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Chronic wounds represent a significant global healthcare burden due to the limited effectiveness of current
therapeutic strategies. To address this critical need, we developed 3D-printed regenerative wound dressings that
can be customized with antimicrobial drugs tailored to individual patient requirements. A novel semisolid
extrusion ink combining the biocompatibility and printing properties of alginate (Alg) with the regenerative
properties of zinc oxide (ZnO) and hydroxypropyl cellulose (HPC) was produced. Two types of dressings were
successfully printed by varying the concentrations of ZnO and HPC: ZnO:HPC at 11:10 and 20:20 % (w/v). Both
inks presented an adequate rheological shear-thinning behavior, resulting in wound dressings with a stable
matrix structure. Moreover, to grant antimicrobial and antibiofilm activity, an octenidine (OCT)-hydrogel was
loaded into the dressing’s macropores. The unloaded dressings with ZnO at 20 % (w/v) and all the OCT-loaded
dressings presented antibiofilm activity, showing a biofilm reduction of ~ 75 % against S. aureus. In vitro cellular
assays indicated that the unloaded dressings provided regenerative potential by showing wound closure
approximately completed in 48 h, highlighting the regenerative potential of the Alg:ZnO:HPC ink. These
dressings exhibited in vitro and in vivo cytocompatibility, along with regenerative potential evidenced by collagen
deposition and rapid wound closure. OCT-loaded matrices retained the regenerative potential and biocompati-
bility of the unloaded dressings, supporting their suitability as a platform for advanced wound management.

1. Introduction the complexity of their diagnosis and treatment (Falanga et al., 2022;

Las Heras et al., 2020; Shukla et al., 2026). The concept of the ideal

Each year, millions of patients worldwide are adversely affected by
chronic, non-healing wounds (Falanga et al., 2022). While numerous
treatments are currently available on the market, and increasingly
effective therapies emerge each year, chronic wounds continue to
represent an urgent social, psychological, and economic burden due to

dressing can be described as the one that combines features that will
directly promote and stimulate the healing process but also regulate
critical wound conditions (i.e., exudate, moisture, infection, pain, odor),
leading to the healing progression in a timely and efficient way for a
given patient (Zhou et al., 2024; Fan et al., 2022; Zoller et al., 2025).
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However, due to the heterogeneity of the wound, the features that need
to be employed will differ from patient to patient. To achieve innovative,
customized wound dressings, a suitable technology equipped with
appropriate tools is required to rapidly adapt to the dressing geometry
and patient-specific needs (Fan et al., 2022). To tackle this, 3D printing
technology can be used to develop novel treatments for wound patients
and improve their outcomes. 3D printing has been highlighted as a
major tool in the medical community to produce personalized treat-
ments tailored to the patient’s needs and characteristics that can be
quickly changed (Las Heras et al., 2020). Several 3D printing strategies
can be employed, including the fabrication of wound dressings using
polymeric hydrogels as printable inks, combined with active materials
that promote and improve wound healing (Chen et al., 2025; Kim et al.,
2026; Lin et al., 2026; Teoh et al., 2022). A suitable polymer for
formulation of inks is alginate, a natural polysaccharide found in
seaweed (particularly brown algae) and certain microorganisms
(Umoren et al., 2022; Paques et al., 2014; Mallakpour et al., 2021). It is
well known for its biocompatibility (Mallakpour et al., 2021; Sharma
et al., 2024), non-toxicity (Paques et al., 2014; Mallakpour et al., 2021;
Sharma et al., 2024), affordability (Paques et al., 2014; Mallakpour
et al., 2021), and easiness to produce hydrogels (Paques et al., 2014).
These hydrogels also present the ability to incorporate active agents
(Mazurek et al., 2025; Rahaman et al., 2024), absorb exudates (Sharma
etal., 2024; Mazurek et al., 2025) and show hemostatic activity (Sharma
et al., 2024; Barsky et al., 2022), which are decisive features to build an
ideal dressing. To improve the active properties of an alginate-based
hydrogel ink, zinc oxide (ZnO) can be added to the ink for its biocom-
patible (Su et al., 2019), regenerative (Su et al., 2019; Yang et al., 2022)
and antimicrobial activity (Su et al., 2019; Yang et al., 2022), aiming to
solve several critical issues of the healing process through a single
wound dressing. Nevertheless, since pristine alginate-based hydrogels
tend to present a lack of printability, resolution and shape fidelity
(Mallakpour et al., 2021; Fang et al., 2023), the use of a viscosity-
modulating agent (e.g., cellulose (Vajda et al., 2025); gums (Torres-
Ayala et al., 2025); starch (Cardoso et al., 2025); gelatin (Ahmadi
Soufivand et al., 2023) may be needed to improve rheological proper-
ties of the ink (Yalman et al., 2025; Silva et al., 2025).

This study aimed to develop a 3D-printed innovative wound dressing
platform that combines regenerative properties with on-demand anti-
microbial functionality. To this end, a novel semi-solid extrusion ink
composed of alginate, zinc oxide, and hydroxypropyl cellulose was
produced. A key innovation of this platform lies in its modular post-
printing functionalization strategy, whereby the interconnected pores
of the 3D-printed matrix can be loaded with an octenidine dihydro-
chloride (OCT)-based hydrogel after fabrication. This approach enables
the same dressing architecture to be adapted according to the clinical
needs of the wound, generating two therapeutically distinct versions
from a common wound dressing: an unloaded dressing that provides a
regenerative microenvironment to support tissue repair in non-infected
wounds, and an antimicrobial dressing capable of delivering OCT
(model-drug) to prevent microbial colonization and biofilm formation in
infected wounds. By combining regenerative and antimicrobial func-
tionalities within a single manufacturing platform, this versatile design
represents a customizable strategy for the management of wounds at
different stages of the healing process. The cytocompatibility and the
regenerative potential of the developed dressings were evaluated using
both in vitro and in vivo models.

2. Materials and methods
2.1. Materials

Alginic acid sodium salt from brown algae (with a mannuronic acid
and guluronic acid ratio of ~1.56; MW: 240 kDa), from Sigma Aldrich

(Steinheim, Germany); low-substituted Hydroxypropyl Cellulose (MW:
33 kDa, 5.0-16.0 % of hydroxypropyl groups) and citric acid
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monohydrate from Glentham Life Science (Corsham, United Kingdom);
Zinc oxide and 1,1-(Decane-1,10-diyl)bis(N-octylpyridin-4(1H)-imine)
dihydrochloride from BLDpharm (Hamburg, Germany); Trisodium cit-
rate, Potassium dihydrogen phosphate and Tween®80 (Polysorbate)
from Merck (Darmstadt, Germany); Calcium Chloride from PanReac
AppliChem (Barcelona, Spain); and water purified by Sartorius purifi-
cation system (Arium® pro).

2.2. Production of a 3D-printed regenerative dressing

2.2.1. Preparation of the dressings ink formulation

To produce the most suitable ink for the dressing matrix, different
formulations were prepared combining alginate (Alg) with Zinc Oxide
(Zn0O) as main constituents.

Firstly, alginate hydrogels were prepared by dissolving Alg in puri-
fied water to produce an Alg aqueous solution at 3, 4, 5 and 6 % (w/V).
The solution was stirred for 30 min at 800 rpm in a heated bath at 65°C
(VELP Arex-6 Digital Pro, Usmate Velate, Italy). At the end, an alginate
hydrogel was obtained.

The Alg:ZnO hydrogels were prepared by weighing the required
amount of ZnO and dispersing it directly into the alginate hydrogel
under continuous stirring until a homogeneous formulation was ob-
tained. Final ZnO concentrations of 11 and 20 % (w/v) produced Alg:
ZnO hydrogels with alginate-to-ZnO ratios of 5:11 and 5:20,
respectively.

To improve the printability of the Alg-ZnO formulations, hydrox-
ypropyl cellulose (HPC) was added at varying concentrations. Firstly,
purified water was added to Alg to produce an Alg aqueous solution at
10 % (w/v). The solution was stirred for 30 min at 800 rpm in a heated
bath at 65°C. After cooling the alginate solution, different amounts of
ZnO were added, and the resulting mixtures were subsequently com-
bined with HPC to produce inks containing final ZnO concentrations of
11 % or 20 % (w/v) (Alg:ZnO). Simultaneously, an HPC mixture was
prepared according to previously performed work of Gan et al. (2021) by
combining the HPC with purified water to achieve the final concentra-
tions of 2.5, 5, 10 and 20 % (w/v). A final alginate concentration of 5 %
(w/v) was obtained through nominal dilution. The HPC solution was
first stirred at 800 rpm for 30 min at room temperature, followed by
stirring at 800 rpm for 1 h at 70°C. The hot HPC solution was poured into
the Alg:ZnO (previously heated until reaching 70°C) and stirred for 1 h
at 800 rpm at 90°C. Following formulation, the resulting Alg:ZnO:HPC
systems exhibited the following composition ratios (w/v): 5:11:2.5,
5:11:5, 5:11:10, 5:11:20, 5:20:2.5, 5:20:5, 5:20:10, and 5:20:20. All
mixtures were kept at 4°C until further use.

2.2.2. Parameters of the 3D printing process

All produced formulations were inserted into the extrusion poly-
propylene syringes with 5 cm® of volume coupled to dispensing tips with
a 0.58 mm nozzle (QuantX™ Precision, Dispense tips). An extrusion 3D
printer, Regemat 3D bioprinter (Regemat 3D BIO V1, Granada, Spain)
combined with the Regemat design software (Regemat 3D designer,
Granada, Spain) was used to print porous cube-shaped dressings, 1 x
19.6 x 19.6 mm (height x width x length), with square pores with a size
of 2 x 2 mm at room temperature. Predefined software conditions were
chosen as the optimal settings, including: a layer height of 0.41 mm, a
diagonal infill pattern with a 90° angle and a flow speed of 2 mm/s.
Then, the software assigned the number of layers (three layers) based on
these parameters. The full dressing printing parameters are presented in
Fig. 1.

2.2.3. Optimization and evaluation of the 3D printing performance

The printing performance was evaluated by assessing the overall
appearance of the printed scaffolds through photographs taken after
each printing process and comparing them with the corresponding 3D
model design (Fig. 1). Printability was characterized by evaluating
qualitative attributes such as the matrix layout, pore conformation and
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Printing parameters  Speed (mm/s)
Retract speed S
Perimeter speed 10
Infill speed 5
Travel speed 30

Fig. 1. Speed parameters used for printing the 3D wound dressings and cor-
responding CAD model. Speed parameters: flow speed during retract/
compensation actions (Retract speed) and printhead movement speeds during
printing, including perimeter speed, infill speed, and travel speed.

overall appearance when comparing with the theoretical 3D model. In
addition, quantitative attributes were evaluated, such as the total
number of printed pores (NTP), since, according to the used geometrical
configuration, the maximum possible number of pores was 64. The total
number of pores in percentage was calculated according to equation (1):

NTP(%) = % x 100 @

where P, is the total number of pores achieved per printed dressing.
The printability as a quantitative attribute to evaluate square-shaped
pores was calculated according to equation (2) (Ouyang et al., 2016):
L2
Pr= 1eA 2)
Where L represents the perimeter of the pore in mm and A the area of the
pore in mm?. According to equation (2), an ideal P, value is 1, repre-
senting excellent gelation, which means that the pores of the 3D dressing
were properly printed, and the matrix strands and layers did not fuse
(Ouyang et al., 2016).
A relation between the Printability and the total number of printed
pores, namely Quality of the Scaffold (Qscqaffoid), Was calculated using
equations (3) and (4) (Cardoso et al., 2023):

P, x P,
Qscaffold = ;_7 n7 lfpr < 1 (3)
max
1-(1-P)xP, .
Qscaffold = Piv lfpr >1 (4)
max

where P, represents the printability of the dressing, P, the total number
of pores in the printed dressing and Py, the maximum number of pores
achievable per printing process. A Qsqffold value of 1 indicates an
excellent printed dressing, with all theoretical pores successfully
reproduced and exhibiting excellent resolution, gelation, and
printability.

2.3. 3D-printed dressings with regenerative and antimicrobial properties

2.3.1. Preparation of the dressing’s matrix

Two types of dressings were prepared: WD;1, containing 5 % (w/v)
alginate (Alg), 11 % (w/v) ZnO, and 10 % (w/v) hydroxypropyl cellu-
lose (HPC); and WDy, containing 5 % (w/v) alginate, 20 % (w/v) ZnO,
and 20 % (w/v) HPC.

The dressings were prepared according to section 2.2.1. After
printing, the dressings were immersed in a 4 % (w/v) CaCl; solution for
10 min.

2.3.2. Preparation of a drug-loaded hydrogel

A drug-loaded hydrogel with antimicrobial activity was prepared by
incorporating octenidine dihydrochloride (OCT) with a final concen-
tration of 0.1 % (w/v) in an alginate hydrogel at 5 % (w/v) prepared
with citrate buffer (0.1 M) at pH 6. OCT was accurately weighed, and
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ethanol was added, followed by vortexing until complete drug dissolu-
tion. Then, citrate buffer was added to this ethanolic solution and vor-
texed for homogenization. The final ethanol concentration in the
formulation was 10 % (v/v). Afterwards, the prepared OCT solution was
slowly added to the Alg powder under continuous stirring until complete
homogenization was achieved. The resulting formulation was desig-
nated as Inkocr. For comparison purposes, a drug-free hydrogel con-
sisting of 5 % (w/v) Alg was prepared under identical conditions and
designated as Inkpjg. All mixtures were kept at 4°C until further use.

2.3.3. Optimization of the infill printing process

The Inkocr was placed into an extrusion metallic syringe with 3 cm®
of volume coupled to a stainless-steel dispense tip with a 0.65 mm (19G)
of nozzle tip. To optimize the hydrogel filling, the following parameters
were tested: amount of filling from 10 to 200 (uL/layer) and compensate
1 to 4 (uL). The other infill parameters were kept constant: offset “Z” 0
mm, retract 0 mm/s, retract speed 1 mm/s and purge O mm. After
printing, the loaded dressings were immersed in a CaCly solution at 4 %
(w/v) for 10 min.

2.3.4. Inks rheological characterization

Rheological characterization of the produced formulations was per-
formed using a Malvern Gemini HRnano rotational rheometer (Malvern
Panalytical, United Kingdom). The rheometer was equipped with a
Peltier plate temperature control system (£ 0.01°C) and a parallel-plate
geometry with a 20 mm diameter and a 1.0 mm gap.

Steady-shear flow measurements were initially conducted to char-
acterize the viscosity behavior of all Alg:ZnO:HPC formulations at 25°C
over a shear rate range of 0.05-10 s

Following the selection of the most suitable inks for further investi-
gation, steady-shear flow measurements were performed in triplicate for
the dressing matrix inks (Ink;; and Inkyg) and the filler inks (Inkgct and
Inkajg) under the same experimental conditions (0.05-50 s!and 25°C).

Oscillatory shear measurements were subsequently carried out to
evaluate the storage modulus (G) and loss modulus (G") within the
linear viscoelastic region (LVR), ensuring that the measured moduli
were independent of strain. The LVR was determined by amplitude
sweep tests performed at an angular frequency of 6.28 rad-s' (1 Hz),
over a strain range of 0.01-100 %. Frequency sweep measurements were
then conducted within the LVR at a constant strain of 1 %, over a fre-
quency range of 0.1-100 Hz. All measurements were performed at both
25 and 37°C for the matrix and drug-loaded inks. Rheological data were
analyzed using GraphPad Prism 11 (version 11.1.0; GraphPad Software,
San Diego, CA, USA).

2.4. Characterization of printed dressings

For the dressing’s characterization, all printed dressings were cut
into four square pieces (~9.8 x 9.8 mm).

2.4.1. Physicochemical characterization

Scanning Electron Microscopy (SEM) was performed to evaluate the
matrix and the macropore structure of each printed dressing. Firstly,
each dressing was freeze-dried for 24 h (Christ Alpha 1-4, B. Braun
Biotech International, Melsungen, Germany). Afterward, the samples
were placed on an Al stub using double-sided carbon tape and sputter-
coated with a thin Au/Pd film in a Quorum Technologies coater,
model Q150T ES. For the morphology analysis, they were then analyzed
in a Hitachi scanning electron microscope (SEM), model S2400, with
digital image acquisition by Bruker, software Quantax Esprit 1.9. For the
topography and roughness analysis, the samples were analyzed in a
ThermoScientific desktop SEM, model Phenom ProX G6, with a CeB6
filament and with digital image acquisition using the Phenom User
Interface.

To identify the different functional groups of wound dressing com-
ponents, Attenuated Total Reflection Fourier-Transform Infrared (FTIR-
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ATR) spectroscopy was performed using the Nicolet™ iS™5 FTIR
Spectrometer (Thermo Fisher Scientific, Massachusetts, USA) coupled
with iD5 ATR (Thermo Fisher Scientific, Massachusetts, USA). The
infrared spectrum was obtained with a total of 16 scans and a resolution

of 4 cm™!, with absorbance readings from 4000 to 600 cm ™.

2.4.2. Antimicrobial activity

2.4.2.1. Microorganisms. S. aureus ATCC 25923 obtained from the
American Type Culture Collection (ATCC) was selected for these ex-
periments. Cultures were obtained from S. aureus frozen stocks (—80°C),
plated on tryptic soy agar (TSA) prepared by supplementing tryptic soy
broth (TSB, Biokar Diagnostics) with Bacteriological Agar Type E (Bio-
kar Diagnostics), and incubated at 37°C for 24 h (VWR®, INCU-Line®
150R, Pennsylvania, USA).

2.4.2.2. Free-octenidine and free-ZnO antimicrobial activity. The antimi-
crobial susceptibility of S. aureus to OCT and ZnO was assessed using the
broth microdilution method, as previously described (Narciso et al.,
2023). Briefly, two-fold serial dilutions of the active compounds were
prepared in cation-adjusted Mueller-Hinton Broth (MHB; Biokar Di-
agnostics). Final concentrations ranged from 0.12 to 64 pg mL-! for OCT
and from 0.12 to 64 mg mL"! for ZnO. Bacterial inocula were prepared in
MHB to achieve a final concentration of approximately 5 x 105 CFU
mL- in each well.

For OCT, the minimum inhibitory concentration (MIC) was deter-
mined after 24 h of incubation at 37°C by measuring absorbance at 595
nm using a microplate multimode detector (Anthos Zenyth 3100). Due
to the interference of ZnO with optical density measurements, the MIC of
ZnO was determined using a resazurin-based viability assay, following
the methodology described by Pontes et al. (2016). The MIC, defined as
the lowest concentration at which no bacterial growth or metabolic
activity was detected. Positive controls consisted of inoculated growth
medium, whereas negative controls included non-inoculated medium
and non-inoculated ZnO-containing medium at each tested
concentration.

For determination of the minimum bactericidal concentration
(MBCQ), aliquots from wells with no visible growth from the MIC assay
were transferred to a fresh 96-well microplate containing culture me-
dium and incubated at 37°C for 24 h. Subsequently, bacterial growth
was evaluated by measuring absorbance at 595 nm. The MBC was
defined as the lowest concentration resulting in the absence of detect-
able bacterial growth.

2.4.2.3. Inhibition of bacterial growth. To test if the 3D-printed dressings
(unloaded and loaded with OCT) were able to inhibit S. aureus growth,
the Kirby-Bauer test was conducted according to an adapted protocol
(Severo et al., 2021; Vieira et al., 2024). Fresh S. aureus colonies grown
on tryptic soy agar (TSA) plates were suspended in Mueller-Hinton broth
and adjusted to a turbidity equivalent to 0.5 McFarland units (approx-
imately 1.5-2 x 10® CFU/mL) using a cell density meter (Ultrospec 10,
Biochrom). A sterile cotton swab was immersed in the standardized
bacterial suspension, and excess liquid was removed by pressing the
swab against the inner wall of the tube. Mueller-Hinton agar (MHA)
plates, prepared using Mueller-Hinton broth (MH, Biokar Diagnostics)
supplemented with Bacteriological Agar Type E (Biokar Diagnostics),
were uniformly inoculated by swabbing the entire agar surface (CLSI
Performance Standards for Antimicrobial Disk Susceptibility Tests,
2024). An octenidine (OCT) disk (30 pg) was included as a positive
control. Subsequently, one sample of each 3D dressing (WDp;, ALG-
WDj1, OCT-WDj1, WD2g, ALG-WDy, and OCT-WDy() was placed on the
surface of the inoculated MH agar plates. The plates were incubated at
37°C for 24 h. Antimicrobial inhibition was evaluated by measuring the
inhibition halos using a digital Vernier caliper (Powerfix® Profi+,
Neckarsulm, Germany). The assay was performed in triplicate.
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2.4.2.4. Antibiofilm activity. The antibiofilm activity of the printed
dressings was assessed against S. aureus using piglet skin as a skin model.
The fat layer was first removed from the piglet skin, and the skin was cut
into square pieces (1 x 1 cm). The obtained samples were aseptically
handled, washed with sterile purified water, and subsequently immersed
in 70 % (v/v) ethanol for 15 min. Finally, the skin pieces were exposed to
UV light for 15 min and fixed to the bottom of 24-well culture plates
using liquid silicone, as previously described (Mendes et al., 2021). One
sample of each 3D dressing (WD;1, ALG-WDj;, OCT-WD;1, WDy, ALG-
WD»g, and OCT-WDy) was then placed on the surface of each skin piece.
Subsequently, Brain Heart Infusion (BHI) medium (Biokar Diagnostics)
supplemented with 1 % (w/v) glucose (Glu) was added to each well. A
bacterial suspension was prepared from a fresh S. aureus TSA 24 h-cul-
ture plate, by adjusting to 1 McFarland unit in BHI-Glu 1 % (w/v) me-
dium. Suitable dilutions were performed to achieve a final concentration
of 3.0 x 10% CFU/mL in each inoculated well. For each tested dressing
(unloaded and loaded with Inkayg or Inkocr), inoculum-free BHI + Glu
medium was used as the negative control. In addition, inoculated wells
containing piglet skin but no dressing samples were used as the positive
control. The 24- well culture plates were incubated at 37°C for 24 h.
After incubation, the culture medium and the printed dressing were
removed from each well. The wells containing the piglet skin samples
were then washed twice with 1 mL of sterile water. The skin was
removed and placed in 1 mL of NaCl at 0.9 % (w/v). To detach the sessile
bacteria, the samples were sonicated (P Selecta® Ultrasons, J.P. Selecta,
Barcelona, Spain) and vortexed (RSLAB-6PRO) for 4 min. Suitable di-
lutions were performed and 20 L of each diluted sample was spread on
top of Mannitol salt (MA, Biokar Diagnostics) agar plates. The MA agar
plates were incubated at 37°C for 24 h. Finally, the biofilm was evalu-
ated by counting the Colony Forming Units (CFU) in each plate. The
assay was performed in quadruplicate for each tested dressing, including
the skin without the dressing (control), in two independent assays.

For statistical analysis, the Shapiro-Wilk test was used to confirm the
normal (Gaussian) distribution of the data, followed by the Student’s t-
test as a parametric test.

2.4.3. Invitro release of OCT

To quantify the amount of drug released from the dressings over
time, anin vitrorelease study was conducted using vertical Franz
diffusion cells with an effective diffusion area of 1 cm? (Nobre et al.,
2025). A circular synthetic polyethersulfone (PES) membrane
(Supor™, 0.45 um pore size, 1 cm? diameter, Pall Corporation, New
York, USA) was mounted between the donor and receptor compart-
ments. The receptor compartment was filled with 4 mL of phosphate
buffer (0.05 M, pH 5.6) containing Tween® 80 (0.1 %, w/v) as a sur-
factant. A pH of 5.6 was selected to mimic the slightly acidic physio-
logical pH of the skin, reflecting the intended application of the
dressings.

Dressings (~9.8 x 9.8 mm) were placed in the donor compartment
on top of the PES membrane. ALG-WD;; and ALG-WDy dressings were
tested as blank controls, whereas OCT-WD;; and OCT-WDy, dressings
were evaluated for octenidine release. The experiments were conducted
under continuous stirring at 250 rpm and maintained at 32 + 1°C
(VELP, stirring plate, Italy, and VWR® INCU-Line® IL 150R, Belgium),
corresponding to the average skin surface temperature.

The release assay was carried out for 72 h. At predetermined time
intervals, 200 pL aliquots were withdrawn from the receptor medium
and immediately replaced with an equal volume of fresh phosphate
buffer containing Tween® 80 (at 32 + 1°C) to maintain sink conditions
and a constant receptor volume throughout the experiment.

The collected samples were transferred to a 96-well microtiter plate
and analyzed using UV-Vis spectrophotometry (SPECTROstar® Omega,
BMGLabtech, Germany) at 281 nm. An OCT calibration curve (ranging
from 1 to 32 pg/mL) was prepared from an OCT aqueous stock solution
(0.1 % w/v). Octenidine incorporated into the alginate hydrogel was
also determined using the same quantification method.
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2.4.4. In vitro cytocompatibility and evaluation of regenerative potential

The cytocompatibility and regenerative potential of ZnO-alginate-
based printed dressings were evaluated in human dermal fibroblast
cultures (AG22719, Coriell Institute for Medical Research). Cells were
maintained in a-Minimal Essential Medium (a-MEM) supplemented
with 10 % fetal bovine serum (FBS), 100 IU/mL penicillin, 100 pg/mL
streptomycin, and 2.5 pg/mL amphotericin B (all from Gibco). Cultures
were incubated at 37°C in a humidified atmosphere of 5 % CO5. When
cultures reached approximately 70 % confluence, cells were detached
and reseeded in 24-well culture plates at a density of 1 x 10* cells/cm?in
the same defined medium. After 24 h, permeable inserts with 0.4 pm
pores (Thincert, Greiner) containing the test materials were placed into
the wells with the cultured cells, using a total culture-medium volume of
1.0 mL per well. This configuration enabled the diffusion of leachables
from the materials to the cell cultures. Cells maintained under identical
experimental conditions with empty ThinCert inserts served as the
negative control (C—).

2.4.4.1. Metabolic activity. The metabolic activity of the human dermal
fibroblast (HDF) cultures was evaluated using the resazurin assay. After
24 h of leachate exposure, the culture medium was replaced with fresh
medium supplemented with 10 % (v/v) resazurin sodium salt (Sigma-
Aldrich) and incubated for 3 h at 37°C. Following incubation, the su-
pernatant fluorescence was measured using a microplate reader (Syn-
ergy HT, BioTek, USA) with the following settings: excitation, 530 nm;
emission, 590 nm. All measurements were performed in triplicate.

2.4.4.2. Cytotoxicity. The cytotoxicity potential of the developed ma-
terials was assessed by quantifying lactate dehydrogenase (LDH)
released in the culture medium. Following 24 h, supernatants were
collected and incubated with the LDH-constituted solution (TOX-7 Kkit,
Sigma-Aldrich) for 30 min at room temperature. The reaction was
stopped by adding 1 M HCL. Absorbance was measured at a primary
wavelength of 490 nm, with background correction at 690 nm. The
assay was performed in triplicate.

2.4.4.3. Collagen staining. Collagen staining was performed after 24 h of
incubation. Subsequently, HDF cultures were fixed with 1.5 % glutar-
aldehyde for 10 min and washed with phosphate-buffered saline (PBS).
Cultures were stained with 0.1 % (w/v) Sirius Red-picric acid solution
and incubated for 1 h at room temperature, protected from light. After
staining, the cultures were rinsed with 0.01 M HCI to remove excess dye.
Images were acquired using a Zeiss Axiolab 5 microscope equipped with
an Axiocam 5 Color camera. The collagen-stained area was quantified in
ImageJ (v.1.54 g, National Institutes of Health, Bethesda, MD, USA)
using the Huang thresholding algorithm. The assay was performed in
triplicate.

2.4.4.4. Wound-healing potential. The wound-healing potential of the
developed materials was evaluated using the scratch assay. Cells were
cultured without the materials until reaching approximately 70 %
confluence. The monolayer was then scratched using a 10-pL micropi-
pette tip, and images were immediately acquired (time point 0 h) using
an inverted microscope equipped with an Axiocam 5 Color camera (Zeiss
Axiolab 5, Carl Zeiss AG, Aalen, Germany). ThinCert inserts containing
the tested materials were subsequently positioned above the scratched
monolayers, allowing indirect exposure to released components without
direct contact between the dressings and the cells. Cultures maintained
with empty ThinCert inserts served as the negative control (C — ). Cul-
tures were incubated under these conditions for 48 h, and additional
images were captured at 24 h and at the end of the assay. Wound closure
was quantified using ImageJ software by analyzing a predefined area of
each image and applying the following expression:

Woundhealing(%) = (Ai — AF/Ai)x100% 5)
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where A; and Ap represent the scratched areas before and after the in-
cubation with the developed materials. Measurements were performed
in triplicate.

Statistical analysis was conducted using the GraphPad Prism 10.
Ordinary one-way analysis of variance (ANOVA) followed by Tukey’s
multiple comparisons test was performed. Significance was set at p <
0.05. Results were presented as mean =+ standard deviation (SD).

2.4.5. In vivo evaluation

All the procedures were performed in agreement with the European
Council Directive (2010/63/EU) and approved by the local Committee
Responsible for animal welfare (ORBEA) of UTAD (project number 232-
e-USBB-2024) and the General Directorate of Food and Veterinary
Medicine (reference number 36606/25-S). A total of 12 Male Wistar
rats, 10 weeks old and weighing 270-300 g, sourced from a certified
vendor (IBMC, Porto, Portugal), were used for the subcutaneous im-
plantation model. The required sample size was calculated a priori using
G*Power (v. 3.1.9.6, Diisseldorf, Germany), based on a randomized
complete block design, assuming o = 0.05, 1-p = 0.8, and an effect size
of 0.5.

Animals were randomly assigned to groups of four and housed under
controlled temperature and humidity conditions, and a 12:12 h light-
—dark cycle, with ad libitum access to food and water. After a seven-day
acclimatization period, animals were anesthetized via intraperitoneal
injection of ketamine 90 mg/Kg (Ketamidor®, Richter Pharma) and
xylazine hydrochloride 10 mg/Kg (Seton®, Calier). Following confir-
mation of anesthetic depth, the dorsal region of each animal was tri-
chotomized and aseptically prepared using a chlorhexidine-based
solution. Before implantation, the dressings were surface-
decontaminated by UV-C irradiation for 30 min on each side inside a
biosafety cabinet. The samples were then transferred using sterile for-
ceps to sterile, closed containers and maintained under aseptic condi-
tions until implantation. During surgery, the dressings were handled
exclusively with sterile instruments. After skin incisions, six subcu-
taneous pockets were gently created using blunt dissection, and tested
samples (1 cm?) were randomly distributed through the subcutaneous
pockets. The incision was then closed with interrupted monofilament
sutures (4/0 Dafilon, B Braun). Postoperative analgesia consisted of
buprenorphine (Bupaq® Richter Pharma) at a dose of 0.03 mg/kg,
administered over 24 h. Enrofloxacin (Baytril®, Elanco) was adminis-
tered subcutaneously at a dose of 10 mg/kg once daily for three
consecutive days postoperatively. Animals were monitored daily for
signs of distress or complications.

At predetermined time points (7 and 15 days), animals were eutha-
nized using an intraperitoneal injection of pentobarbital sodium
(Euthanimal 40 %®, NePhar) at a dose of 150 mg/kg, followed by a
systematic necropsy. Implant sites, including surrounding tissue, were
carefully excised and fixed in 4 % buffered formaldehyde. Then, samples
were embedded in paraffin and cut longitudinally into 5 um-thick sec-
tions. Sections were stained with hematoxylin and eosin (H&E) and
examined under a light microscope (Axiolab 5 microscope coupled with
Axiocam 5 Color Camera, Zeiss, Oberkochen, Germany). Local tissue
response was evaluated semi-quantitatively in accordance with the ISO
10993-6 guidelines. The inflammatory infiltrate, comprising poly-
morphonuclear cells, lymphocytes, plasma cells, macrophages, and
giant cells, was scored alongside reactive tissue changes, including ne-
crosis, neovascularization, fibrosis, and fatty infiltration. Each param-
eter was graded on a 5-point severity scale: 0 (absent), 1 (minimal), 2
(mild), 3 (moderate), and 4 (severe/extensive). Dressings were catego-
rized based on their total irritancy score as non-irritant (< 2.9), slight
(3.0-8.9), moderate (9.0-15.0), or severe irritants (> 15.0). The assay
was performed in sextuplicate.
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3. Results and discussion
3.1. Regenerative dressing matrix development

Following the selection of the two main ink constituents (Alg and
Zn0), the first step was to determine the suitable amount of each ma-
terial to produce the hydrogel. A preliminary study evaluated different
alginate concentrations while keeping printing conditions constant
(Table SM;). All inks could be extruded without nozzle clogging, but
printability remained low, with fewer than 45 % of the expected 64
pores produced. Formulations containing 5 % and 6 % (w/v) alginate
showed the highest pore numbers and the most uniform structures. Since
formulations containing 5 % and 6 % (w/v) alginate showed similar
performance, 5 % (w/v) was selected for further studies, and inks
incorporating 11 % and 20 % (w/v) ZnO were subsequently prepared.

Besides expecting to provide antimicrobial and regenerative benefits
(Yang et al., 2022), ZnO improved printability and structural stability,
increasing pore formation to nearly 30 pores. Therefore, both formula-
tions were retained for further studies. However, the printed structures
still showed poor uniformity, low resolution, and collapsed macropores,
consistent with the limited mechanical strength commonly reported for
alginate-based inks, which negatively affects printability and repro-
ducibility (Murab et al., 2022; Kong et al., 2025).

Thus, hydroxypropyl cellulose (HPC) was incorporated into the Alg:
ZnO formulations at concentrations ranging from 0 to 20 % (w/v) to
evaluate its effect on improving dressing printability. HPC was chosen to
prevent dripping and pore coalescence during the printing process
before crosslinking, while adding CaCl, as a crosslinking method pro-
vided structural fixation and dressings’ stability.

The results of the HPC optimization are presented in Table 1 and
Fig. 2. Overall, when comparing HPC-free formulations with the ones
containing HPC at 5 % (w/v), an increase in the total number of printed
pores per dressing was observed from 31 to 50 (ZnO formulations at 11
% (w/v)) and 31 to 45 (ZnO formulations at 20 % (w/v)). Increments of

Table 1
Printability results with inks incorporating ZnO at 11 or 20 % (w/v) combined
with different HPC percentages.

Sample ZnO HPC ZnO: NTP Pr Qscaffold Power
name % (w/ % (w/ HPC % law
(Inkzno v) V) index (n)

%:HPC%)

Ink;1:0 11 0 1:0 48+ 141 027+ 0911
21 + 0.1
0.09
Ink;1:25 2.5 4:1 45+ 1.42 025+  0.891
12 + 0.05
0.10
Inki1:s 5 2:1 784+ 093 072+ 0812
9 + 0.07
0.03
Inki1:10 10 1:1 934+ 097 0.86+  0.741
2 + 0.05
0.05
Inkyq.20 20 1:2 0 0 0 0.259
Inkao:o 20 0 1:0 48+ 118 0.42+  0.890
12 + 0.20
0.28
Inkao:os 2.5 8:1 544+  1.08 0.50+  0.903
6 + 0.05
0.02
Inkao:s 5 4:1 70+  1.38 0.43+  0.864
1 + 0.07
0.11
Inkag:10 10 2:1 68+ 115 055+  0.535
4 + 0.10
0.19
Inkao:20 20 1:1 95+  1.06 090+  0.550
1 + 0.02
0.03
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the HPC content in the samples with ZnO at 11 % (w/v) increased the
total number of printed pores, better dressing resolution and uniformity,
until 10 % (w/v) of HPC (59 pores) (Table 1). By increasing HPC to 20 %
(w/v), no printed dressing was achieved since it was not possible to
extrude the ink from the printing syringe. For the samples printed with
ZnO at 20 % (w/v), increasing the HPC content led to an increase in the
total number of printed pores, better dressing resolution and uniformity,
with a maximum of 61 pores achieved when using 20 % (w/v) of HPC.
Of all printed samples, the S11.10 and Sxo:20 presented the highest Qscqffold
(0.86 and 0.90, respectively), close to the ideal value of 1. The addition
of HPC proved to be critical for the printing process, as it significantly
improved printability and enabled the fabrication of dressings that
closely matched the theoretical 3D model (Fig. 1). It was possible to
identify a trend regarding the improvement in the dressing’s printability
as a function of ZnO: HPC ratio added into the formulation (Fig. 2B). A
1:0 ratio proved to be inadequate, as the resulting Qscqffoid value was
lower than 0.43. A ratio of 2:1, showed an improvement in the dressing’s
resolution and appearance; however, the Qscqffold Was still far from the
ideal value of 1. The ratio of 1:1 presented the highest Qsqfid, Which
translated to the best printed samples.

To understand this trend and the impact of the addition of HPC into
the formulation, the rheological profile of all inks was studied (Fig. 2C;
and Cy). The results showed that the viscosity of all samples decreased
with the increase of the shear rate, meaning the presence of shear-
thinning behavior, the ideal rheological behavior for 3D inks aiming
at an SSE-based process (Rau et al., 2023). Increasing the HPC content
resulted in a more pronounced shear-thinning behavior (Fig. 2C; and Cy)
and in the decrease of the power law index. The formulations that pre-
sented the highest Qgcaffola Showed a power law index of 0.741 and
0.550. These findings suggest that for the formulation of Alg:ZnO:HPC to
be printed, a moderate shear-thinning behavior is needed. Finally, given
the suitable results regarding the printability of the inks S11.10 and S20:20,
both inks were selected to produce a regenerative matrix intended for
wound dressings, and further designated as Ink;; and Inkyq, respec-
tively. Following the selection of the ideal matrix ink, an optimization
test was carried out to find out the critical printing parameters and their
optimal values for the filling ink. The results regarding the infill process
are presented on SM; (supplementary). From all infill parameters that
were possible to change, the ones that were found to be critical to the
process were the amount of ink per layer and the compensate parameter
(Regemat 3D printer), where 200 uL and 4 mm/s were chosen,
respectively.

3.2. Characterization of dressings

3.2.1. Morphology and chemical characterization

Regenerative dressings were produced using Ink;; and Inkgg to
achieve WD;; and WDy dressings, respectively (Fig. 3A). To evaluate
the versatility of the dressing design, an octenidine-loaded hydrogel
(Inkocr) was introduced into the pores of WD;; and WDy, generating
the customized constructs OCT-WD;; and OCT-WDayg, respectively.
Loaded dressings with Inka); were also produced as controls designated
ALG-WD]] and ALG-WDzo.

The morphology of the printed dressings, including overall
morphology, texture and topography, was analyzed by SEM (Fig. 3B, C,
D). The results showed a difference in the shape of the macropores be-
tween 11 and 20 % (w/v) of ZnO. The dressings printed with Inkj;
showed round-shaped macropores, while Inkyy showed a squarer shape.
Assessing the 3D printing model used (Fig. 1), the format programmed
for each macropore was square-shaped, so the dressings printed with
Inky showed a higher shape fidelity compared to the model. Further-
more, when assessing the pore average for each ink used and comparing
it with the CAD model (2x2 mm), a macropore average size around half
of the digital 3D model was observed. These differences in the geometric
configuration of the printed macropores could be related to the rheo-
logical properties of the used inks, leading to smaller-sized macropores
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Fig. 2. A. Representative printed dressings obtained from the different ink formulations. B. Average number of macropores per dressing considering the different
ratios of ZnO:HPC in the ink formulations. C. Flow curves showing the viscosity (Pa.s) as a function of shear rate (s 1) for the inks with 11 % (w/v) of ZnO (C;) and

20 % (w/v) of ZnO (Cy).

(Schwab et al., 2020).

Regarding the textural properties of the unloaded dressings, WD1;
exhibited a more uniform matrix structure compared with WDxy.

The surface roughness profile presented in Fig. 3B was evaluated by
measuring the Ra (average roughness) and Rz (average of maximum
peaks and minimum valleys) in pm at six different points of the dressing
(SM3). Regarding the matrix of WD;; and WDy, a lower Ra value was
obtained in WD;; for all 6 analyzed zones, meaning that this dressing
presented a smoother surface when compared to WDay.

The produced dressings were characterized by FTIR-ATR spectros-
copy (Fig. 3C). The resulting spectra exhibited the characteristic bands
of the raw materials incorporated into the ink formulations, confirming
their presence in the printed dressings. In the samples, the signal from
the stretching vibrations of the O-H was observed at 3500-3200 cm !,
as in alginate (3298 c¢cm™!) and HPC spectra (Vieira et al., 2024; Hel-
miyati and Aprilliza, 2017). Moreover, the corresponding peaks from
alginate associated with the asymmetrical at 1595 cm™! and symmet-
rical stretching vibrations at 1405 cm™! of the -COO band from the

carboxylate anion (Vieira et al., 2024; Helmiyati and Aprilliza, 2017),
the ether (-COC) of the glycosidic bond at 1081 and —-CO stretching
vibration at 1024 cm™! (Vieira et al., 2024; Fang et al., 2025), were also
observed in the dressing samples as in HPC (Alharbi and Guirguis, 2019;
Halbus et al., 2025).

In the drug-loaded dressings, the band at 1599 cm ! exhibited a more
asymmetric profile than the corresponding band in raw alginate, which
is associated with the asymmetric stretching vibrations of the —COO~
group of the carboxylate anion. This change is attributed to the overlap
between the alginate band at 1595 cm! and the C=N stretching vibra-
tions of the octenidine ring band, observed around 1651 cm. The
resulting band broadening/asymmetry provides evidence of octenidine
incorporation into the drug-loaded dressings (Helmiyati and Aprilliza,
2017; Cerné et al., 2025; Pan et al., 2021).

Nevertheless, not all characteristic FTIR bands associated with
octenidine could be identified in the drug-loaded dressings. This
observation is likely related to the considerably lower concentration of
octenidine (0.1 % w/v) compared with alginate (5 % w/v), resulting in
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Fig. 3. Physicochemical characterization of the printed wound dressings. A. Photographs of unloaded and drug-loaded dressings. B. SEM imaging regarding a general
overview of the matrix of the produced lyophilized dressings: macropores (B; and B,), texture (B3) and roughness profile (B4). C. FTIR-ATR of the drug-loaded
dressings and raw materials. D. Representative EDS analysis of the drug-free matrix (D,) and drug-loaded pores (Dy).



S. Cardoso et al.

reduced spectral intensity and potential overlap with the stronger ab-
sorption bands of the alginate. As a consequence, octenidine-specific
vibrational features may not be readily distinguishable in the compos-
ite spectrum. This is likely the case for the bands at 3204 cm* (N-H
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stretching vibrations) and 1556 ¢cm ! (aromatic ring C=C stretching vi-
brations), which may be masked by overlapping alginate absorptions.
Additional characteristic bands of octenidine could be expected at 2923
em ! and 2851 em?, corresponding to the asymmetric and symmetric
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Fig. 4. Rheological evaluation of the matrix (Ink,20) and filling (Inkaig/oct) inks at constant temperature (25°C). A. Flow curves regarding the viscosity (Pa.s) as a
function of shear rate (s1), for Inky1 20 (A1) and Inkaig/oct (A2). B. Oscillatory frequency sweep measurements showing the storage modulus (G’ — represented by o)
and loss modulus (G’ - represented by H) as a function of angular frequency () for Ink;; (By), Inkag (B2), Inkajg (B3), and Inkocr (B4) at 25°C. C. The evolution of
loss tangent (tan 8) as a function of time (s), for Ink;; (A) and Inkyo () (C1) and for Inkayg (A) and Inkocr (@) (Co). Data are presented as mean + SD (n = 3). SD is

represented by the colored lines.
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C-H stretching vibrations, respectively, and at 1189 cm !, assigned to
aromatic C-N stretching vibrations (Cernd et al., 2025; Pan et al., 2021).

EDS analysis was used to evaluate the chemical composition of the
drug-free dressing matrix and the drug-loaded dressing pores (Fig. 3Dq
and D). Regarding elemental composition, Zn was detected due to the
addition of ZnO into the dressing matrix (Fig. 3D;), while Ca and Cl were
present in both samples (Fig. 3D; and Dy), corresponding to the main
elements of the crosslinking system.

3.2.2. Rheology evaluation

The rheology of inks plays a crucial role in a 3D printing process,
since it will determine if the ink presents suitable properties to be used
(Rau et al., 2023). According to the results presented in Fig. 4A; and Ay,
it was possible to verify that all gels used (filling and matrix gel) pre-
sented a shear-thinning behavior, since the viscosity (1)) of the gel de-
creases with the increase of the shear rate. The presence of shear-
thinning behavior is one of the major critical features of an ink inten-
ded for an extrusion-based process, since it avoids the formation of
common 3D printing-related problems, such as the nozzle tip getting
clogged, lack of uniformity, poor resolution, or even collapsed structures
(Rau et al., 2023; Yuan et al., 2025). When the filling inks (Inkajg and
Inkocr) were compared, Inkgcr consistently exhibited lower viscosity
(n) than Inkp)g across all shear rates, indicating that the incorporation of
OCT affected the rheological behavior of the formulation (Fig. 4Ay).
Although Inkag, was only produced for control purposes to compare the
dressings loaded with the OCT, during the printing process it was
possible to visualize, under the same printing conditions, that it was
easier and more precise to extrude the drug-loaded gel into the dress-
ings’ macropores. Compared with Ink;;, Inky displayed substantially
higher viscosity () across the entire range of shear rates. Notably, even
the minimum viscosity of Inkyy exceeded all viscosity values measured
for Ink;; (Fig. 4A;). Regarding the printing process and the final struc-
ture of the printed dressings, samples printed with ZnO at 20 % (w/v)
exhibited fewer interconnected macropores, reduced ink spreading
within the matrix, and improved shape fidelity, with macropores that
more closely matched the square geometry of the 3D model. This may
suggest that printing with a higher viscosity (1287-142 Pa.s) led to
better printing results of the Alg:ZnO:HPC mixture. In addition, based on
the printing parameters used to print the 3D wound dressings (flow
speed of 2 mm-s~! and 0.58 mm of inner nozzle diameter), the viscosity
values obtained as a function of shear rate are within an expected shear
rate of 30 s~ during the printing process. Nevertheless, not only is the
presence of shear-thinning behavior of the inks crucial to its extrusion
from the nozzle, but also its viscoelastic properties to ensure post-
printing structure maintenance (Rau et al., 2023; Yuan et al., 2025).
To deeply comprehend the rheological behavior of the optimal hydro-
gels, oscillatory frequency sweep analyses were conducted to charac-
terize their viscoelastic properties by evaluating the G’ (storage
modulus) and G’ (loss modulus) at 25°C (Fig. 4) and 37°C (SMy).
Concerning Ink;; and Inkyg, the G’ and G’ increased with an increase in
the angular frequency (o) for both inks at 25 °C, showing higher G’ and
G’ moduli for Inkyg (Fig. 4B; and B2). This may suggest that increasing
the amount of ZnO and/or HPC resulted in higher G’ and G** values. A
similar trend was observed when the experiments were conducted at
37°C (SM4A; and Aj). Additionally, for both inks, the G*> was higher
than the G’, indicating the presence of a liquid-like behavior, until a ® of
71 rad/s for Ink;; and 43 rad/s for Inkyg at 25°C (Fig. 4B, and By). At this
point, where the G’ crossovers the G’ occur, it is possible to observe a
transition of the viscoelastic properties that reflects the ink’s intrinsic
structure from liquid-like (G’<G’’) to a predominant elastic behavior
(G’>G”). In Fig. 4B3 and B4, regarding the filling hydrogels (Inka)g and
Inkocr), it was possible to observe that the G* was always higher than the
G’’, meaning that the ink presents a predominant elastic behavior (solid-
like), which is critical to ensure that the filling is maintained inside the
macropore after printing (Rau et al., 2023; Yuan et al., 2025). Increasing
the angular frequency (o) resulted in successive increases in both the
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storage modulus (G") and loss modulus (G"), while maintaining the
material's solid-like behavior. The constancy between G’ and G’’ as ®
increases highlights the stability of the produced inks. Comparable re-
sults were also obtained when the rheological evaluation was performed
at 37°C (SM4, Az and Ay). Increasing the temperature of Inkocr from
25°C to 37°C did not change the viscoelastic properties of the ink, since
both moduli (G’ and G’*) did not overlap with each other, maintaining a
solid-like behavior. In the Inkayg, the rise of temperature from 25 °C to
37°C resulted in a lower magnitude of G’ and G’’, keeping their relative
amplitude and preserving the solid-like behavior of the ink, as typically
observed in gel formulations (Fig. 4B3 and SM4A3). Fig. 4C; and 4Cy
show the evolution of the loss tangent (tan 8) as a function of time for the
matrix and filling inks, respectively. For the matrix inks, it was possible
to see the transition from liquid (tan & > 1) to solid-like (tan & < 1)
behavior around 300 s and 323 s, for Ink;; and Inkgg, respectively
(Fig. 4Cq). Nevertheless, increasing the temperature slightly decreased
the tan §, and the time for this transition in both inks (Fig. 4C; and
SM4B,). Furthermore, both filling inks exhibited an almost constant tan
& value, which remained below 1 throughout the test up to 340 s. Beyond
this point, tan 8 decreased rapidly (Fig. 4Cy).

3.2.3. Antimicrobial and antibiofilm activity

The antimicrobial susceptibility of the printed dressings was tested
towards S. aureus, one of the most common microorganisms associated
with wound infection (Roy et al., 2020).

The minimum inhibitory concentration (MIC) and minimum bacte-
ricidal concentration (MBC) of free octenidine were determined as 1-2
pg mL! and 4 pg mL-!, respectively. In contrast, the MIC of free zinc
oxide was found to be 64 mg mL-! (Fig. 5A). Similar MIC values (2 pg
mL-1) have been observed for OCT when tested against S. aureus, while a
MIC value of 34 mg mL™! has been reported for ZnO (Pasquet et al.,
2014; Koburger et al., 2010).

To evaluate the antimicrobial susceptibility of the printed dressings,
a diffusion agar test was conducted (Fig. 5B; and By). Furthermore, for
control purposes, a drug-free gel (Inkayg) was used as a filling control of
wound dressings (ALG-WD;; and ALG-WDy). According to the results,
and excluding WD;, all printed dressings presented antimicrobial ac-
tivity that was possible to identify through the formation of an inhibition
halo. Not only did the OCT-loaded dressings presented antimicrobial
activity, but also the drug-unloaded samples integrating ZnO at 20 %
(w/v). OCT-WDy dressings showed an inhibition halo (1.46 + 0.17
mm) higher than the OCT disk (0.92 + 0.07) even though the OCT
concentration was similar (=~ 30 pg). This can probably be explained by
the inherent antimicrobial activity of the ZnO against S. aureus
(Babayevska et al., 2022). These findings suggest that the antimicrobial
potential of the OCT-WDyy is not only attributed to the OCT but also to
ZnO, showing a combined effect. The ZnO antimicrobial activity has
been reported and attributed to different mechanisms, including ROS
generation, release of Zn?*, and its potential to interact directly with the
cellular membrane, crossing it and leading to the disruption of cellular
processes resulting in the microorganism death (Su et al., 2019; Yang
et al., 2022). This was also observed by Pasquet et al, when studying
different ZnO suspensions with concentrations ranging from 10 to 100
mg/g. The diffusion assay revealed antimicrobial activity against
S. aureus for all tested samples, with inhibition zone diameters
increasing in a concentration-dependent manner (Pasquet et al., 2014).

Antibiofilm activity against S. aureus was also tested (Fig. 5C) since
the presence of biofilm has been reported as one of the major problems
that impairs the healing process, leading to the formation of chronic
wounds (Roy et al., 2020). According to the results, the dressings loaded
with OCT (OCT-WD7; and OCT-WDy) revealed a biofilm decrease of
~75 % and ~77 %, respectively. Regarding the dressings printed with
Ink;1, the only ones that presented antibiofilm activity were the ones
loaded with Inkpcr. Results suggest that Ink;; did not present anti-
biofilm properties under the tested conditions. However, when printing
with Inky, all dressings presented antibiofilm activity, including the
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Fig. 5. Activity evaluation of produced dressings. A. Minimum Inhibition Concentration (MIC) and Minimum Bactericidal Concentration (MBC) for OCT and ZnO. B.
Antibacterial activity of all printed dressings against S. aureus assessed by the agar diffusion assay: inhibition zone diameters (mean + SD, mm) (B,) and a repre-
sentative photograph of the agar plate (B,). C Antibiofilm activity of the printed dressings against S. aureus. ***p < 0.001 and **** p < 0.0001 when comparing to

skin. D. OCT release assay. # lower than the limit of detection.

drug-free. The relationship between the presence of ZnO and antibiofilm
activity can be found in the literature, typically relating to the use of ZnO
nanoparticles (NPs). For instance, a study performed by Kahandal et al
reported ZnO NPs antibiofilm activity against S. aureus in a
concentration-dependent manner, achieving the highest biofilm inhibi-
tion of 61.36 % when using the produced ZnO NPs at 500 pg/mL
(Kahandal et al., 2023).

The role of OCT as an antibiofilm drug was undoubtedly confirmed,
since the unloaded dressings with Ink;; did not present antibiofilm ac-
tivity, and when OCT was loaded into the macropores, it led to the
appearance of activity. Although the contribution of OCT to biofilm
reduction in OCT-WDyy could not be conclusively confirmed, the
reduction in biofilm formation observed with WDy, was a noteworthy
finding, as it demonstrated antibiofilm activity without the incorpora-
tion of additional bioactive compounds.

3.2.4. OCT in vitro release

As shown in Fig. 5D, after 72 h, a higher cumulative drug release
from the OCT-WD;; dressing was observed compared with the OCT-
WDy dressing, corresponding to 57 + 10 % and 42 + 8 %. Drug loading
was determined by assuming that the OCT concentration in the alginate
hydrogel ink corresponded to the value obtained by UV-Vis spectro-
photometry. The total amount of OCT loaded into the alginate hydrogel
was found to be 0.092 %, which is slightly lower than the theoretical
loading of 0.1 % (w/v).

For both dressings, the OCT release could only be detected after 5.5

11

h, since drug concentrations were below the limit of detection of the
method (0.015 pg/mL). A burst phase was observed between 5.5 and 8
h, reaching a release of 42 + 10 % and 21 + 7 %, for OCT-WD;; and
OCT-WDy, respectively. At 24 h, more than 45 % of the drug was
released from the OCT-WD;; dressing (48 + 7 %). Moreover, OCT
concentrations exceeding the minimum inhibitory concentration (MIC,
1-2 pg mL-1) were quantified after 6 h for both OCT-WD;; and OCT-
WD4g. Comparing the two dressings, a trend could be observed between
the amount of ZnO used to print the dressings (11 vs. 20 %) and the
concentration of drug released, with higher ZnO content resulting in
lower OCT release. The lower drug release from OCT-WDyy may be
explained by the reduced capacity of the solvent to access and dissolve
OCT within the matrix, due to the concomitant solubilization of high
amounts of ZnO in the delivery system and a resulting solvent saturation
effect (Siepmann and Siepmann, 2020).

To understand the mechanism of OCT release, data were fitted to a
well-established mathematical model, the Korsmeyer-Peppas (KP ,gf—w =
Kit") (Costa and Sousa Lobo, 2001), presenting an R20f0.988 and 0.886
for OCT-WD;; and OCT-WDyy, respectively. According to the KP model,
the parameter n is used to characterize the type of mechanism related to
the drug release from the dressings’ polymeric matrix (Costa and Sousa
Lobo, 2001). Both dressings presented an n > 1 (2.00 for OCT-WD;; and
2.97 for OCT-WDyy), characterized by a super case II transport (Costa
and Sousa Lobo, 2001). Hence, the OCT release is not exclusively
influenced by diffusion mechanisms through the dressings, but also by
the swelling and relaxation of the Alg:ZnO:HPC matrix and its
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breakdown will be determinant for the drug release (Siepmann and
Peppas, 2001; Karnik et al., 2025).

At this stage, one hypothesis can be proposed: the lower amount of
OCT released after 24 h from the formulation containing 20 % (w/v) of
ZnO may explain the similar antibiofilm activities observed for WDy
and OCT-WDy. Results suggest that the amount of OCT released from
the OCT-WDy( sample was not enough to observe an increase in anti-
biofilm activity as expected.

The unreleased fraction of OCT is likely retained within the alginate/
ZnO matrix due to diffusion limitations and drug—matrix interactions. In
fact, alginate-based crosslinked hydrogels are known to retain a portion
of the loaded drug as a result of matrix entrapment, restricted diffusional
transport, and physicochemical interactions between the drug and the
polymer network (Lin et al., 2019). Consequently, release studies do not
necessarily recover 100 % of the initially loaded drug, particularly in
highly crosslinked systems where a fraction of the payload may remain
associated with the matrix even after prolonged release periods.

3.2.5. Invitro cytocompatibility and evaluation of the regenerative potential

In addition to antibacterial activity, dressing materials must be
biocompatible for wound-healing applications. To evaluate their in vitro

A 50007 %

. 4000 lf_!

= 500 rvm)

= B e
= = =
= = =
=] = =
1 1 1

Fluerescence (530

1] T 1 T T T
e P " LY
0% 907 O
0.20 N 2 T
015 47y sTe *T® ‘
E ‘
g 0.10
2
< p.05-
0.00

Collagen area {%)
5 &

P T
0 T l m i m I D
DA SR

o
1<)
& o

International Journal of Pharmaceutics 703 (2026) 127356

cytocompatibility and regenerative potential, an indirect culture setting
was employed. Porous inserts with the developed dressings were
mounted in culture wells, allowing the diffusion of soluble components
into the human dermal fibroblast cultures. This indirect exposure model
is widely used for biomaterial cytocompatibility screening, as it evalu-
ates the biological effects of released compounds while preserving
monolayer integrity and avoiding artefacts associated with direct ma-
terial contact, such as mechanical disturbance or heterogeneous
cell-material interactions (Pimton et al., 2022). The structural stability
of the dressings during 24 h of incubation in culture medium at 37°C and
buffered pH ensured consistent leachate exposure, supporting a reliable
cytocompatibility assessment and confirming adequate physiological
stability.

As shown in Fig. 6A and B, HDF cultures exposed to the dressing
leachates displayed metabolic activity and LDH release comparable to
the control, indicating a cytocompatible profile. All experimental groups
demonstrated a trend toward enhanced metabolic activity, with WD1;
and WDy, showing a statistically significant increase compared with the
control. These findings support the biological compatibility of the
developed matrices and suggest a stimulatory effect associated with Zn-
containing formulations. The observed metabolic enhancement is

Fig. 6. Invitro cytocompatibility assessment of the printed dressings with human dermal fibroblasts, after 24 h of incubation. A. Metabolic activity quantification by
the resazurin assay. B. Lactate dehydrogenase (LDH) release. C. Semi-quantitative analysis of collagen deposition following Sirius Red staining. D. Representative
microscopy images of Sirius-Red-stained fibroblast cultures. * Significantly different from control (C-), p < 0.05.
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consistent with the known role of Zn% ions in modulating fibroblast
function (Ma et al., 2024; Shao et al., 2025), particularly through the
promotion of cell adhesion, spreading, and proliferative activity within
regenerative microenvironments. The cytocompatibility of the single
materials herein used has been demonstrated across some wound
dressings, and increased cellular metabolic activity has been observed in
a wide range of ZnO concentrations, as released zinc ions can enhance
cell adhesion and proliferation (Ma et al., 2024; Wiesmann et al., 2021).

Regarding OCT-containing formulations (OCT-WD;;, OCT-WDy),
cytocompatibility results should be interpreted in light of the known
biological profile of this antiseptic. Its cationic character is known to
induce marked dose-dependent cytotoxicity, although the reported
cytotoxic concentrations vary according to the biological system, cell
population and exposure conditions (Cai et al., 2023; Mattar et al., 2025;
Abdel-Rahman et al., 2024). Based on the OCT content per sample, the
highest release measured after 24 h and the culture-medium volume, the
nominal OCT concentration in the present assay was estimated as 13.2
ug/mL. This value was substantially below the ICso reported in one study
(Cai et al., 2023), but within the concentration range associated with
cytotoxic effects in other cellular models (Mattar et al., 2025), further
highlighting the influence of the experimental system. Importantly,
previous work reported cytotoxicity following direct exposure to free
OCT, whereas exudates from OCT-loaded dressings preserved cell
viability (Mattar et al., 2025). In the present study, OCT-containing
formulations did not alter metabolic activity or LDH release relative to
unloaded counterparts, indicating preserved cytocompatibility under
the tested indirect-exposure conditions. These findings suggest that the
formulation and mode of exposure influence the biological response to
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OCT. Nevertheless, because the OCT concentration and freely bioavail-
able fraction in the culture medium were not directly measured, the
preserved cytocompatibility cannot be specifically attributed to
controlled release.

Considering collagen deposition, all experimental groups exhibited
levels comparable to the control (Fig. 6C and D), with a trend toward a
modest increase in the alginate-based formulations. This trend may be
related to the known ability of alginate matrices to support fibroblast
activity and extracellular matrix deposition, including collagen synthe-
sis (Porrelli et al., 2021). Collagen is a key structural component of the
extracellular matrix (ECM) and plays a critical role in the wound-healing
process, serving as a template for cell migration and tissue remodeling
(Zheng et al., 2022). Consequently, its deposition is indicative of a
preserved fibroblast function and supports an adequate healing
response, further indicating the suitability of the developed dressings,
including those loaded with OCT.

Wound closure represents a pivotal stage in tissue repair. The in vitro
scratch assay is widely employed to evaluate cell proliferation and
migration due to its straightforward execution, reproducibility, and
cost-effectiveness (Chen et al., 2019). As shown in Fig. 7, the control and
experimental groups exhibited similar wound closure at 24 h, with
evident spaces between the migrating cells. At 48 h, wound closure
exceeded 80 % in all groups, with the WD;;, ALG-WD;1, WDy, and ALG-
WD2g groups achieving approximately complete closure, demonstrating
a significant improvement compared with the control and OCT-loaded
groups.

These findings highlight the regenerative potential of the developed
ZnO-alginate matrices for wound-healing applications (Ma et al., 2024;
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Fig. 7. In vitro scratch assay in human dermal fibroblasts exposed to the printed dressings. A. Representative microscopy image of the cell monolayer immediately
after scratching. B. Representative microscopy images of control and experimental groups at 24 and 48 h. C. Semi-quantitative analysis of wound closure. *

Significantly different from control (C-) at 48 h, p < 0.05.
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Shao et al., 2025). The improved performance may be attributed to
zinc’s biological activity in modulating oxidative balance and inflam-
matory signaling, including the neutralization of reactive oxygen species
(ROS) and excessive pro-inflammatory responses, ultimately preserving
cellular integrity within the wound environment (Martin et al., 2024;
Tayyeb et al., 2024). Furthermore, Zn ion release can promote fibroblast
attachment and proliferation, thereby accelerating the healing process
(Ma et al., 2024; Shao et al., 2025). OCT-loaded groups showed per-
formance similar to the control, indicating satisfactory healing poten-
tial, although slightly lower than that of the unloaded formulations, just
at 48 h. This difference may reflect cumulative OCT exposure in the
culture medium at 48 h, which can impact HDF migration and prolif-
eration, whereas in vivo, fluid turnover and tissue clearance would likely
prevent local accumulation (Rakkan et al., 2024). Nonetheless, all
experimental groups demonstrated adequate in vitro healing perfor-
mance, supporting their progression toward in vivo biocompatibility
assessment.

3.2.6. In vivo biocompatibility

The in vivo biocompatibility of the printed dressings was evaluated
through subcutaneous implantation for 7 and 15 days (Figs. 8 and 9).
This model enabled assessment of the short-term local tissue response
under physiological conditions, complementing the rheological char-
acterization performed at 37°C. At day 7, all dressing formulations were
detectable as non-staining structures with noticeable areas of structural
disassembly, indicating early structural fragmentation. A thin, fibrous
capsule composed predominantly of collagen fibers oriented parallel to
the implant surface was observed surrounding all materials, indicating
an early maturation phase of the peri-implant interface. Additionally, the
capsule was encircled by numerous spindle-shaped fibroblastic cells

WD,
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with elongated nuclei, newly formed blood capillaries indicative of early
vascularization, and scattered mononuclear inflammatory infiltrate.
These features are consistent with a controlled foreign-body reaction
associated with mild chronic inflammation and ongoing physiological
tissue repair, supporting a favorable early host-tissue tolerance profile.
Importantly, no microabscesses, necrotic foci, or acute suppurative
inflammation were identified. Comparative histological evaluation
revealed no discernible differences among the various dressing formu-
lations, regardless of ZnO concentration or the presence of ALG or OCT,
supporting a comparable early biocompatibility profile across all tested
materials.

At day 15, the printed dressings remained detectable in the subcu-
taneous tissue, with no clear evidence of cellular colonization. However,
they appeared more fragmented and discontinuous, with additional
fibrotic compartments, indicating progressive structural disassembly.
The fibrous capsule was notably thicker and more organized, with
densely packed collagen layers and reduced cellularity and neo-
vascularization compared to day 7. Inflammatory cells were sparse to
nearly absent, indicating a diminished — and in most areas near resolved
— inflammatory response, consistent with a progression toward tissue
remodeling and ongoing repair, and supporting good host tissue toler-
ance to the degrading material.

These findings demonstrate the favorable in vivo biocompatibility of
the developed zinc-alginate-based dressings, which exhibit high
biocompatibility upon subcutaneous implantation, typically eliciting
only minimal-to-mild inflammatory responses without evidence of ne-
crosis or systemic toxicity (Bar-Shai et al., 2025; Kumar et al., 2023).
Although the increased fragmentation observed between days 7 and 15
suggests progressive structural disassembly, the present short-term his-
tological evaluation was not designed to determine degradation kinetics

Fig. 8. Invivo biocompatibility assessment. Representative histological images of subcutaneous implantation sites after 7 days, stained with H&E. Red arrow — Blood
vessels; Orange arrow — Fibrous capsule; Black arrow — Implanted dressings; Blue arrow — Macrophages; Green arrow — Fibroblasts; White arrow — Muscle tissue.
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Fig. 9. In vivo biocompatibility assessment. Representative histological images of the subcutaneous implantation site after 15 days, stained with H&E. Red arrow —
Blood vessels; Orange arrow — Fibrous capsule; Black arrow — Implanted dressings; Blue arrow — Macrophages; Green arrow — Fibroblasts; White arrow — Mus-

cle tissue.

or complete material resorption. Notably, the incorporation of OCT did
not alter the host response compared to unloaded dressings, supporting
the in vivo biocompatibility of the cationic antiseptic within the devel-
oped platform. The superior biocompatibility index of OCT, relative to
conventional antiseptics, such as cetylpyridinium chloride and chlor-
hexidine, likely underpins the favorable histological outcomes observed
in the present study (Mattar et al., 2025; Muller and Kramer, 2008).

4. Conclusions

An innovative wound dressing platform was successfully developed
through 3D printing with unique regenerative and healing inks that
integrate alginate, ZnO, and HPC. Overall, this study also provides
proof-of-concept that the produced regenerative dressings are suitable
for further drug loading, assuring therapeutic customization when
needed.

Suitable printable inks were achieved with HPC supplementation,
showing a positive impact on the printing performance, fitting a shear-
thinning behavior, and a final product close to the theoretical digital
model. Developed dressings demonstrated consistent cytocompatibility
in both in vitro and in vivo models, with metabolic activity, LDH release,
and host response comparable to those in control conditions. Addi-
tionally, their regenerative potential was further supported by compa-
rable collagen deposition and wound-closure performance, with wounds
achieving near-complete closure within 48 h. Incorporation of a model
drug, i.e., octenidine, within the dressing pores provided antibacterial
and antibiofilm activity to the loaded dressings, and the drug release
profile over time was consistent with a specific release model. Moreover,
OCT-loaded dressings preserved the biocompatibility of the drug-free
formulations, supporting both their capacity to incorporate active
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compounds within their pores and their biological suitability as a
promising platform for advanced wound management.

The study demonstrated the potential of using a semi-solid extrusion
3D printing technology to produce dressings intended for chronic
wounds that can also be customized by changing the dressing’s
conformation or by incorporating active compounds according to the
patient’s needs.
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