additional chemical modification of 
either agent.

3.4.5.4. Biofilm inhibition. Biofilm inhibition was evaluated using two 
complementary methods: the crystal violet assay and the resazurin assay 
(Fig. 8), which allow different aspects of the biofilm to be analyzed. The 
crystal violet assay quantifies the total biomass adhered to the surface, 
reflecting the extent of biofilm biomass without distinguishing between 
viable and non-viable cells. In contrast, the resazurin assay evaluates the 
metabolic activity of the cells embedded within the biofilm, providing 
insight into bacterial viability. Thus, while the former assesses biofilm 
formation, the latter reflects the physiological state of the biofilm- 
associated cells.

In the crystal violet assay (Fig. 8a), a marked inhibition of S. aureus 
biofilms was observed for NZ-containing systems, particularly SA + NZ, 
SA + NZ/FL, and SA + NZ/FR, reaching values close to 90%. This 
confirms the strong antibiofilm activity of NZ against Gram-positive 
bacteria, which is consistent with its mechanism of action involving 

Fig. 8. Inhibition of biofilms formed by each bacterium (individual cultures) 
after 48 h of incubation in contact with hydrogels: (a) evaluation by the crystal 
violet assay, reflecting total biofilm biomass, and (b) evaluation by the resa
zurin assay, indicating metabolic activity (viability) of biofilm-embedded cells. 
Measurements were performed with samples protected from light. Data are 
presented as mean ± SD (n = 3). Statistical significance was assessed using 
Tukey's multiple comparisons test. Significant differences were observed be
tween control hydrogels (SA, SA/FL, SA/FR) and NZ- and/or CN-containing 
systems. In particular, ****p < 0.0001 was observed for comparisons be
tween control formulations and NZ-containing hydrogels (SA + NZ, SA + NZ/ 
FL, SA + NZ/FR), as well as CN-containing systems (SA/FL + CN, SA/FR + CN, 
SA + NZ/FL + CN, SA + NZ/FR + CN) in S. aureus and S. epidermidis. For Gram- 
negative bacteria (E. coli and P. aeruginosa), significant differences were 
generally lower, with **p < 0.01 observed mainly for CN-containing systems 
compared to controls, while *p < 0.05 was detected in selected comparisons 
involving NZ-containing formulations. Differences between NZ-only and CN- 
only systems were variable and, in some cases, not statistically significant, 
indicating that the antibiofilm effect depends on both bacterial strain and 
hydrogel composition.
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membrane disruption and pore formation. In contrast, the control 
hydrogels (SA, SA/FL, and SA/FR) showed limited or negligible inhi
bition, demonstrating that neither the SA matrix nor the PCL structures 
contribute to antibiofilm activity in the absence of the active agents. For 
E. coli, inhibition was lower, not exceeding 60% even in the most 
complex systems. This behavior reflects the intrinsic resistance of Gram- 
negative bacteria, whose outer membrane acts as an effective barrier to 
antimicrobial agents, limiting NZ penetration. This trend was even more 
pronounced for P. aeruginosa, where only a few hydrogels exhibited 
minimal inhibitory activity (≈ 5%), highlighting the well-known toler
ance of this species, which is associated with its highly protective biofilm 
matrix and efficient efflux systems.

The resazurin assay results (Fig. 8b) corroborate these observations, 
providing additional insight into biofilm viability. Hydrogels without 
active agents (SA, SA/FL, and SA/FR) showed negligible effects, con
firming the lack of intrinsic antibiofilm properties of the polymeric 
matrix. The incorporation of NZ led to a pronounced reduction in 
metabolic activity, particularly in Gram-positive bacteria (S. aureus and 
S. epidermidis), consistent with its preferential activity against these 
microorganisms. In Gram-negative bacteria (E. coli and P. aeruginosa), 
the reduction in viability was more limited when NZ was used alone, 
again reflecting the protective role of the outer membrane. However, the 
incorporation of CN resulted in a more pronounced decrease in viability 
across all bacterial species. This behavior can be attributed to the hy
drophobic nature of CN, which facilitates its interaction with lipid 
components of bacterial membranes, promoting membrane destabili
zation and increasing permeability. In addition, CN has been reported to 
interfere with quorum sensing mechanisms and biofilm maturation, 
contributing to its antibiofilm effect [46,47].

The combination of NZ and CN (SA + NZ/FL + CN and SA + NZ/FR 
+ CN) demonstrated an overall improvement in antibiofilm perfor
mance, particularly against Gram-negative bacteria. This suggests a 
complementary mechanism, where CN enhances membrane perme
ability, facilitating NZ access to intracellular targets. However, this ef
fect was not always strictly additive, which may be related to differences 
in release kinetics, as previously observed, as well as possible competi
tive interactions within the hydrogel matrix that affect the availability of 
each agent.

Data demonstrated that hydrogels incorporating NZ and CN exhibit 
important antibiofilm activity, particularly against Gram-positive bac
teria. CN provides broader-spectrum activity, extending effectiveness to 
Gram-negative species, while the combination of both agents enhances 
overall performance through complementary mechanisms. These find
ings highlight the potential of these systems as multifunctional wound 
dressings capable of preventing biofilm formation and reducing bacte
rial viability in infected environments. Unlike single-agent SA dressings, 
which typically show strong antibiofilm activity restricted to Gram- 
positive strains, the complementary mechanisms of NZ and CN 
observed here extend meaningful antibiofilm effects toward Gram- 
negative species as well, a broader spectrum that is directly relevant 
given the polymicrobial nature of most infected pressure ulcers.

3.4.5.5. Cell response. A wound dressing intended for tissue repair must 
exhibit high biocompatibility, ensuring that it supports cellular pro
cesses involved in regeneration without inducing cytotoxic effects or 
impairing cell function. In this context, the cytocompatibility of the 
developed hydrogels was evaluated using a direct contact assay with 
human keratinocytes (HaCaT), which mimics the interaction between 
the material and the epidermal layer in vivo [66]. Metabolic activity 
(Fig. 9a) was assessed at 24 and 48 h as an indicator of cellular metabolic 
activity and viability, while total cellular protein content (Fig. 9b), 
associated with protein synthesis by adherent cells, was quantified at 48 
h. Since non-adherent cells may still be present at earlier time points, 
this assay was only performed after prolonged incubation. Additionally, 
cell proliferation (Fig. 9c) was monitored from the initial contact (0 h) 

up to 48 h, providing insight into the ability of the hydrogels to support 
cell growth over time. According to ISO 10993–5:2009, materials are 
considered non-cytotoxic when cell viability exceeds 80% [67]. The 
results demonstrate that the developed hydrogels exhibit good cyto
compatibility. Except for the SA/FL sample, all formulations maintained 
metabolic activity above 83.0% after 24 h (Fig. 9a), indicating that the 
presence of PCL, NZ, and CN does not induce marked cytotoxic effects. 
After 48 h, a slight decrease in metabolic activity was observed for SA +
NZ/FL, SA + NZ/FR, and SA/FR + CN, with values around 77%. 
Although slightly below the ISO threshold, this reduction is moderate 
and should be interpreted in the context of prolonged exposure and 
increased release of bioactive agents. Importantly, this decrease was not 
accompanied by a reduction in total protein content, suggesting that cell 
adhesion was not compromised and that cells remained viable and 
metabolically active. Indeed, all hydrogels exhibited high cellular pro
tein content (> 92.3%) at 48 h (Fig. 9b), indicating effective cell 
attachment and proliferation. This observation highlights that metabolic 
activity and protein production do not necessarily correlate linearly, as 
cells may maintain proliferation and structural functions even when 
experiencing mild metabolic stress [68]. This is particularly relevant for 
biomaterials incorporating bioactive compounds, where transient re
ductions in metabolic activity may reflect adaptive cellular responses 
rather than cytotoxicity. The slightly lower metabolic activity observed 
in NZ-containing hydrogels can be attributed to the cationic nature of 
antimicrobial peptides. NZ is known to interact with negatively charged 
phospholipids, which are more abundant in bacterial membranes but are 
also present, to a lesser extent, in mammalian cells (weaker interactions) 
[29]. These electrostatic interactions may induce temporary alterations 
in membrane permeability or ion flux, leading to subtle reductions in 
mitochondrial activity. However, the absence of significant effects on 
protein production and proliferation suggest that these interactions are 
reversible and do not compromise long-term cell viability. Furthermore, 
NZ is classified as GRAS (Generally Recognized as Safe), reinforcing its 
suitability for biomedical applications when used within appropriate 
concentration ranges [30].

It is worth noting that free CN in solution has been reported to induce 
significant cytotoxicity in skin fibroblasts at concentrations around 100 
μg/mL after 24 h of exposure, well below the total CN amount immo
bilized within the fibrous reinforcement in this study (2.793 ± 0.357 
mg/m [69]. However, the high cytocompatibility observed here is 
consistent with the compartmentalized, sustained release profile of CN 
from the fiber-reinforced hydrogel (Section 3.4.5.1), which is approxi
mately ten times slower than that of NZ and remains largely below its 
cytotoxic threshold under the tested conditions. This highlights the 
relevance of controlled, matrix-mediated delivery in mitigating the 
cytotoxic potential typically associated with free CN. Similarly, NZ has 
been reported to be well tolerated by human keratinocytes at low con
centrations, consistent with its preferential interaction with bacterial 
membranes over mammalian cells [70], further supporting the biolog
ical safety of the functionalized hydrogels within the concentration 
ranges used in this study.

The influence of PCL morphology on the cell response was particu
larly evident in CN-containing systems. In SA/FL + CN hydrogels, the 
presence of a continuous PCL film provides a more controlled and sus
tained release of CN, resulting in a more stable microenvironment that 
supports cellular metabolism. In contrast, SA/FR + CN hydrogels 
contain PCL fragments with a higher surface area, promoting faster and 
more localized release of CN. This may lead to higher local concentra
tions of the compound, explaining the observed decrease in metabolic 
activity at 48 h. Despite this, the structural characteristics of the frag
mented system appear to favor cell adhesion, as reflected by the high 
protein content. The increased surface roughness and porosity likely 
enhance cell-material interactions, facilitating nutrient exchange and 
oxygen diffusion. Interestingly, hydrogels combining NZ and CN (SA +
NZ/FL + CN and SA + NZ/FR + CN) showed improved cellular re
sponses, with increased metabolic activity and protein content 
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compared to systems containing each agent individually. This suggests a 
complementary effect between both bioactive compounds. CN, known 
for its antioxidant properties, may contribute to modulation of oxidative 
stress and protect cells from potential damage, while NZ, when released 
in a controlled manner, may act as a mild bioactive stimulus, promoting 
cellular activity. Additionally, the combined presence of these agents 
may modulate the local microenvironment by reducing microbial 
contamination and maintaining conditions favorable for cell growth.

The proliferation data (Fig. 9c) further support these findings, 
showing a consistent increase in cell number over 48 h for all hydrogels. 
This trend indicates that the materials not only preserve cell viability but 
also actively support cell growth. The presence of PCL, whether in film 
or fragment form, appears to contribute to this effect by providing me
chanical support and structural stability, while the hydrated hydrogel 
matrix ensures a moist environment conducive to cell survival. 
Together, these features mimic key aspects of the natural extracellular 
matrix, promoting cell adhesion, spreading, and proliferation. From a 
broader perspective, the balance between antimicrobial activity and 
cytocompatibility is critical for wound dressing applications. While 
strong antimicrobial agents may compromise mammalian cell viability, 
the results obtained here demonstrate that the incorporation of NZ and 
CN into SA-based hydrogels achieves an effective compromise. The 
systems exhibit sufficient antimicrobial potential, as previously 
demonstrated, while maintaining high levels of cytocompatibility and 
supporting cellular functions essential for tissue regeneration [48,71]. 
Although some formulations induced a slight reduction in metabolic 
activity, this effect was mild and reversible, likely reflecting the 
controlled release of the incorporated bioactive compounds rather than 
any cytotoxic response.

The developed hydrogels demonstrate excellent cytocompatibility, 
with the ability to support keratinocyte adhesion, proliferation, and 
metabolic activity, while only inducing mild and reversible reductions in 
metabolic activity associated with the controlled release of bioactive 
compounds. The combination of structural reinforcement (PCL) and 
bioactive agents (NZ and CN) results in multifunctional systems capable 
of promoting a favorable cellular response, highlighting their potential 
for application in wound healing and tissue regeneration.

4. Conclusions

Pressure ulcers remain a major clinical challenge due to impaired 
healing and high susceptibility to infection. In this work, multifunctional 
SA-based hydrogels reinforced with PCL (FL and FR) and loaded with NZ 
and CN were successfully developed, combining structural support with 
antimicrobial and bioactive properties.

The hydrogels exhibited homogeneous morphology and effective 
incorporation of PCL, contributing to improved mechanical perfor
mance. FL-reinforced systems maintained higher compressive strength, 
while FR-reinforced hydrogels showed enhanced elasticity and recovery 
capacity, which is advantageous under continuous mechanical stress 
conditions typical of pressure ulcers. Thermal and chemical analyses 
confirmed the successful incorporation of NZ and CN and their in
teractions with the SA matrix.

Biological assays demonstrated complementary antimicrobial effects 

between NZ and CN. NZ was particularly effective against Gram-positive 
bacteria, while CN showed broader-spectrum activity, including against 
Gram-negative strains. Their combination enhanced antibacterial and 
antibiofilm performance, especially against Staphylococcus spp., high
lighting a synergistic or additive effect. However, limited efficacy was 
still observed against P. aeruginosa, reflecting its intrinsic resistance.

Cytocompatibility studies confirmed that all hydrogels, except SA/ 
FL, were non-cytotoxic, maintaining metabolic activity above 80% and 
high cell mass and proliferation levels. Slight reductions in metabolic 
activity in NZ-containing systems were observed but did not compro
mise overall viability. The presence of PCL and CN contributed to a 
favorable microenvironment, supporting cell adhesion, proliferation, 
and metabolic activity.

Therefore, the developed fiber-reinforced alginate hydrogels suc
cessfully combined structural reinforcement with complementary anti
bacterial and antioxidant functions while exhibiting suitable 
physicochemical, mechanical, and biological properties for chronic 
wound applications. Rather than simply incorporating bioactive agents 
into a hydrogel, the present work demonstrates that reinforcement ar
chitecture and compartmentalized bioactive loading can be jointly 
engineered to obtain multifunctional wound dressings with tailored 
structural and biological performance. This strategy, combining tunable 
fiber-based reinforcement with compartmentalized, complementary 
bioactive delivery, has not been previously reported in alginate-based 
systems, which to date have typically addressed mechanical reinforce
ment and dual-agent antimicrobial delivery as separate design goals. It 
offers a promising platform for next-generation dressings for infected 
chronic wounds, though the reduced efficacy observed against 
P. aeruginosa indicates that further optimization, for example through 
agent dose escalation or the inclusion of a Gram-negative-targeted third 
agent, will be needed before clinical translation.
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Fig. 9. Cytocompatibility of hydrogels evaluated by direct contact with human keratinocytes (HaCaT): (a) metabolic activity at 24 and 48 h, (b) total cellular protein 
content at 48 h, and (c) cell proliferation at 0, 24, and 48 h. Measurements were performed under standard culture conditions. Data are presented as mean ± SD (n =
3). Statistical significance was assessed using Tukey's multiple comparisons test. For metabolic activity (a), at 24 h significant differences were mainly observed for 
SA/FL, which showed lower values compared to most systems (****p < 0.0001), with additional *p < 0.05 differences between NZ-containing systems and controls. 
At 48 h, differences became more pronounced, with ****p < 0.0001 for comparisons involving SA/FL and NZ-containing hydrogels (SA + NZ/FL and SA + NZ/FR) 
vs. control systems, ***p < 0.001 for comparisons involving SA/FR + CN and combined NZ + CN systems, and *p < 0.05 differences among remaining formulations. 
For total protein content (b), ****p < 0.0001 differences were observed between Triton 2% and all hydrogels, as well as between NZ alone and all formulations; ***p 
< 0.001 for CN vs. control hydrogels; and *p < 0.05 for comparisons between control hydrogels and reinforced systems, particularly those containing NZ and/or CN. 
For cell proliferation (c), significant differences were mainly observed at 24 h and 48 h, with **p < 0.01 and *p < 0.05 for comparisons involving SA + NZ/FR and 
SA/FL + CN vs. control systems at 24 h, and ****p < 0.0001 for comparisons between Triton 2% and all samples at 48 h, alongside ***p < 0.001 and **p < 0.01 
differences between NZ and CN alone vs. hydrogel systems, and *p < 0.05 differences among remaining formulations.
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