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Hydrogels with multifunctional properties activated at specific times have gained significant attention in
the biomedical field. As bacterial infections can cause severe complications that negatively impact
wound repair, herein, we present the development of a stimuli-responsive, injectable, and in situ-
forming hydrogel with antibacterial, self-healing, and drug-delivery properties. In this study, we prepared
a Pluronic F-127 (PF127) and sodium alginate (SA)-based hydrogel that can be targeted to a specific
tissue via injection. The PF127/SA hydrogel was incorporated with polymeric short-filaments (SFs)
containing an anti-inflammatory drug - ketoprofen, and stimuli-responsive polydopamine (PDA)
particles. The hydrogel, after injection, could be in situ gelated at the body temperature, showing great
in vitro stability and self-healing ability after 4 h of incubation. The SFs and PDA improved the hydrogel
injectability and compressive strength. The introduction of PDA significantly accelerated the KET release
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under near-infrared light exposure and extended its release validity period. The excellent composites’
photo-thermal performance led to antibacterial activity against representative Gram-positive and Gram-
negative bacteria, resulting in 99.9% E. coli and S. aureus eradication after 10 min of NIR light irradiation.
In vitro, fibroblast L929 cell studies confirmed the materials’ biocompatibility and paved the way toward
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Introduction

Wound healing presents an intricate challenge in modern
medicine, necessitating a comprehensive approach due to its
dynamic and spatiotemporal nature." This process encom-
passes overlapping and interacting hemostasis, inflammation,
proliferation, and remodeling phases.”> Damage to the human
skin by pathogenic factors disrupts its integrity, rendering
the epidermal site susceptible to infection and inflamma-
tion, hindering wound repair, and potentially leading to
septicemia.>* Chronic wound problems have been progres-
sively growing due to the increasing number of elderly and
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further in vivo and clinical application of the system for chronic wound treatments.

the prevalence of lifestyle diseases. Despite the availability of
numerous therapeutic options, their efficacy remains limited.’
Consequently, there is an urgent need to develop innovative
materials to optimize chronic wound treatment outcomes.®
Chronic wounds typically occur in patients with comorbidities,
and these wounds take more than three weeks to heal and
impede the transition from the inflammatory to the prolifera-
tion phase.” Persistent inflammation within the wound micro-
environment, triggered by factors like a bacterial infection, may
prompt fibroblasts to enter a senescent state.® The presence of
senescence-like fibroblasts hampers the recruitment of suffi-
cient neutrophils, forming a biofilm - a self-generated poly-
saccharide matrix produced by bacteria.” This biofilm acts as a
shield, protecting bacteria from pharmacological treatment
and neutrophil attacks, thus perpetuating the chronic state of
the wound."® Given the intricate and multifaceted nature of the
wound-healing process, an ideal wound dressing should effi-
caciously ameliorate the diverse impediments encountered
during wound healing. In addition to the timely delivery of
anti-inflammatory agents, bacterial-infected injuries represent
a significant challenge."” Moreover, the recent surge in
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bacterial drug resistance has emerged as a formidable menace
to human health, necessitating the exploration of novel anti-
bacterial modalities.® A cutting-edge non-invasive therapeutic
approach known as photo-thermal therapy (PTT) has emerged,
demonstrating remarkable potential in conferring antibacterial
attributes through photo-thermal agents.">"?

Hydrogels gained popularity in this field due to their oxygen
permeability capacity, wound exudate absorption, and moist-
ure retention properties. Generally, hydrogels can be prepared
by the physical or chemical cross-linking process.'*'® The
physical cross-linking of hydrogels entails the creation through
hydrophobic interactions triggered by environmental stimuli
(e.g., temperature) acting upon the water-soluble polymer
chain.’®"” Thermo-sensitive hydrogels such as Pluronic-F127
(PF127) are a class of thermo-reversible gels with stimuli-
responsive polymer content that triggers self-assembly during
temperature changes. PF127 is a well-known material approved
by medical agencies for drug delivery applications that helps
control drug release from the matrix.'® PF127 exhibits a lower
critical solution temperature (LCST) and has a phase transition
in the 20-25 °C temperature range, depending on the concen-
tration and addition of other components.'® However, the
physically gelated hydrogels exhibit low stability and resistance
to degradation. For example, Shah et al. developed an injectable
platform made of PF127, hyaluronic acid, and pullulan, which
degraded 100% within less than 24 hours.*°

Besides, the shape of traditional hydrogel dressings, which
come in sheets and require pre-application preparation, results
in insufficient coverage of wounds with irregular contours and
incomplete penetration into deeper wounds.>’ On the other
hand, hydrogel dressings represent significant advancements
in treating atypical wounds.>”> Nevertheless, these materials
suffer from prolonged gelation time, lack mechanical strength,
and an absence of natural extracellular matrix (ECM)-like
components. The introduction of additional ion cross-linked
components such as sodium alginate (SA) can improve the
stability of the system by prolonging the degradation time,
improving the mechanical strength, and entrapping polydopa-
mine (PDA) particles and short-filaments (SFs), preventing their
escape and deaccelerate drug release, targeting more sustained
kinetics. Importantly, the addition of SA can also elevate the
gelation temperature (Tg.;) of PF127 closer to the human body’s
natural temperature, making the system suitable for biomedi-
cal applications.*

Many hydrogels with embedded fibrous membranes have
been reported in the literature. Electrospinning is one of the
most promising techniques to fabricate fibers for regenerative
medicine and wound healing. It can be used to produce
biomaterial mimicking the properties of the ECM components,
which is essential for enhancing the efficacy of diverse ther-
apeutic approaches and improving hydrogel biocompatibility.**
In this frame, Jang et al. presented the fabrication of a 3D
nanofiber-reinforced hydrogel composite prepared using layer-
by-layer electrospinning. Compared to pure hydrogel, the struc-
ture enhanced compressive strength and stiffness by 221% and
434%, 1respectively.25 However, due to the limited interfacial
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interaction between the fibrous mat and the hydrogel matrix,
these composites may experience delamination, leading to an
unstable structure. Moreover, such structures are unsuitable
for further injectability in personalized wound dressing pre-
paration. To address these limitations, notable progress has
been achieved in developing hydrogels incorporating SFs by
integrating segmented fibers within the hydrogel network.>*3°
These SFs-embedded hydrogels possess the dual capability
of effectively recapitulating the ECM and being injectable
through small-size needles, meeting the requirements for clin-
ical applications.®'

Timely delivery of anti-inflammatory drugs can quickly
regulate the levels of various inflammatory factors and normal-
ize the inflammatory response of chronic wounds with persist-
ing inflammation.”** Furthermore, introducing non-steroidal
anti-inflammatory drugs (NSAIDs) such as ketoprofen (KET)
presents an adjunctive therapeutic wound approach, achieved
through modulating macrophage polarization and facilitating
the healing of chronic wounds.*® The ideal drug delivery system
(DDS) should exhibit adjustable and controllable drug release
kinetics to induce efficacious and safe therapeutic outcomes.
Introducing anti-inflammatory agents, such as KET, allows the
composite of an on-demand drug delivery system (DDS) when
combined with a photo-responsive agent.***> Photo-responsive
particles can accelerate drug release from the carrier via loca-
lized heat generation during NIR light irradiation.**® For
this reason, the addition of photo-thermal particles like PDA
can be exploited during PPT, simultaneously providing a more
efficient drug delivery and antibacterial properties to the sys-
tem. PDA stands out due to its photo-absorbing capability,
straightforward manufacturability, remarkable photodegrada-
tion resistance, advantageous biodegradation propensity, and
biocompatibility as an analog to naturally occurring melanin.>®
Thus, integrating PDA enables the fabrication of stimuli-
responsive materials with applications in bacteria eradication
and drug delivery.

In this study, we present a development of injectable, in situ-
forming hydrogel with on-demand drug delivery and antibac-
terial properties. More in detail, we prepared thermo-sensitive
interpenetrating hydrogels made of PF127 and SA with excel-
lent stability.*® Adding drug-containing SFs and photo-thermal
PDA increased the local temperature due to NIR light-heat
conversion and allowed the eradication of E. coli and S. auereus.
Moreover, repeated NIR irradiations accelerated the KET
release due to temperature elevation, resulting in gradual drug
release kinetics. Additionally, we presented a novel mechanical
approach for developing SFs containing active agents with low
loss of active molecule content. In Scheme 1, the procedure of
the material preparation to its possible application is pre-
sented. Briefly, the electrospinning technique was used to
prepare the aligned poly(p,L-lactide-co-glycolide) (PLGA) mat
on a high-speed rotatory drum collector. The mat was frozen
and cut into stripes using the cryostat equipment. The poly-
meric stripes were homogenized, washed with deionized water,
and lyophilized. The SFs powder was mixed with PF127/SA
hydrogel, and PDA particle powder was added. The final
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https://doi.org/10.1039/d3tb02693k

Published on 27 January 2024. Downloaded on 10/17/2025 6:24:56 AM.

Journal of Materials Chemistry B

Electrospinning Aligned mat
R1
PLGA I
\ £ p— Ketoprofen
!
" |
2500 rpm
P
) /l"°n,‘
@ &5 min C‘~p7
15000 rpm L ey '
la O*Cf(
G,
Jlg/; C.l/?
Filtration

N

Ice-cold water
washing (4°C)

Ice-cold SFs
suspension (4°C)

Scheme 1

material can possibly be injected onto the skin surface, cover-
ing the irregular wound and providing delivery of anti-
inflammatory KET and anti-bacterial properties.

Materials and methods

Materials

Poly(p,L-lactide-co-glycolide) (PLGA, PDLG 5010 with lactide:
glycolide 50:50, Corbion Purac, Netherlands); 1,1,1,3,3,3-
hexafluoro-2-propanol (HFIP, Acros Organics, USA); ketoprofen
(Sigma-Aldrich, Poland, >98% (TLC)); Tissue-Tek® O.C.T.
compound (Sakura Finetek, USA); HEPES; sodium alginate
(Sigma-Aldrich, Poland, alginic acid sodium salt from brown
algae, low viscosity); pluronic F-127 (Sigma-Aldrich, Poland);
dopamine hydrochloride (Sigma-Aldrich, Poland); tris HCI
(Sigma-Aldrich, Poland); bovine serum albumin (BSA) (Sigma-
Aldrich, Poland); hexamethyldisilazane (HMDS) (Sigma-
Aldrich, Poland); phosphate buffer saline (PBS) (Sigma-
Aldrich, Poland); Triton X (Sigma-Aldrich, Poland); DAPI
(Sigma-Aldrich, Poland); and L929 murine fibroblasts (Sigma-
Aldrich, Poland); Dulbecco’s modified Eagle’s medium
(DMEM) (Gibco Invitrogen, USA); fetal bovine serum (FBS)
(Gibco Invitrogen, USA); penicillin-streptomycin (PS) (Gibco
Invitrogen, USA); and EDTA-trypsin (Gibco Invitrogen, USA);
Alexa Fluor 488 Phalloidin (Thermo-Fisher Scientific, USA); live/
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dead assay (Thermo-Fisher Scientific, USA); lysogeny broth (LB)
and lysogeny agar (LB agar) (A&A Biotechnology, Poland);
Gram-negative bacteria Escherichia coli (E. coli) ATCC 25922
and Gram-positive bacteria Staphylococcus aureus (S. aureus)
ATCC 6538 (Pol-AURA, Poland).

Methods

Preparation and characterization of electrospun filaments.
The electrospinning polymer solution was prepared by dissol-
ving 9% (w/w%) PLGA in a HFIP solvent. Subsequently, KET
was introduced into the solution at a final concentration of
15% (w/w) relative to PLGA. Electrospinning was performed
using a 15 kV positive voltage applied to a cut and blunt 24G
needle. The flow rate of the electrospinning solution was
maintained at 800 pL h™' throughout the entire process. To
fabricate the aligned PLGA mat, the fibers were collected on a
grounded rotating drum collector spinning at 2500 rpm, posi-
tioned 15 cm away from the needles’ tip. The electrospinning
process was carried out at a temperature of 22 °C and a
humidity level of approximately 50-60%. As a reference, a PLGA
mat without KET was prepared under the same conditions. The
resulting nanofibrous mats were sectioned into 1 X 2 cm
rectangles and frozen in Tissue-Tek. Subsequently, samples
were cut using a cryostat perpendicular to the alighment into
5 um stripes. The obtained stripes were homogenized for 5
minutes at 15000 rpm (PT2500E, Kinematica) and washed at
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least 3 times with distilled water by centrifugation, leading to
SFs production.

Polydopamine synthesis. The PDA particles were synthesized
according to the method presented by Bernsmann et al. using
the dopamine hydrochloride oxidation process.*’ The dopa-
mine hydrochloride was immersed in the tris buffer solution
(pH = 8.5) and left stirring to form PDA particles for 24 hours.
The suspension was moved into the dialyzing bag and put into
a beaker filled with 1.5 L of MilliQ water. The dialyzing process
was conducted for 7 days to remove all possible cytotoxic
dopamine leftovers. The particles were freeze-dried and stored
in powder form.

Preparation of hydrogel composite and stability test. The
physically blended hydrogels consisting of thermo-gelated
PF127 and calcium-ion-crosslinked SA were prepared by creat-
ing an interpenetrating polymeric network. A physical combi-
nation of PF127 and SA was prepared using the weight-to-
volume ratios (w/v%) of PF127/SA, specifically 17.5%/1.5%.
The solution concentration was selected based on the Chou
et al. research.”® First, the separated water solutions of PF127
and SA were prepared. PF127 formulations were prepared
according to the cold method by Schmolka.*” Briefly, PF127
was dissolved in deionized water at a temperature under 4 °C
and continuous stirring. The solutions were equilibrated undis-
turbed for a minimum of 24 h at 4 °C. The SA was dissolved in
water at 37 °C under continuous stirring, cooled, and mixed
with PF127 stock solution to obtain the final concentration of
PF127/SA equal to 17.5%/1.5% (w/v%), respectively. The mate-
rial was mixed with lyophilized SFs powder and PDA particles
using an ultrasonic bath until a homogenous suspension was
prepared. The final composition was 17.5%/1.5%/0.5%/1% of
PF127/SA/PDA/SF, respectively.

Sol-gel transition analysis and stability of hydrogel. Sol-gel
phase transitions of aqueous blends were attained by the tube-
inversion method using a water bath set to the desired
temperature. The Ty was tuned with different component
concentrations, as mentioned above. The tube inversion
method represents a procedural approach to determining the
transition between sol and gel states by observing the system’s
flow or non-flow characteristics within an inverted vial. Briefly,
1 mL of each homogenous solution was placed in the vials and
cooled at 4 °C for 1 hour. All the vials were immersed in a water
bath with temperature control. The temperature was changed
by 1 °C for 5 minutes, from 20 °C to 55 °C. To determine the
gel-sol transition temperature and evaluate the construct sta-
bility at the desired temperature during laser irradiation (see
below). Moreover, the stability of the hydrogel precursor sus-
pension was investigated by determining the sedimentation
rate over time in order to confirm that components such as SFs
and PDA do not tend to sediment fast and agglomerate during
storage.

Physiochemical characterization

Differential scanning calorimetry (DSC). DSC analysis deter-
mined the polymeric nanofibers’ glass transition temperature
(Ty) and the structurization effect on this parameter. The
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measurements were conducted using a PYRIS-1 DSC PerkinEl-
mer calorimeter, and data were analyzed using OriginPro soft-
ware. The materials were analyzed from 0 to 100 °C with a rate
of 10 °C min~ ' and the samples weighed approximately 2.5 mg.
Using the intersection of tangents, T, was determined in
OriginPro software from the cooling curves.

Fourier-transform infrared spectroscopy (FTIR). Chemical
bonds were analyzed using Fourier Transform Infrared spectro-
scopy. The spectra were obtained between 400 and 4000 cm™*
with a resolution of 2 ecm ™', and 12 scans were acquired for
each sample with VERTEX 70 (Bruker) equipment. The cross-
linked hydrogel samples were lyophilized before the measure-
ment. The spectra of the PLGA mat, PLGA SFs containing KET,
and dry KET powder were obtained, as well as spectra of single
hydrogel components and hydrogel composite after the freeze-
drying process.

Dynamic light scattering (DLS). Size distribution (dynamic
light scattering method) of PDA particles was measured using a
Zetasizer Nano ZS, model ZEN3600 (Malvern Instruments,
Malvern, UK). A concentration of 10 pg mL ' PDA was used
for the analysis. Each sample was measured in triplicates after
sonication and 10 min of stabilization at 25 °C.

Microstructure. The scanning electron microscope (SEM)
and Field Emission Scanning Electron Microscope (FE-SEM)
were utilized to observe the morphological characteristics of
the hydrogels. Unorganized gels underwent a process of cross-
linking, washing, and reaching a state of equilibrium through
swelling at a temperature of 37 °C, after which they were
subjected to freeze-drying in a lyophilizer for 24 hours. Subse-
quently, the PF127/SA, PF127/SA/SFs, and PF127/SA/PDA/SFs
hydrogels were coated with a layer of gold and visualized using
the SEM and FE-SEM.

Equilibrium swelling ratio (ESR), and moisture content
(MC). The ESR was performed at a physiological temperature
of 37 °C in HEPES solution (pH = 7.4). The gelated and cross-
linked PF127/SA, PF127/SA/SFs, and PF127/SA/SFs/PDA hydro-
gels were dried until an equilibrium dry weight was reached.
Accurately weighted hydrogels were immersed with HEPES
solution and placed at 37 °C. The change in mass was measured
at predefined time point intervals. Results were recorded until
the equilibrium in weight was achieved. The ESR parameter
was calculated using the following formula:

ESR = (Wq — Wp)/We x 100%

where Wy is the initial weight of dry hydrogel, and Wt is the
final weight of hydrogels at pre-defined time points. The MC
was measured similarly using the hydrogel weight before and
after dehydration as follows:

MC = (W, — Wo)/W, x 100%

where W,, is the wet weight before dehydration and W, is the
dry weight after dehydration.

Compression tests. The compression tests on hydrogel
composites were conducted using the texture analyzer
(CTX TA, Brookfield Ametek), featuring a 50 N load cell and
maintaining a constant rate of 1 mm min~'. Compressive

This journal is © The Royal Society of Chemistry 2024
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stress—strain profiles were recorded, and the compressive
strength was defined as the stress at the point of sample
fracture during the experiment. The compressive modulus
was computed through linear regression applied to the
stress—strain curve within the 10 to 15% strain range.

Injectability. The PF127/SA solution pure or containing SFs
or SFs/PDA was injected through a 24G needle (30 mm long)
connected to the 1 mL syringe, using a texture analyzer with
custom-made syringe holder. The 50 N load cell imparted
uniform force to the syringe piston through a special custom-
made connector. 500 puL of the solution was ejected with the
1 mm s ' speed into the vial (atmospheric pressure). The
apparatus recorded the force required to push the plunger.

Photo-thermal characterization. The variation in tempera-
ture of the materials after the formation of hydrogel structure
in response to infrared irradiation was quantified using an
infrared thermal imaging apparatus (FLIR A655sc thermal
camera) and NIR laser (Laser MDL-H-808/5W1, CNI Optoelec-
tronics Tech). The thermal characterization was performed for
the materials in a wet state, and the NIR laser power-AT
dependence was investigated. Different concentrations of PDA
were tested (0.25%, 0.5%, 0.75%, 1%, 1.5% wt to the hydrogel
content) by an 808 nm NIR laser irradiation for a specified
period. The temperatures were recorded every second using the
FLIR studio program setup. The final material was optimized to
reach > 55 °C within 5 minutes of laser irradiation to effectively
eradicate the bacteria and deliver the drug to the wound site on
demand.

In vitro drug release studies and release kinetics. Release
studies of KET from materials before and after structurization
into SFs and from PF127/SA structures were carried out. The
unstructured mats were sectioned into rectangular pieces
(1 cm x 1 cm) weighing approximately 10 mg and immersed
in 1 mL phosphate-buffered saline (PBS) solution with a pH of
7.4. The solutions were collected at specified time points.
Approximately 10 mg of lyophilized SFs were prepared and
placed in 1 mL of the same releasing medium to determine the
drug loss during material structuration and investigate the
change in releasing kinetics. The solution was collected after
centrifugation of the sample at 15000 rpm for 3 minutes. The
drug release studies were performed in different conditions to
investigate the temperature-dependent kinetics - room tem-
perature, 37 °C, 46 °C, and 55 °C. At room temperature, samples
were placed in 2 mL vials on the glass hot plate heated up to
35 °C to mimic the on-skin conditions as precisely as possible.
The NIR irradiation delivery tests were performed at similar
conditions to room temperature samples. Briefly, PF127/SA/
PDA/SFs hydrogels were put into 2 mL vials and exposed to NIR
laser irradiation for 10 minutes at every predetermined time
points. Every releasing condition was performed in 3 repeti-
tions for evaluation.

The KET concentration released at each time point was
measured using a UV-spectrometer (Multiskan GO, Thermo
Scientific). The 260 nm maximum absorption peak was deter-
mined using the reference KET standard used for the prepara-
tion of the materials. The final concentration was calculated
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according to the prepared calibration curve. The measurements
for polymeric material were conducted against PBS blank
samples. Meanwhile, measurements from hydrogel materials
were conducted against the solution collected from the refer-
ence samples. The reference samples consisting of hydrogels
devoid of drugs and immersed in PBS solution were applied to
avoid any interferences from the hydrogel component.

In vitro cell studies

Cell culture and seeding. 1929 murine fibroblasts were
seeded on cell culture dishes and cultured in DMEM supple-
mented with 10% FBS and 1% PS. Cells were incubated at 37 °C
and 5% CO,, and the culture medium was refreshed every two
days. When cells reached a confluence of ~80%, they were
detached from the culture dish, washed in PBS, and incubated
for 3 minutes in 0.05% EDTA-trypsin at 37 °C and 5% CO,.
Cells were centrifuged at 1200 rpm for 5 min, forming a cell
pellet. The pellet was resuspended in a culture medium and
seeded in 96-tissue culture plates at a density of 10 000 cells per
well. Cells were incubated for 24 hours in DMEM to allow an
optimal attachment to the well bottom and used the following
day for the indirect cytotoxicity test.

Sample preparation and collection of extracts. PDA and
alginate powder, as well as freeze-dried SFs, were sterilized
under UV light for 30 min. Hydrogel preparation was carried
out in sterile conditions using filtered HEPES and CaCl,. The
resulting PF127/SA/PDA/SFs, PF127/SA/SFs, and PF127/SA were
washed for 1 week in sterile HEPES and subsequently weighed.
Samples were then incubated for 24 hours in a calculated
volume of DMEM according to their weight as suggested by
the ISO standard (0.2 g mL™'). Extracts were collected and
filtered through a 0.22 um filter and used to replace cell culture
media in contact with the seeded cells. Fresh DMEM was used
as a control condition.

Cell viability. Cell viability was observed after staining the
cells with a live/dead assay Kkit. Briefly, cells were washed with
PBS and incubated for 10 minutes in a staining solution made
of calcein (0.5 pL. mL™') - to stain alive cells in green - and
ethidium homodimer (2 pL mL™") - to stain dead cells in red.
After three washing steps, cells were imaged with a confocal
microscope (Leica TCS SP5 X). The percentages of cell viability
were measured using Image] (Cell Counter plugin, National
Institute of Health, USA).

Cell proliferation. The proliferation of the cells was evalu-
ated using a PrestoBlue assay. At time points 1, 3, and 7 days of
culture, cells were incubated in a PrestoBlue solution (10% (v/v)
in culture medium) for 1 hour at 37 °C and 5% CO,. Five
replicates of each tested condition were used for the analysis.
After 1 hour, the PrestoBlue solution in contact with the cells
was collected in 100 pL aliquots, transferred to a 96-well plate,
and measured with a fluorometer (Fluoroskan Ascent TM
Microplate Fluorometer, Thermo Scientific) with 530 nm exci-
tation and at 620 nm emission.

Cell morphology. The morphology of the cells was visualized
in confocal images of cells fixed at days 3 and 7 of culture. The
staining protocols provides a first washing with PBS and fixing
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of the cells in 4% paraformaldehyde for 15 min at room
temperature. Cells were washed in PBS and treated with 0.3%
(v/v) Triton X-100 solution for 15 minutes. Subsequently, a
solution of 1% (w/v) BSA in PBS was added for 30 minutes.
Samples were incubated in 1:40 Alexa Fluor 488 Phalloidin in
PBS for 40 minutes while protected from light. Lastly, the nuclei
of the cells were stained with 1:500 DAPI solution in PBS for
10 min. Three final washing steps were performed, and cells
were imaged with a confocal microscope (Leica TCS SP5 X).

Evaluation of antibacterial properties. E. coli (ATCC 25922)
and S. aureus (ATCC 6538) were cultured on lysogeny broth (LB)
agar and isolated with a streak plate method. During the
experiment, a bacteria colony was isolated and inoculated in
3 mL of fresh LB broth. The solution was incubated overnight
in an orbital shaker at 37 °C.

Bacterial inactivation. PDA and SA powder, as well as freeze-
dried SFs, were sterilized for 30 minutes under UV light to
decrease the bioburden. The hydrogels were prepared in fil-
tered HEPES under the laminar hood using filtered CaCl,.
Prepared PF127/SA/PDA/SFs, PF127/SA/SFs, and PF127/SA were
placed in sterile flat-bottom 96-well plates for NIR irradiation.
One colony of E. coli or S. aureus bacteria was isolated and
incubated overnight in LB broth (3 mL). The day after, it was
diluted in sterile PBS to obtain a dilution of 10° colony-forming
units (CFU) ml~". 100 pl of bacterial solution was then added to
the samples in each well. After optimization of the experi-
mental protocol, materials were exposed to NIR irradiation
for 10 min in the case of E. coli and 20 min in the case of
S. aureus. The pure bacterial suspension was tested as a positive
control. At the same time, control samples were incubated at
room temperature (RT) in the dark for 10 min with no irradia-
tion. Materials were tested in triplicates. After the optimized
test time, 100 puL of sterile PBS was added to each well, and the
bacteria were gently resuspended. Then, 100 pL aliquots of the
resulting diluted solution were transferred to a second 96-well
plate and serially diluted. 3 technical repetitions of each dilu-
tion were carried out and plated on LB agar plates. Plates were
incubated overnight at 37 °C, and the bacterial survival was
investigated by counting the bacterial colonies. The plating
technique limited the highest inactivation degree. It was
detected at 3 log units of CFU mL ™", allowing the detection of
a survival rate of >0.1%. Finally, to be able to macroscopically
observe the bacteria survival at 0.05%, after the test, the
bacteria suspensions in contact with the materials were further
diluted 10 times and spread evenly on representative LB agar
plates with the help of a glass spreader. Samples were incu-
bated overnight at 37 °C, and representative photos were
captured the following day.

Statistical analysis

The tests were performed at least in n > 3 repetitions. All data
were presented as mean =+ standard deviation (SD). A one-way
analysis of variance (ANOVA) and an analysis of variances (Tur-
key’s test) was used to determine differences (p value <0.05: *p <
0.05, **p < 0.01, ***p < 0.001, ***p < 0.0001).
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Results and discussion

Herein, we crafted hydrogels, which are responsive to tempera-
ture changes, by combining PF127 and SA, resulting in highly
stable formulations. The electrospun drug-containing polymer
SFs were incorporated into the material, and by the addition of
photo-responsive PDA, we could raise the local temperature
through NIR light-heat conversion, effectively eliminating
E. coli and S. aureus. Furthermore, repeated NIR treatments
expedited the release of KET by raising the temperature,
resulting in a gradual drug release pattern. The SFs were
prepared using the cryocut technique. The end product could
potentially be administered topically to cover irregular wounds,
facilitating the delivery of the anti-inflammatory KET and
offering antibacterial properties (Scheme 1).

Electrospun fiber characterization.

PLGA polymer was selected as the material for the segmented
fibers preparation owing to its favorable biocompatibility,
biodegradability, robust mechanical attributes, and Ty slightly
above the body temperature.**** Recently, many studies
reported different methodologies for the SFs preparation,
including both mechanical and chemical approaches.*> Wang
et al. proposed a chemical aminolysis of fibrous mat leading to
amino-modified electrospun PLGA SFs with uniform
distribution.>" Nevertheless, it is worth noting that the amino-
lysis process or other chemical modifications carry substantial
danger for drug-containing materials. Wang et al. prepared silk
fibroin fibers using the ultrasonication method. This study
provided data about the impact of ultrasonic power and the
influence of the medium on alterations in shape, surface
characteristics, and structural transformations. However, the
technique uses an acidic aqueous medium and necessitates an
extended, ideal processing duration, potentially leading to drug
loss in the formulation.*® On the other hand, Broda et al
proposed a novel approach for PCL SFs preparation. The
method involves cryo-cutting of an aligned mat followed by
sono-homogenization. SFs were characterized by excellent dis-
tribution and lack of agglomeration.”® It has been demon-
strated that the lack of branching and highly aligned polymer
mat makes it more straightforward to disperse into individual
fibers, and fewer agglomerates are formed.*”*® Inspired by
their work, we devised the idea of drug-releasing SFs. The
electrospinning process was optimized to prepare aligned
fibers free of beads and branching (Fig. 1(A)). The alignment
process of the electrospun mat was conducted using a high-
speed rotary collector (Fig. 1(B)). The alignment process
improved the average fiber diameter distribution from 2.15 +
0.58 um (n > 100) before the alignment to 0.86 &+ 0.18 um (n >
100) after (Fig. 1(C)). The fibrous mat was cut into squares and
sectioned using the cryostat, followed by homogenization,
washing, and freeze-drying. Cryosectioned lyophilized poly-
meric single fibers were visualized under SEM. It can be seen
that SFs showed undamaged structures with a lack of signifi-
cant agglomerations (Fig. 1(D) and (E)). The average length
distributions of SFs were measured. The fibers displayed short
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Fig. 1 Graphs representing characterization of electrospun material. (A) SEM image of PLGA mat as spun. (B) SEM image of aligned PLGA mat. (C) Fiber
diameter of not aligned (2.15 £+ 0.58 pm) and aligned fibers (0.86 £+ 0.18 pm). (D) and (E) SEM images of SFs at different magnifications showing the
structure of single filaments after structurization. (F) SFs length distribution of mean value 22.3 + 15.2 um. (G) DSC of polymeric material representing the
T4 before structurization into SFs (45.5 °C) and after (44.3 °C). (H) FTIR of material before and after structurization containing KET.

length (22.3 £ 15.2 um (r > 250)) and proper uniformity
(Fig. 1(F)). The DSC analysis was performed in the 0-100 °C
temperature range to determine polymer T, and structurization
effect on this parameter. T, is commonly characterized as the
temperature at which a polymer transitions from a rigid, glassy
state to a relatively compliant, rubbery state. During the glass
transition, the disordered molecular chains within the amor-
phous region begin to disentangle, enhancing the mobility of
the polymer chains and resulting in a softening of the rubbery
substance.***® As Lappe et al. showed, T, is a crucial parameter
for controlling the drug release kinetics from the polymeric
matrix.”® Exceeding the 7y significantly accelerates the release
and burst phase while maintaining the temperature below T,
results in sustained release kinetics with lower initial burst.

This journal is © The Royal Society of Chemistry 2024

The DSC showed that the electrospun PLGA mat before cryo-
cutting displayed slightly higher T, (45.5 °C) than SFs prepared
from the same material (44.3 °C) (Fig. 1(G)). Exceeding the
aforementioned 44.3 °C temperature will be crucial in control-
ling the KET release from the SFs and the final photo-
responsive hydrogel material. FTIR spectra of the PLGA mat,
PLGA SFs containing KET, and KET were obtained (Fig. 1(H)).
The spectrum of the PLGA mat showed characteristic peaks at
2947 em™ ' and 2998 ecm ! corresponding to CH, CH2, and
CH3, functional group stretching vibrations, while the peak
near 1752 cm™ " appears due to C=0O0 stretching. A bond located
at 1089 cm™ " is associated with the symmetrical stretching of
the C=O0, and the 1171 cm™ " is attributed to the asymmetrical
stretching of the O-C-O bond.”"** The FTIR spectra of pure
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KET exhibited characteristic symmetric carbonyl peaks at
1694 cm™ ' and 1653 cm ™' due to the dimetric carboxylic and
ketonic group stretching vibrations, respectively.>® In order to
confirm the KET unchanged persistence in the PLGA structure
after the structurization to the SFs, the spectra of SFs + KET
were obtained. The pure drug’s characteristic acid carbonyl
stretching band appeared unchanged in the sample, and the
spectra were the sum of the pure components. No differences
were found in the PLGA and KET structures after the
structurization.

Hydrogel characterization

The impact of individual components on the PF127/SA hydro-
gel network, including SFs and PDA, was analyzed using SEM.
The prepared injectable hydrogel exhibits a microscopically
porous structure, crucial to retaining substantial water content
and enhancing the SFs loading and dispersion. SEM images of
PF127/SA showed a spongy surface with macro and micropores
and wavy grooves (Fig. 2(A)). Specific irregularly interconnected
structures and large pores within the network confirm the
inter-chain interactions. Injectable hydrogels must possess a
network of interconnected pores since a well-structured porous
microarchitecture is a foundation for the permeation of oxygen,
nutrients, and metabolites. The internal microporous structure
mimics the ECM and plays a vital role in biological activity and
tissue regeneration.>*>® The visual representations of PF127
displayed a surface morphology characterized by a loose and
coarse texture featuring tiny pores (Fig. 2(B)). SA showed an
even more rough and porous structure compared to the
complex PF127/SA, confirming the crucial influence of SA to
the final material characteristic morphology (Fig. 2(C)). The
influence of PDA on the hydrogel structure was also investi-
gated. The surface of the hydrogel became even more rough
and irregular, increasing the microporosity of the construct
(Fig. 2(D) and (E)). The water uptake of the hydrogels can be
attributed to the filling of macropores, followed by the gradual
accumulation of water in micropores. This process enables the
effective retention of a significant amount of water for drug
releases through diffusion.*® Production of hydrogel with
added fillers requires uniform filler dispersion within the
hydrogel structure. It is a crucial parameter impacting the
mechanical characteristics of composites.”” The PF127/SA
hydrogel, after cross-linking reinforced with SFs, was visualized
using a SEM (Fig. 2(F)) and optical microscope (Fig. 2(G)). It can
be seen that single fibers are homogeneously dispersed. Still,
small agglomerations occurred during hydrogel formation due
to the hydrophobic nature of PLGA that tends to accumulate in
the hydrophilic hydrogel medium. The SFs concentration was
chosen according to the Wang et al. research. They showed that
a 1% w/w concentration of SFs compared to the hydrogel is
optimal in terms of injectability of the material while main-
taining sufficient mechanical properties.®*

The FTIR spectra were utilized to analyze both the hydrogel
and its individual components, providing insights into their
structural characteristics and confirming the presence of an
interpenetrating hydrogel network (Fig. 2(H)). In the case of SA,
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its spectrum revealed a broad peak at 3218 cm™', corres-
ponding to the stretching of hydroxyl groups (O-H), as well as
distinctive bands at 1599 cm ™" and 1429 cm™?, attributed to the
asymmetric and symmetric stretching of -COO- groups (car-
boxylate salts), respectively.>® Additionally, a sharp and broad-
band at 1111 cm ' was observed, indicating stretching
vibrations of C-O-C bonds. Furthermore, rocking bands at
964 cm ' and 824 cm ! were assigned to ~CH2 stretching.>
The absorption peak at 2890 cm ™" was associated with the C-H
stretching of the methylene functional group.®® In the PF127
spectrum, an absorption peak at 2886 cm ™' confirmed the -C-
C alkanes vibrational stretching. The wavy peaks at 1281 cm ™"
and 1241 cm™ " are associated with the twisting stretch of the
-CH, group. The presence of the methyl group -CH; was
confirmed by the peak around 1360 cm™'.°" The sharp bands
detected at 1467 cm ™' and 1342 cm ™! were attributed to the
stretching of the CH, functional group. The absorption peaks at
1149 cm™ ', 1101 cm ', and 1060 cm™ ' were described as
stretching vibrations of C-O-C- linkage.®* The PF127/SA hydro-
gel spectrum showed peaks at 2886 cm !, 1467 cm ',
1342 ecm™', and 1102 cm™! attributed to the PF127. Moreover,
the characteristic SA peaks at 3351 cm™', 2858 ¢cm™ ', and
1622 cm™~ ' were shifted due to the ionic cross-linking of the
-COO- group of Ca®" and alginate.®® The absorption peaks of
PF127 and SA were found in the hydrogel structure, confirming
the existence of an interpenetrating hydrogel network.

Physicochemical properties of hydrogels

Sol-gel transition analysis and stability. The PF127/SA
hydrogel exhibits thermo-reversible characteristics, remaining
in a liquid state at room temperature and transforming into a
gel when exposed to body temperature due to the PF127
presence — an amphiphilic, triblock polymer. The PF127 can
form a self-assembled micelle structure in aqueous solutions.
These micelles have the ability to pack together above the
critical Ty densely. In the composite PF127/SA hydrogel
structure, SA fills the space between the pluronic micelles
and plays a role as an inter-molecular crosslinker, forming a
highly dense inter-micellar structure at temperatures about the
Tge1 Moreover, the critical Ty can be tailored by controlling the
SA concentration with respect to the PF127.%%%® PF127/SA and
PF127/SA/PDA/SFs hydrogels were immersed in a water bath
with controlled temperature. Different PF127/SA ratios were
tested during the optimization process to find the optimal
conditions for on-skin gelated formulation (Table S1, ESIf).
The chosen PF127/SA hydrogel exhibited the sol-gel transition
at 27 °C, and PF127/SA incorporated with PDA and SFs showed
a higher transition temperature equal to 30 °C (Fig. 2(I)).
According to the literature, the incorporation of particles and
SA into the PF127 structure can elevate T,|. Dispersed particles
impede the ability of PF127 micelles to create closely packed
structures and inhibit their connectivity.®*®® The thermo-
reversible properties of the injectable hydrogel were evaluated
using the freeze-thaw technique. Injectable hydrogel solutions
were subjected to a thawing cycle at 37 °C, followed by freezing
at 4 °C and then thawing again at 37 °C. Notably, the hydrogel
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Fig. 2 Images and graphs characterizing the hydrogel composite. (A) SEM image of PF127/SA (B) SEM image of PF127. (C) SEM image of SA. (D) and
(E) 1 — macro visualization of PF127/SA/PDA and 2 — micro visualization of the hydrogel surface structure. (F) SEM image of PF127/SA/SFs. (G) Optical
microscope image of PF127/SA/SFs. (H) FTIR of hydrogel and each component. The characteristic peaks of PF127 and SA are found in the hydrogel
structure, confirming the existence of an interpenetrating hydrogel network. (I) Sol—gel transition process of hydrogel when heated up from 21 °C to
32 °C. (J) Stability of PF127/SA/PDA/SFs suspension over time. The sedimentation process is significant after 24 h.

displayed in both cases consistent Ty during the first and
second thawing cycles. However, the ion cross-linking of the SA
component by calcium chloride resulted in the loss of the
thermo-reversible effect. Nevertheless, external cross-linkers
are commonly employed to enhance the physical properties
of alginate-based systems.®”’®® The thermo-reversible attribute
is crucial for the injectability of the system and iz situ on-skin
gelation to provide personalized irregular wound healing.

This journal is © The Royal Society of Chemistry 2024

Additionally, the pre-gel suspension stability was tested to
evaluate the capacity for sedimentation and aggregation of
SFs and PDA over time. The significant sedimentation becomes
apparent after 24 h of suspension storage (Fig. 2(])).
Equilibrium swelling ratio (ESR), moisture content (MC). To
evaluate the in vitro swelling rate and stability of injectable
hydrogel, the fabricated samples were dehydrated and incu-
bated in HEPES solution (pH 7.4) at 37 °C. According to the
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average compressive modulus.

Yang et al. research, in which stimuli-responsive cryogels with
controlled NO release and self-adaptivity were developed.
Thanks to the cryogels’ microporosity, the material performed
an excellent wound exudate absorption capacity compared to
the traditional hydrogels, showing that swelling is crucial in
determining the networks’ ability to transport nutrients,
growth factors, drugs, and oxygen.®® Swelling is crucial in
determining the networks’ ability to transport nutrients,
growth factors, drugs, and oxygen. The amount of fluid
absorbed by a three-dimensional injectable hydrogel is affected
by the void spaces within the structure and the degree of self-
assembly.”® The hydrogel was tested in three configurations:
PF127/SA, PF127/SA/SFs, and PF127/SA/SFs/PDA, to evaluate
each component’s influence on the swelling ability. All the
groups showed similar swelling properties (Fig. 3(A)). The
control group of PFSA127/SA reached the 371% equilibrium
swelling ratio after 60 minutes of incubation. Whereas the
group containing SFs performed a slightly lower rate of 367%
after 120 min. The group containing SFs and PDA - also
displayed the highest swelling ability — 381% after 120 min.
All the samples reached an equilibrium state quickly, within
120 min, and started losing weight over time. After 10 days of
incubation, the samples lost 65%, 51%, and 56% of their initial
weight for PF127/SA, PF127/SA/SFs, and PF127/SA/SFs/PDA
groups, respectively. Nevertheless, the system showed good

1914 | J Mater. Chem. B, 2024, 12,1905-1925

stability over incubation time. Stability can be attributed to
the cross-linking of SA that caused the resistance to degrad-
ability. The initial water uptake can be associated with the
porous hydrogel structure and water penetrating the pores.
Then, the weight decreases due to biodegradation and washing
out the PF127 component, which is not bound into the inter-
penetrating hydrogel network. The ANOVA curve analysis of
ESR showed no significant differences between the samples (p
value <0.05, n = 4). Specifically, the incorporation of SFs and
PDA had a minimal impact on the rate of swelling and
degradation of the hydrogels. In addition, moisture content
was investigated (Fig. 3(B)). The hydrogel showed 84.8%,
86.4%, and 86.5% MC for PF127/SA, PF127/SA/SFs, and
PF127/SA/SFs/PDA samples, respectively. No significant differ-
ences between samples were found (p value <0.05, n = 4). The
moderate swelling ratio and good stability can play a role in
preserving a moist wound environment and absorbing wound
fluids, making the system suitable for a prolonged drug release
system applied in wound healing.

Mechanical tests. One of the most essential properties of the
hydrogels applied on the skin is the ability to endure the
external pressure from the surrounding tissue during move-
ment. Consequently, wound dressings must possess appropri-
ate compressive strength to preserve structural integrity.”" The
compression tests were conducted to evaluate the compressive

This journal is © The Royal Society of Chemistry 2024
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resistance of cross-linked hydrogels and investigate the influ-
ence of each component on the compressive strength and
compressive modulus. The introduction of SFs and PDA into
the hydrogel network significantly (p value <0.05, n = 3)
increased the compressive strength (284.3 kPa) compared to
the hydrogel with SFs (176.3 kPa) and pure hydrogel (99.3 kPa)
(Fig. 3(C) and (D)). Despite that, the reinforcement of hydrogel
with SFs and PDA fillers increased the compressive strength -
more pressure is needed for the hydrogel fracture. The PDA
group showed the highest strength, possibly due to the hydro-
gen bonding between the SA component and PDA.”*> Never-
theless, the analysis of the plots’ initial course showed no
significant (p value <0.05, n = 3) differences between the pure
hydrogel (34.1 kPa), hydrogel reinforced with SFs (34.9 kPa),
and the material containing SFs and PDA (31.8 kPa) (Fig. 3(E)).
The PF127/SA and PF127/SA/SFs showed higher SD values
+10.8 kPa and +10.6 kPa, respectively, compared to the
PF127/SA/SFs/PDA - +5.5 kPa. The PF127/SA and PF127/SA/
SFs showed a larger range of results and less reproducible
measurements. Even though, generally, fillers increase the
modulus of a composite, in this case, the higher hydrogel
porosity of the PF127/SA/SFs/PDA (shown in the SEM images
in Fig. 2(D) and (E)) possibly weakens the hydrogel.>”
Self-healing abilities and injectability. Subsequently,
our focus turned to examining the self-healing ability of

A
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nanocomposite. The self-healing ability of hydrogel is a super-
ior property in wound closure by prolonging the hydrogels’
viability and possibly preventing further wound infection.
Moreover, it enables an automatic repair of damage sustained
during use. In the context of prepared material, such damage
could lead to undesirable PDA particles and SFs diffusion into
surroundings.”*’* We assessed this capability through macro-
scopic self-healing experiments. Two disc-shaped hydrogels
(one stained with rhodamine B) were cut using a scalpel, and
their cut surfaces were brought into direct contact. Following a
4-hour incubation at room temperature, two differently colored
segments successfully reconnected and could support their
weight (Fig. 4(A)). This phenomenon can be attributed to the
dynamic physical interactions (supramolecular assembly).
Furthermore, under physiological temperature and rapid
PF127 reaction to the temperature changes, the second cross-
linking occurred as a result of the hydrophobic interactions
among polymer chains of PF127 and SA.”>”® The injectability
and in situ gelation behavior of tested hydrogel is crucial for
personalized therapy. The composite injectability was evaluated
using a 24G needle. As shown in Fig. 4(B), the PF127/SA/PDA/
SFs suspension could easily pass through the needle without
clogging and immediately be gelated when placed onto a glass
hotplate (35 °C). The hydrogel can be shaped into desired
structures, as presented in the photo. One of the critical

O
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Fig. 4 Representation of hydrogel functionalities. (A) Self-healing abilities of the developed hydrogel (rhodamine B was used as a die). (B) Photo showing
the injectability and in situ gelation properties of PF127/SA/SFs/PDA. (C) Time—force plot showing the force needed to eject 0.5 mL of different hydrogel
precursor suspensions. (D) Average force needed to eject 0.5 mL of different hydrogel precursor suspensions. Significant differences were found

between the pure hydrogel and hydrogel incorporated with fillers.
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parameters when designing injectable systems is the force syringe content were obtained (Fig. 4(C)). The plot shows the
initial build-up of the force, and the following plateau main-
tained constant, confirming that no agglomeration occurred.
The average force needed to inject 0.5 mL of each hydrogel

needed for the syringe to eject its load. The experiment was
conducted at atmospheric pressure at the needle outlet. The
temporary plots of force needed to apply over time to eject the
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Fig. 5 Photo-thermal optimization of the material. (A) Temporal plots of different laser powers—temperature dependence over time using 0.5% PDA
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configuration was 1.97 N, 1.34 N, and 1.21 N for PF127/SA,
PF127/SA/SFs, and PF127/SA/SFs/PDA, respectively (Fig. 4(D)).
The hydrogel precursors showed significantly (p value <0.0001,
n = 4) higher force needed for ejection compared with an empty
syringe (0.42 N). The tests were done by injecting into the air.
During in vivo clinical settings, the relevant injection forces
typically fall below 20 N.”” The tests proved the injectability
properties of composites and possible clinical applications.
Incorporating SFs and PDA slightly decreased the force needed
for injection compared to the pure hydrogel - 1.34 Nand 1.21 N
for the PF127/SA/SFs and PF12/SA/SFs/PDA samples, respec-
tively. The investigation clearly showed that the final material
can be injected effortlessly.

Photo-thermal characterization

The PDA particles demonstrate strong absorption in the NIR
region and can efficiently convert the NIR laser light into heat,
increasing the local temperature.”® The DLS investigation of the
PDA particles used in this study showed an average particle
diameter of 1015 nm, with the polydispersity index (PDI) equal
to 0.211 (Fig. S1, ESIt). The PDI diameter represents the size
distribution within the sample, ranging from 0.0 (perfectly
uniform) to 1.0 (highly varied samples with multiple-size
populations).”® The sample has shown a PDI below 0.3, which
can be attributed to a predominantly uniform particle popula-
tion. According to Carmignani et al. research, they provided
evidence that micro-sized particles (>900 nm) of PDA are
preferable for PTT and controlled drug delivery due to the more
effective light-heat conversion.”® Thus, the PF127/SA/SFs/PDA’s
behavior after NIR light stimulation was investigated by irra-
diating it with an 808 nm wavelength laser beam. The PDA
incorporation provided a robust NIR absorption, resulting in
great photo-responsivity of the hydrogel. Different laser inten-
sities were used to record the maximum temperature the
system can reach after 5 minutes with desired laser power
(Fig. 5(A)). The time-temperature profiles at different intensity
values of the laser beam were tested starting from 0.5 W cm ™2
up to 2 W em >, showing rapid and significant temperature
increase proportional to the laser beam power. The sample
could be effectively heated up to 85 °C upon irradiation and
cooled down to the starting temperature after the pump beam
is turned off. The linear correlation (R* = 0.968) was found
between the AT shown by the hydrogel and the intensity of the
laser light (Fig. 5(B)). The mentioned phenomenon can be
explained by the fact that the heat power density generated
by PDA is directly related to the square of the incident electric
field.®® This ability of photo-thermal material can be used to
optimize the material to reach the desired temperature optimal
for bacteria eradication in infected wounds. The thermal beha-
vior of hydrogel with different PDA concentrations was also
investigated using constant laser power (1.5 W cm ?)
(Fig. 5(C)). The graph showed that the maximum temperature
of the hydrogel can be increased at the highest PDA concen-
tration, reaching 85 °C when 1.5% w/w of PDA is added. The
linear correlation (R*> = 0.989) between Ty, reached by the
sample and PDA content was also proved (Fig. 5(D)). However,
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the optimal temperature for the designed material should take
into account the necessity to overcome the T of the polymeric
SFs to control the drug release while reaching the temperature
range for antibacterial PTT (55-60 °C). Thus, optimal para-
meters in terms of material concentration (0.5% PDA w/w) and
laser beam power (1.5 W cm?) were selected to reach the
desired temperature during the test of stability and repeatabil-
ity of photo-thermal properties. So, the hydrogel was subjected
to 8 cycles of laser irradiation-cooling (Fig. 5(E)). The test shows
that the composite could be effectively heated after exposure to
the laser and cooled quickly after the beam was turned off. In
every cycle, the material reached a temperature between 59-
61 °C within 3 min and dropped the temperature to the starting
range within 1 min. The temperature images before and after 1,
2, 3, 4, 5 min of laser irradiation for optimized sample contain-
ing 0.5% PDA compared with reference hydrogel without PDA
was shown in Fig. 5(F).

In vitro drug release studies and release kinetics

One of this study’s main aims was to develop a smart drug
delivery system with on-demand release properties. The hydro-
gel can facilitate controlled drug delivery by reacting to the
external NIR light stimulation within the injured site in the
range of the therapeutic index while minimizing nonspecific
toxicity. The drug can be delivered precisely to the right site at
the targeted time. This ability is crucial in chronic wounds
when an elongated inflammatory state negatively affects wound
healing. The pulsatile release of drugs can be adjusted by laser
irradiation to align with the therapy requirements.®" Light as a
stimulus offers distinctive benefits, including spatiotemporal
precision, relative safety, and limited interference with cellular
signaling pathways.®>®* For this purpose, the KET was selected
as a small, non-steroidal anti-inflammatory drug. The KET
release kinetics were tested in 4 different temperature condi-
tions to emphasize the influence of laser on drug release from
the polymeric material. We choose various temperatures such
as room temperature, 37 °C, 45 °C, and 55 °C as crucial in
understanding the temperature-mediated kinetics of drug
release (Fig. 6(A) and (B)). At room temperature, the samples
were placed on the glass hot plate heated to 35 °C to mimic the
on-skin environment as precisely as possible. The temperature
of 37 °C represents the physiological human body temperature,
and the 45 °C is slightly above the T, of prepared SFs - the
temperature when release can be accelerated due to enhancing
the polymeric chain mobility. Moreover, it is also considered a
temperature level for performing the mild-temperature PTT.**
The 55 °C represents the desired temperature targeted during
the laser exposure to reach antibacterial requirements.®>#® The
drug release studies were conducted from the PLGA mat before
structurization (Fig. 6(A)). Within 24 h, the cumulative release
in different conditions showed 40%, 91%, 100%, and 99% at
room temperature, 37 °C, 45 °C, and 55 °C, respectively. In the
first 40 minutes of the study, 13%, 21%, 36%, and 72% of the
drug, according to the increasing temperature, is released from
the matrix. It can be observed the higher temperature leads to
the more significant initial burst release. The cumulative
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kinetics. SFs incorporated into hydrogel decreased the initial burst release. (D) PF127/SA/PDA/SF hydrogel under NIR laser irradiation, representing the
gradual release of KET after exposure to the laser light. (E) The bar graph representing KET release at each relative time point with and without laser

irradiation.

release after 24 h at 55 °C was almost 2.5x higher than at room
temperature. The influence on drug release behavior after
material structurization into SFs was also investigated
(Fig. 6(B)). In this case, the cumulative release after 24 h

1918 | J Mater. Chem. B, 2024, 12, 1905-1925

indicated the same temperature dependence, resulting in
22%, 56%, 61%, and 70% at room temperature, 37 °C, 45 °C,
and 55 °C, respectively. Based on the release at high tempera-
tures, a 30% lower release rate was observed from SFs,
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indicating the loss of the drug from the material due to SFs
preparation methodology. In the first 40 minutes of the test,
4%, 21%, 53%, and 68% of the drug is released at room
temperature, 37 °C, 45 °C, and 55 °C, respectively. The differ-
ence in initial release kinetics between the temperatures below
the T, (room temperature, 37 °C) and above (45 °C, 55 °C) is
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even more pronounced than from the fibrous mat. The results
show promising possibilities for controlling the KET release
using the temperature. Hydrogel incorporated with SFs offered
an opportunity to control the release kinetics slightly (Fig. 6(C)).
The cumulative release at room temperature showed 53%, 56%,
and 92% for the PF127/SA/SFs, SFs, and fibrous mat,

B
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Fig. 7 Indirect cytotoxicity of PF127/SA/PDA/SFs, PF127/SA/SFs, and PF127/SA. (A) Cell proliferation was measured at days 1, 3, and 7 of culture,
evidencing the cell growth during the culture time for all the tested conditions. (B) Percentage of viable cells extracted from the live/dead images,
reporting cell viability >86% at each time point for all the samples. (C) Representative confocal images of alive (green) and red (dead) cells, showing the
large majority of viable cells for all the conditions. (D) Cell morphology visualized as green cytoskeleton (actin staining) and blue nuclei (DAPI staining).
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respectively. Although there were no significant differences
between the SFs group and hydrogel/SFs in cumulative release
ratio, the initial burst release within the first 40 min was signifi-
cantly decreased compared to the fibrous mat (22%), SFs (21%),
and PF127/SA/SFs (13%), due to the hydrogel-mediated control
release. During the main drug delivery experiments, nano-
hierarchical hydrogels filled with PDA and SFs immersed in the
medium were irradiated by a laser beam in a cyclic pattern, with
one cycle lasting 10 minutes and for a total of 14 cycles (Fig. 6(D)).
Initial burst release causes difficulties in distinguishing the
irritation and non-irritation phase. A similar amount of KET is
released at each time point, with and without a laser beam (3-4%
per time point) (Fig. 6(E)). As the time between each point
increases, the differences are more visible. From 1 hour to 6
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hours of the test, the irradiated period of 10 min released half of
the drug compared to the non-irradiated. Over time, after 8 hours,
the system releases a similar amount of KET at each time point.
Towards the end, every 10 minutes of irradiation causes the
discharge of substance equal to the 24-hour not irradiated period.
The laser exposure accelerates the drug release from the hydrogel
and increases the cumulative release (61.6%) compared to the
non-irradiated sample (53%), in agreement with data reported in
Fig. 6(A) and (B) that show increased release in case of higher
temperature.

In vitro cell studies

Indirect cytocompatibility of the proposed hydrogels was
assessed to verify the safe use of the platform for biomedical
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Fig. 8 Photothermal inactivation of E. coli in contact with PF127/SA/PDA/SFs irradiated under NIR light, (A) survival percentage of bacteria in contact
with the proposed materials after 10 minutes of NIR irradiation or no irradiation (bacteria suspension was tested as a control condition), (B) representative
photos of bacterial colonies grown on LB agar plates for each tested condition. Data are presented on a logarithmic scale as mean + standard deviation.
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applications. Following the ISO Standard, samples were incu-
bated in a culture medium for 24 hours, and extracts were
placed in contact with L929 fibroblasts cultured onto a tissue
culture plate. The effect of the presence of a PDA and SFs in the
hydrogel formulation was evaluated in terms of the response of
cells cultured in contact with sample extracts. Results were then
compared to the cell response provoked by extracts of pure
alginate hydrogel and fresh DMEM. More in detail, cell viabi-
lity, cell growth, and cell morphology were analyzed during the
culture time at selected time points. Fig. 7(A) shows the pro-
liferation rate of the cells cultured in contact with samples’
extracts. The bar chart shows linear cell growth at each time
point, revealing no significant difference among the tested
conditions (n = 5). No adverse effect of PDA or SFs presence
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in the hydrogel formulation is reported.®””®® To support the
proliferation data, cells were stained with live/dead solution
and visualized as green cells - if alive - or red cells - if dead.
Live/dead images permit the visualization and calculation of
the cell viability percentage, which was detected as >86% for
each sample at both selected time points (z = 3, Fig. 7(B)
and (C)). Results demonstrate the cytocompatibility of the
proposed materials and their suitability for cell survival and
growth with no adverse effect of PDA or SFs. The cell morphol-
ogy was also investigated by staining the cells with actin/DAPI
and visualizing them using a confocal microscope (Fig. 7(D)) at
a later stage of culture. Cell cytoskeleton (marked in green
color) appeared spread and elongated with the typical L929
fibroblast spindle shape at both selected time points, with no
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Fig. 9 Photothermal inactivation of S. aureus in contact with PF127/SA/PDA/SFs irradiated under NIR light, (A) survival percentage of bacteria in contact
with the proposed materials after 20 min of NIR irradiation or no irradiation (bacteria suspension was tested as a control condition), (B) representative
photos of bacterial colonies grown on LB agar plates for each tested condition. Data are presented on a logarithmic scale as mean + standard deviation.
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evident difference among the tested samples and control con-
ditions (n = 3).

In vitro antibacterial properties

E. coli and S. aureus bacteria were selected to test the potential
antibacterial properties of the proposed photothermal PDA-
based material when exposed to NIR irradiation. Those strains
were chosen because are the most commonly used to investi-
gate bacteria inactivation and response and to study and
assess the antibacterial properties of material.® Additionally,
the E. coli and S. aureus strains are frequently found as the
most common pathogens of infected wounds, and they are
biofilm formers.””®" Moreover, finding effective therapies for
multidrug-resistant Gram-negative bacteria such as E. coli - and
Gram-positive bacteria - like S. aureus - has posed a significant
challenge due to their unprecedented drug resistance.”> Guo
et al. presented the development of physical double-network
photo-thermal hydrogels with excellent antibacterial proper-
ties, which could eradicate E. coli and S. aureus strains almost
100% by 10 min NIR laser exposure (1.4 W m ?), targeting
the 60 °C.”® According to our work, similar conditions
(10-20 minutes of irradiation and 1.5 W m~? laser power) were
applied to target up to 60-66 °C and consequently reached
highly efficient E. coli and S. aureus eradication (99.9%). The
outstanding photothermal properties of PDA were evident after
around 150 seconds under NIR irradiation (Fig. 5(E) and (F)).
During 10 minutes of NIR light exposure, E. coli and S. aureus
were inactivated to 3 log units (the limit of detection) when in
contact with the PF127/SA/SFs/PDA, thus reporting only 0.1% of
survived bacteria (n = 3, Fig. 8(A) and 9(A)). Furthermore, in the
representative agar plates prepared in the case of this testing
condition, only very few bacteria colonies are visible, showing
99.95% of bacteria inactivation (n = 3, Fig. 8(B) and 9(B)).
Results prove the effective bacteria eradication and antibacter-
ial properties of the PF127/SA/SFs/PDA when exposed to NIR
irradiations, in agreement with previous studies.”>*®° On the
other hand, no bacteria inactivation was reported in the case of
PF127/SA/SFs/PDA not exposed to NIR light, as well as in the
case of the other materials tested for both irradiated and not
irradiated conditions. As expected, the E. coli and S. aureus
suspension control conditions were not inactivated in the case
of NIR irradiation nor not irradiation. Results highlight the
beneficial photothermal properties of polydopamine for bacter-
icidal performance towards representative Gram-negative
(E. coli) and Gram positive (S. aureus) bacteria. Indeed, when
exposed to NIR light, the PDA-incorporated hydrogel could
reach a temperature of 60.1 °C after 10 min and 66.9 °C after
20 min of laser irradiation, damaging the bacterial membrane
and provoking its death.’*

Conclusions

In this study, we presented the development and characteriza-
tion of a versatile composite thermoresponsive hydrogel with
antibacterial properties for potential use in wound healing

1922 | J Mater. Chem. B, 2024, 12,1905-1925
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applications and drug delivery. The cryo-cutting method was
used to prepare the non-agglomerated and drug-containing SFs
with optimal distribution. The hydrogel showed a significant
ability to absorb water, which is vital for wound healing and
drug delivery applications. Incorporating PDA particles effec-
tively converted the NIR light into localized heat, featuring the
on-demand drug release ability and effective Gram-positive and
Gram-negative bacterial inactivation. The final material could
reach a temperature 60 and 66 °C and eradicate 99.9% of E. coli
and S. aureus, respectively. The hydrogel showed the ability to
pass through a 24G needle with low force needed for injection.
The self-healing abilities and suitable mechanical properties
demonstrated suitability for further in vivo applications. Over-
all, the results indicated that the injectable, self-healing, in situ
forming PF127/SA/SFs/PDA hydrogel is a potential candidate as
an antibacterial and drug-delivery material, and it holds pro-
mise in the field of irregular wound treatment. However, the
main limitations of hydrogels considered in clinical applica-
tions are their poor mechanical properties as well as weak drug-
release properties. Therefore, in our study, the incorporation of
polymeric SFs improved compressive strength and controlled
the ketoprofen release from the hydrogel matrix. Nevertheless,
it is important to note that even though NIR light poses
minimal health risks and can penetrate deeply, there is a
requirement for the advancement of materials that exhibit high
energy efficiency when activated by low-energy light.”>® Thus,
we tried to optimize the material to be effective under as low
laser beam power as possible while maintaining light-heat
transition efficacy. However, the primary and critical constraint
associated with such materials lies in their potential toxicity to
nearby cells, which can result from overheating.”*°
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