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Severe inflammation and infections are major contributors to wound chronicity. Although various wound
dressings have been engineered to deliver therapeutics locally, the lack of patient personalization is still a
limiting factor. In this endeavor, this work aims to establish an adaptable therapeutic strategy by combin-
ing stimuli-responsive materials and 3D bioprinting for the prospective fabrication of shape-personalized
patches capable of tuning payload release in response to the alkalinity of infected wound exudates. First,
a —COOH-bearing amphiphilic poly(ether urethane) was synthesized and used to formulate thermo-/
alkaline-pH-responsive hydrogels, while human recombinant lactoferrin (hrLF) was selected for its natu-
rally derived therapeutic properties. Then, the hrLF-loaded hydrogel thermo-responsiveness was rheolo-
gically assessed, while the hrLF suitability for the biologically aggressive environment of chronic wounds
was evaluated through UV/Vis spectroscopy and a colorimetric assay. Moreover, a finely tuned drug
release was observed in response to pH via a non-Fickian diffusion mechanism. Furthermore, in in vitro
studies on simplified inflamed wounds, hrLF promoted human dermal fibroblast proliferation (increased
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DNA content), exerted anti-inflammatory effects (reduced expression of TNF-a, IL-1p and IL-6), and
exhibited bacteriostatic activity against Staphylococcus aureus. Finally, the hrLF-loaded hydrogel showed
promising processability as a biomaterial ink. Overall, the engineered system showed strong adaptation to

rsc.li/biomaterials-science the dynamic wound environment.

(ROS), pro-inflammatory cytokines, proteases and growth
factors to clean the wound bed by eliminating bacteria, patho-

Introduction

Upon skin injury, haemostasis and inflammation are the first
stages of recovery. They play key roles in the normal wound
healing process since the proper environmental conditions
must be established for damaged tissue regeneration in a
physiological time frame.' In more detail, haemostasis is
responsible for platelet clot formation, and it is triggered by
the extracellular matrix (ECM), which recruits platelets and
provides information for their adhesion and aggregation.”
Immediately after, the inflammation phase is governed by the
activation of the immune cells, such as neutrophils and
macrophages, through the secretion of reactive oxygen species
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gens and necrotic tissue and provide stimuli for regeneration.?
Therefore, inflammation is an essential stage towards tissue
healing. However, an excessive production of ROS and pro-
inflammatory mediators leads to ECM damage and dysregula-
tion of macrophage polarization towards the pro-inflammatory
M1 or pro-regenerative M2 phenotype, ultimately creating a
self-sustaining inflammation process.' As a consequence, the
physiological inflammation phase turns into a pathological
condition, making the wound stall in a chronic inflammation
stage and thus leading to non-healing ulcers. To effectively
manage chronic skin wounds, it is therefore crucial to control
the progression of the inflammation phase and avoid its exten-
sion. In this scenario, the in situ delivery of anti-inflammatory
agents is gaining increasing interest to locally reduce the per-
sistent and excessive inflammation while avoiding systemic
drug administration that could result in side effects on off-
target tissues and organs. Besides traditional therapeutic
agents, polyphenols,*™® terpenoids,”® alkaloids,"*™** and
vitamins'>'* have recently attracted wide research interest due
to their natural origin and proven antioxidant and anti-inflam-
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matory properties. However, they are characterized by limited
half-lives and stability in the characteristic harsh environment
of chronic skin wounds.

A promising alternative is represented by lactoferrin, a
native immunomodulatory protein secreted by neutrophils
and known to recognize the immune activation of an organism
and act as a first-line mediator in immune defence against
pathogens and in the control of oxidative cell function.'®
Lactoferrin is a single 80 kDa polypeptide chain composed of
692 amino acids organized into two distinct lobes, each of
them capable of sequestering ferric ions.'® It is contained in
most exocrine mammalian secretions (e.g., saliva, tears, milk)
and is known to be involved in the organism’s host defence,
being able to exert anti-inflammatory, antibacterial, antifun-
gal, anti-tumor and anti-viral actions. Among the mentioned
properties, the capability to work as a natural anti-inflamma-
tory and anti-bacterial drug makes lactoferrin a promising
therapeutic agent for the treatment of chronic wounds."
Regarding its anti-inflammatory activity, several different
mechanisms have been identified: (i) inhibition of pro-inflam-
matory cytokine secretion (e.g., IL-6, TNF-a) and augmented
production of anti-inflammatory mediators (e.g., IL-10);"® (ii)
reduction of ROS concentration due to iron scavenging
activity,'® and (iii) increased inhibition of neutrophil extra-
cellular traps (NETs) through charge-charge interactions.'® On
the other hand, the antibacterial activity is known to be
exerted through a double mechanism: iron-dependent as a
consequence of lactoferrin affinity in binding or chelating
iron,?® and iron-independent, i.e., attributed to the protein’s
capability to interact with the lipopolysaccharides (LPS)
present in Gram-negative bacteria.!

Besides the selection of a proper therapeutic agent, great
attention should also be paid to the selection of the most appro-
priate carrier for its delivery, since it should not only work as a
vehicle but also play an active role in therapy administration to
maximize its effectiveness. Indeed, the major critical issue char-
acterizing currently available wound dressings is considered to
be the uncontrolled payload release mechanism and kinetics. To
overcome this limitation and move towards patient personaliza-
tion, the exploitation of stimuli-responsive polymers for wound
dressing engineering brings great advantages. For instance,
engineering of biomaterials that are able to modify their
physicochemical properties in response to a triggering stimulus
from the wound microenvironment could enable smart control
of drug delivery.?>* In this regard, the literature reports several
examples of the design of smart formulations able to control
payload release in response to temperature changes,**?*
metalloproteases (MMPs),>*?” and ROS**7° concentrations and
glucose levels.*** Specifically, such stimuli have been success-
fully explored to engineer self-responding or externally triggered
drug-releasing wound patches towards patient personalization.?*

In this context, this work aims to exploit the characteristic
alkalinity of infected wound exudate®>’ by engineering an
alkaline pH-sensitive hydrogel based on an in-house syn-
thesized poly(ether urethane) (PEU) for the smart treatment of
hard-to-heal wounds through the controlled release of lacto-
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ferrin. In detail, the successful optimization of the multi-
stimuli-responsive PEU synthesis and functionalization,
together with the capability of PEU hydrogels to respond to
alkaline pH values, have been recently proven by comparing
the release of a commercial low molecular weight drug (i.e.,
ibuprofen) at pH 5 and 8.***° Grounded on this knowledge,
the present work intends to (i) investigate the capability of pre-
viously engineered hydrogels to adapt to the dynamic wound
environment by finely tuning payload delivery within a wide
pH range (ie., from 5 to 11) answering more precisely to
patients’ clinical needs; (ii) assess the protective action exerted
by the vehicle towards the payload (i.e., human recombinant
lactoferrin, hrLF) under harsh conditions and (iii) study the
anti-inflammatory and antibacterial properties of pH-released
hrLF. Lastly, a proof-of-concept of the suitability of the system
as a smart biomaterial ink has also been reported for the pro-
spective fabrication of shape-personalized wound dressings.

Experimental

Materials

Poloxamer® 407 (P407), 1,6-hexamethylene diisocyanate (HDI),
1,4-cyclohexanedimethanol (CDM), dibutyltin dilaurate
(DBTDL), human recombinant lactoferrin (hrLF, iron satu-
rated), Toluidine Blue O (TBO), phosphate buffered saline
(PBS) tablets, lithium bromide (LiBr), QuantiPro™ bicinchoni-
nic acid (BCA) assay, Dulbecco’s modified Eagle’s medium
(DMEM), monobasic potassium phosphate (KH,PO,), sodium
phosphate dibasic dihydrate (NaHPO,-2H,0), hydrochloric
acid (HCl), sodium hydroxide (NaOH) and lipopolysaccharide
from Escherichia coli (0111:B4) (LPS) were purchased from
Merck Life Science (Italy). CellTiter-Blue® Cell viability assay
and CytoTox-ONE™ Homogeneous Membrane Integrity Assay
were received from Promega (Italy), while the live and dead
assay, Human Lactoferrin ELISA kit and TRIzol reagent were
obtained from Life Technologies (Italy). Propidium iodide was
purchased from Biolegend (Portugal) and RNAse from Thermo
Fisher Scientific (USA). Calf bovine serum (BCS), foetal bovine
serum (FBS) and NIH-3T3 murine fibroblasts (CRL-1658) were
purchased from ATCC® (Italy). Mycozap PLUS and MycoAlert
PLUS mycoplasma detection kits were received from Lonza
(The Netherlands). Direct-zol™ RNA MiniPrep kit was
obtained from Zymo Research (USA), while qScript cDNA
Synthesis kit and PerfeCta SYBR Green FastMix kit were pur-
chased from Quanta Biosciences (USA). 1,2-Dichloroethane
(DCE), anhydrous methanol, diethyl ether (DEE), petroleum
ether, chloroform and N,N-dimethylformamide (DMF) were
purchased from Carlo Erba Reagents in analytical grade and
used as received if not further specified.

P-CHP407 synthesis and powder plasma treatment

The synthesis and functionalization of the thermo- and alka-
line pH-responsive poly(ether urethane) with the acronym
P-CHP407 were performed according to recently optimized
procedures.*® Briefly, P407, HDI, DCE and CDM were first
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treated to remove residual water molecules;*® then, a two-step
reaction synthesis was carried out by reacting the
P407 macrodiol (20% w/v in anhydrous DCE) and HDI in
1:2 molar ratio at 80 °C for 150 minutes in the presence of
catalytic amounts of DBTDL (0.1% wt/wt with respect to the
macrodiol). The obtained low molecular weight isocyanate-ter-
minated poly(ether urethane) was then chain-extended at
60 °C for 90 minutes upon the addition of CDM at a
1:1 molar ratio. Finally, the reaction was stopped through the
addition of anhydrous methanol, and the polymer (CHP407)
was collected through precipitation in petroleum ether (4:1
v/v with respect to the DCE total volume). Subsequently,
CHP407 was dissolved at 20% w/v in DCE, purified through
precipitation in DEE/methanol (98/2 v/v, 5:1 v/v with respect
to DCE) and collected by centrifugation before allowing it to
dry in a fume hood.

Afterwards, 5 g of CHP407 powder with controlled diameter
(i.e., <500 um) was plasma-treated in the presence of acrylic acid
vapor to expose carboxylic acid groups by using a plasma reactor
equipped with a rotary system (Diener Electronic, Germany).
Specifically, the functionalization was carried out according to a
two-step procedure: (i) surface activation through the application
of a direct power supply at 50 W for 5 minutes under argon flow
at 10 sccm, followed by (ii) reactor filling with acrylic acid (10 pL
min~" for 15 minutes) and grafting/polymerization through the
activation of the generator in an alternated mode at 200 W (9
Hz, Pulse ON 10 ms, Pulse OFF 1000 ms, Duty Cycle 0.01, mean
power applied 22 W) for 10 minutes. The functionalized
polymer, referred to as P-CHP407, was dissolved in chloroform
at 2.5% w/v, precipitated in petroleum ether at 5 : 1 v/v to remove
unreacted acrylic acid, dried in a fume hood, and stored under
vacuum until use.

P-CHP407 chemical characterization

Attenuated Total Reflectance Fourier Transform Infrared
(ATR-FTIR) spectroscopy and Size Exclusion Chromatography
(SEC) analyses were conducted on P407, CHP407 and
P-CHP407 according to a previously published work.** Briefly,
the ATR-FTIR characterization was performed by using a
PerkinElmer Spectrum 100 (PerkinElmer Inc., USA) equipped
with an ATR accessory (UATRS KRSS, PerkinElmer, USA) with a
diamond crystal. Spectra were recorded using 32 scans in the
range 4000-600 cm™~" with a resolution of 4 cm™".

An Agilent Technologies 1200 Series (Agilent Technologies
Inc., USA) equipped with a Refractive Index (RI) detector and
two Water Styragel columns (HR1 and HR4) kept at 55 °C was
used for SEC analyses. Polymers were first dissolved in the
mobile phase (i.e., DMF added with 0.1% w/v LiBr) at 2 mg
mL ™", and then filtered through a 0.45 pm syringe filter (poly
(tetrafluoroethylene) membrane, Whatman). Poly(ethylene
glycol) standards with peak molecular weight in the range
4-200 kDa were used to estimate the number average mole-
cular weight (M,,), weight average molecular weight (M,,) and
polydispersity index (D) of the analyzed polymers.

Moreover, TBO colorimetric assay was performed on
CHP407 and P-CHP407 samples to quantify the number of
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exposed ~-COOH groups.®® Briefly, polymers were first dissolved
at 0.05% w/v in the dye solution (500 pM) adjusted to pH 10
and then incubated for 18 h in the dark to allow electrostatic
bonding between the -COOH groups and dye molecules.
Subsequently, samples were dialyzed for 7 days (3.5 kDa cut-off
membrane) against double-distilled water (ddH,0) and lyophi-
lized. Lastly, 10 mg of freeze-dried samples were dissolved in
1 mL of acetic acid/ddH,O (50/50 v/v) for 30 minutes at room
temperature (RT) in the dark, and the extract absorbance was
measured at 632 nm using a UV/Vis spectrophotometer
(Lambda 25, PerkinElmer, USA). The absorbance of the stan-
dard solutions, prepared by dissolving the TBO powder in
acetic acid/ddH,O (1-50 pM), was measured and used as a cali-
bration curve for the quantification of —-COOH groups.
Analyses were performed in triplicate, and the results are
reported as mean + standard deviation.

Hydrogel formulation

P-CHP407 gelling formulations were prepared by dissolving the
polymer at 15% w/v concentration in physiological saline solu-
tion (0.9% NaCl).*® Differently, P-CHP407 hydrogels loaded
with hrLF (i.e., P-CHP407_hrLF) were prepared by first dissol-
ving the protein in physiological saline solution at 2 mg mL™",
then using this solution as a solvent for P-CHP407 dissolution.
For both formulations, systems were kept at 4 °C overnight to
allow complete dissolution before being further tested.

Rheological characterization

The thermo-responsiveness of the hrLF-loaded and unloaded
hydrogels was rheologically evaluated using a stress-controlled
rheometer (MCR302, Anton Paar GmbH, Austria) equipped
with a 25 mm parallel plate geometry and a Peltier system for
temperature control. First, the linear viscoelastic (LVE) region
was identified by studying the gel response to applied defor-
mation through strain sweep tests at 37 °C (10 Hz, strain range
0.01%-500%). Then, temperature ramp tests in continuous
(deformation rate 0.1 s*) and oscillatory (10 Hz, 0.1% strain)
conditions were conducted in the range 0 °C-40 °C, at 2 °C
min~" temperature increase. Lastly, the viscoelastic properties
were analyzed through frequency sweep tests within the LVE
region at 37 °C (0.1% strain, frequency range: 0.1-100 rad s™*).
Formulations were prepared as previously described, and ana-
lyses were conducted by setting a 0.4 mm gap between the
plates. Before each test, samples were poured on the lower
plate of the rheometer in the sol state, heated at the test temp-
erature, and equilibrated for 10 minutes.

Human recombinant lactoferrin stability in buffers

The stability of hrLF in contact with buffers at different pH
values was directly and indirectly assessed through UV/Vis
spectroscopy and the BCA colorimetric assay, respectively. For
this purpose, Na,HPO,-2H,0, KH,PO,, HCl and NaOH were
first dissolved in ddH,O at 0.1 M salt concentration; then,
buffers with pH values between 5 and 11 were obtained by
mixing the stock solutions according to the volumes listed in
Table 1.
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Table 1 Volumes of the acid and base solutions required for the prepa-
ration of the buffers at pH 5, 7, 9 and 11. Stock solutions were obtained
by dissolving the salts in ddH,O at 0.1 M concentration

Na,.HPO,-2H,0 KH,PO, HCI NaOH
Buffer pH (mL) (mL) (mL) (mL)
5 0.25 9.75 — —
7 6.90 — 3.10 —
9 9.24 — 0.40 0.36
11 8.50 — — 1.50

Subsequently, hrLF standards were prepared by dissolving
the protein in each buffer at concentrations in the range
0.1-0.4 mg mL™" and 1-30 ug mL™", and analyzed through UV/
Vis spectroscopy and BCA assay, respectively, after 0 h, 24 h,
48 h, 72 h, 96 h and 7 d of incubation at 37 °C. Specifically,
UV/Vis analyses were performed by measuring the peak absor-
bance at 280 nm (corresponding to the hrLF aromatic rings)
using a UV/Vis spectrophotometer (Lambda 25, PerkinElmer,
USA), while the BCA assay was conducted following the manu-
facturer’s instructions. Briefly, the BCA working solution was
first prepared by mixing reagents QA, QB and QC ata 25:25:1
ratio; then, 150 pL of this solution was added to the same
volume of hrLF samples and incubated at 60 °C for 1 h to
allow Cu®" ion reduction. Lastly, the absorbance at 560 nm
was measured using a Victor X3 plate reader (PerkinElmer,
USA).

Human recombinant lactoferrin release test against buffers

In vitro pH-controlled hrLF release tests were conducted by
incubating P-CHP407_hrLF hydrogels in contact with buffers
at pH values ranging between 5 and 11. For this purpose,
protein-loaded systems (1 mL) were prepared as previously
described, incubated at 37 °C for 15 minutes to ensure a com-
plete sol-to-gel transition, and then put in contact with 1 mL
of buffer prepared as reported in Table 1 and equilibrated at
the test temperature. hrLF unloaded systems (ie.,
P-CHP407 hydrogels) were also tested as a control. Afterwards,
extracts were collected at 30 min, 60 min, 90 min, 2 h, 4 h, 6 h,
24 h, 30 h, 48 h, 54 h, 72 h and 7 d of incubation and analyzed
with the BCA colorimetric assay. For each considered pH con-
dition, the released amounts of hrLF were quantified by refer-
ring to calibration curves prepared by dissolving the protein in
the corresponding pH buffer at concentrations within the
1-30 pg mL™" range and analyzed according to the same pro-
cedure. Analyses were performed in quintuplicate, and the per-
centages of released hrLF were expressed as mean values +
standard deviation. Lastly, the Korsmeyer-Peppas model was
implemented as reported by Laurano and Torchio et al.** to
define the transport mechanism based on the estimated
release exponent n value.

Enzyme-linked immunosorbent assay

To assess the preservation of hrLF native conformation upon
release from P-CHP407 hydrogels in contact with buffers at
different pH values, extracts from drug-release tests were also
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analyzed through the ELISA assay according to the manufac-
turer’s instructions. Briefly, antigen binding was performed by
adding 100 pL of sample to each of the 96 wells and by incubat-
ing the multiwell plate for 2.5 h at RT. Subsequently, biotin
binding to the antigen was carried out by adding 100 pL of
biotin conjugate and incubating for 1 h at RT. Then, biotin-strep-
tavidin binding was induced by adding 100 pL of streptavidin-
HRP solution to each well and waiting 45 minutes at RT. Lastly,
100 pL of tetramethylbenzidine (TMB) substrate was added to
each well and the plate was incubated for 30 minutes at RT, in
the dark, under gentle stirring to allow TMB conversion into a
blue-colored product. Finally, the absorbance was measured at
450 nm by using a multimode plate reader (Victor X3,
PerkinElmer, USA). Analyses were performed in triplicate, and
the results are reported as mean values + standard deviation.

In vitro cytocompatibility of hydrogel extracts

Hydrogel cytocompatibility was indirectly tested through extract
contact with murine fibroblasts for 24 h according to the ISO
10993-5 regulations. For this purpose, P-CHP407 and
P-CHP407_hrLF formulations were prepared as previously
described and put in contact with complete culture medium
(i.e., DMEM supplemented with Mycozap PLUS and 10% v/v
BCS) for 24 h (1 mL of medium vs. 100 mg of samples).
NIH-3T3 murine fibroblasts were first seeded in a 96-well plate
at 7500 cells per well and allowed to grow for 24 h in a humidi-
fied incubator at 37 °C, 5% CO, to achieve confluence. Then,
the medium was replaced with 100 pL of extract and the plate
was incubated in normal culture conditions for 24 h. Cells cul-
tured in complete medium and treated with a lysing solution
were used as negative and positive cytotoxicity controls, respect-
ively. Lastly, cell metabolic activity and -cytotoxicity were
assessed through the CellTiter-Blue® and CytoTox-ONE™
assays according to the manufacturer’s instructions as pre-
viously described.*® Fluorescence was then measured at Ey/Ep,
530/590 nm through a multi-mode plate reader Victor X3
(PerkinElmer, USA), and the results are expressed as percen-
tages with respect to the controls. Analyses were performed in
quintuplicate, and the results are reported as the average
values + standard deviation of three independent assays. Before
each assay, cells were tested for mycoplasma contamination by
using the MycoAlert PLUS mycoplasma detection kit.

Furthermore, to visually assess cell viability, the live and
dead assay was also performed on extract-treated
NIH-3T3 murine fibroblasts. To this purpose, cells were first
seeded and treated as previously described; then, upon extract
removal, they were washed with PBS and added with calcein
AM and ethidium homodimer-1 at 2 pM and 4 pM concen-
tration, respectively. Subsequently, the plate was incubated at
RT for 20 minutes, and, lastly, cells were imaged under an
inverted microscope (Leica Microsystems, Germany).

In vitro cytocompatibility of released human recombinant
lactoferrin

The cytocompatibility of hrLF at concentrations mimicking the
amounts of protein released as a function of pH and time was
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tested on human dermal fibroblasts (HDFs) regularly cultured
in DMEM supplemented with 10% v/v FBS and 1% v/v Pen/
Strep and grown in a humidified incubator at 37 °C and 5%
CO,. When at confluence, cells were enzymatically detached by
adding TrypLE™ and used for the following assays.

Metabolic activity of hrLF-treated human dermal fibroblasts.
The influence of hrLF on HDF metabolic activity was
investigated through the Alamar Blue assay. To this
purpose, hrLF was dissolved in complete culture medium at
concentrations ranging from 10 to 500 pg mL™' and sterile-
filtered through 0.22 pm filters. HDFs were seeded in a 48-well
plate at a density of 20 x 10’ cells per well and cultured in
normal conditions to allow adherence. After 24 h, the
medium was removed, replaced with 600 pL of hrLF solutions,
and the plates were incubated again at 37 °C, 5% CO, for
24 h, 48 h and 5 d. Cells cultured in complete medium and
treated with latex rubber residues were used as negative
and positive cytotoxicity controls, respectively. At each
time point, 400 pL of Alamar Blue solution (10% v/v in com-
plete medium) was added to each well upon medium removal,
and the plate was incubated at 37 °C, 5% CO, in the dark
for 3 h. Lastly, fluorescence was measured at E/E, 550/
605 nm using a microplate reader (Synergy HT, BioTek
Instruments, USA), and the metabolic activity was expressed as
a percentage with respect to the negative control. The analyses
were performed in triplicate, and the results are reported as
average values + standard deviation of three independent
assays.

Cell cycle assay on hrLF-treated human dermal fibroblasts.
Cell cycle assays were conducted to study the influence of hrLF
at the highest tested concentration (i.e., 500 pg mL™") on
HDFs. For this purpose, cells were seeded in a 6-well plate at
50 x 10° cells per well and incubated under normal culture
conditions for 48 h. Afterwards, the medium was replaced with
2 mL of hrLF solution and the plate was incubated again for
24 h, 48 h and 5 d. Cells cultured in complete DMEM were
used as the negative control. Cells were not synchronized
before treatment. At each time point, cells were carefully col-
lected, cooled in an ice bath for 15 minutes, and then fixed by
adding 1.5 mL of ice-cold 96% ethanol. Before the analysis,
cells were washed twice with PBS and collected by centrifu-
gation (125 rpm, 5 minutes). Then, 50 pL of RNase A solution
(200 pg mL™" in 1% w/v sodium citrate) was added to each
Eppendorf and incubated at 37 °C for 15 minutes. Lastly,
50 pL of a propidium iodide staining solution (0.5 mg mL ™" in
1% w/v sodium citrate) was added, and the cells were kept at
RT in the dark for 30 minutes before being analyzed with a
flow cytometer (BD Accuri C6 Plus, USA). Approximately 10 000
events were acquired for each sample. Gating strategies were
carefully adjusted to exclude debris and non-cellular events.
Gate settings were established and validated using PBS-only
controls and unstained cell controls to ensure accurate identi-
fication of the cell population of interest.

The analyses were performed in triplicate, and results are
reported as average values + standard deviation of three inde-
pendent assays.
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Human recombinant lactoferrin features in inflamed wound
mimicking conditions

To study the biological activity exhibited by hrLF in a wound-
mimicking environment, HDFs were first treated with LPS to
induce inflammation according to the protocol reported by
Feldo et al.** For this purpose, HDFs were seeded at 10 x 10°
cells per well in a 96-well plate and grown under normal
culture conditions for 24 h. Then, the medium was replaced
with 150 pL of LPS solution (10 pg mL™" in complete medium)
and the plate was incubated again in a humidified incubator
at 37 °C, 5% CO,. Cells cultured in complete medium and
treated with latex rubber residues were used as negative and
positive controls, respectively. After 24 h, LPS was removed,
and the cells were treated with 200 pL of hrLF at 100 pg mL ™",
500 ug mL™" and 750 ug mL™" for 24 h, 48 h and 5 d. Lastly,
the metabolic activity of HDFs and their capability to reduce
inflammation and promote tissue regeneration were studied
using the Alamar Blue Assay, RT-PCR and DNA quantification,
respectively.

Alamar Blue assay. The metabolic activity of HDFs treated
with hrLF upon the induction of an inflammation state was
investigated using the Alamar Blue assay performed after 24 h,
48 h and 5 d of incubation. The assay was performed accord-
ing to the previously described procedure, and the results are
reported as average values + standard deviation of three inde-
pendent experiments.

DNA quantification. The DNA concentration of untreated-
and hrLF-treated HDFs cultured in inflamed wound-mimick-
ing conditions was quantified using a Thermo Scientific™
Multiskan™ GO Microplate Spectrophotometer (Thermo
Fisher, USA). For this purpose, at each time point, 100 pL of
ultrapure water was first added to each well; then, the cells
were mechanically detached, and, lastly, DNA isolation was
carried out by inducing thermal shock. Specifically, collected
cells were first kept at 37 °C for 1 h and then stored at —80 °C
for at least 24 h. Lastly, 2 pL of each sample was analyzed by
measuring the absorbance at 260 nm. Analyses were per-
formed in triplicate, and the results are reported as average
values + standard deviation of three independent assays.

Quantification of pro- and anti-inflammatory markers
through RT-PCR. The expression of pro- and anti-inflammatory
markers in HDFs treated with hrLF upon the induction of an
inflammation state was investigated using RT-PCR analyses.
For this purpose, at each time point, cells were mechanically
detached, mixed with 100 pL of TRIzol to ensure complete
lysis and RNase activity inhibition, and stored at —80 °C until
use. Subsequently, RNA extraction was performed by using the
Direct-zol™ RNA MiniPrep kit according to the manufacturer’s
instructions, followed by total concentration and purity deter-
mination by measuring the absorbance at 260 nm using a
NanoDrop Lite Plus spectrophotometer (Thermo Fisher, USA)
and by calculating the A,s0/4,50 absorbance ratio, respectively.
Only samples with A,60/4,50 ratios ranging between 1.6 and 2.0
were considered for first-strand complementary DNA (cDNA)
synthesis, performed using a qScript ¢cDNA Synthesis kit
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Table 2 List of the primers and their corresponding melting temperatures (T,,,)

Gene T
Gene name symbol NCBI Primer forward Primer reverse (°C)
Glyceraldheyde-3-phosphate GADPH NM_002046.7 ACAGTCAGCCGCATCTTCTT GACAAGCTTCCCGTTCTCAG 52
dehydrogenase
Tumor necrosis factor TNF-a NM_000594.3 TGAGGCCAAGCCCTGGTATGAG CCCAGACTCGGCAAAGTCGAGA 58
Interleukin-6 IL-6 NM_000600.4 AGCCAGAGCTGTGCAGATGAGT CTTCGTCAGCAGGCTGGCATTT 58
Interleukin-1p IL-1B NM_000576.3 AGAAGTTACCTGAGCTCGCCA AGTGGTGGTCGGAGATTCGT 52
Interleukin-10 IL-10 NM_001382624.1 CCTCCGCCAATCTCTCACTCA GTTCTCCCCCAGGGAGTTCAC 58
Collagen type III COL III NM_000090.4 ACACGCAAGGCTGTGAGACT TGTCGGTCACTTGCACTGGT 52

according to the supplier’s instructions. Afterwards, the syn-
thesized ¢cDNA was used for the amplification of the genes
reported in Table 2 using the PerfeCta SYBR Green FastMix Kkit,
following the provided protocol. A total of 45 cycles dealing
with denaturation (95 °C, 5 s), annealing (specific temperature
for each gene, 15 s), and extension (72 °C, 10 s) were per-
formed using a CFX Connected Real-Time PCR Detection
System (Bio-Rad, USA). GADPH was considered as a reference
gene for data normalization to compensate for variations in
the quantities of cDNA used as a template. The quantity of
target nucleic acids in equivalent amounts of different
samples was compared through relative quantification.
Specifically, the expression levels of cells treated with LPS-con-
ditioned medium at each time point were used as calibrators.
Subsequently, the Livak (27*#“) method was adopted to cal-
culate the expression level of each target gene with respect to the
calibrator upon the measurement of the threshold cycle (Cy)
values. Cr values of the tested samples and calibrator were nor-
malized considering the reference gene (ref.), and, lastly, the ACy.
of each sample was obtained according to the following formula:

AACT _ CT(target‘test) - CT(ref.,test) '

T(target, calibrator) — CT(ref,,calibrator)

Analyses were performed in duplicate, and the results are
reported as average values + standard deviation of three inde-
pendent experiments.

In vitro antimicrobial properties of human recombinant
lactoferrin

The antibacterial activity of hrLF was evaluated against Gram-
positive Staphylococcus aureus (ATCC6538) and Gram-negative
Escherichia coli (ATCC8739). For this purpose, bacteria from
single colonies were first incubated in Mueller-Hinton Broth
(MHB, Biokar Diagnostics) at 37 °C overnight. The resulting cul-
tures were then diluted to achieve a final concentration of 10°
colony-forming units (CFU) per mL. Subsequently, hrLF was dis-
solved at a stock concentration of 10 mg mL™" in MHB and
diluted at 1:10 to obtain an intermediate solution. Antibacterial
assays were performed in 96-well plates by mixing 50 uL of hrLF
solution with 50 pL of bacterial suspension, resulting in a final
hrLF concentration of 500 pg mL™". Control samples were com-
posed of bacterial suspension prepared under identical con-
ditions but without hrLF. The plate was incubated at 37 °C for
24 h. Following incubation, bacterial viability was assessed by
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colony counting. Briefly, 50 puL aliquots from each well were seri-
ally diluted in Ringer’s solution (Biokar Diagnostics) by transfer-
ring 50 pL of sample into 450 pL of diluent, generating dilutions
up to 10°%. Subsequently, 20 pL of each dilution was plated on
Mueller-Hinton agar (Biokar Diagnostics) plates and incubated
at 37 °C for an additional 24 h. Lastly, the number of bacterial
colonies was recorded after 6 h and 24 h of incubation, and CFU
counts were used to determine the potential antibacterial activity
of hrLF. The results are reported as average values + standard
deviation of three independent assays.

Proof of concept of printability

To study hydrogel processability as biomaterial ink, two different
logos were first designed by using Rhinoceros 6.0 CAD software,
and then extruded by using the Inkredible + Celllnk bioprinter
(Cellink, Sweden) equipped with a pneumatic syringe for ink
extrusion. An open-source slicing software (i.e., Slic3r) was used
to convert the 3D virtual model into the corresponding g.code.
For this purpose, P-CHP407_hrLF hydrogels were prepared,
loaded into the appropriate cartridge, and equilibrated at the
extruding temperature (i.e., 22 °C) for 10 minutes to allow the
achievement of a semi-gel state. Subsequently, the ink was
extruded through a 25G conical nozzle by setting 37 °C, 150 kPa
and 7.5 mm min~" as bed temperature, extrusion pressure and
printing speed, respectively. The printed logos were then imaged
and compared to the corresponding virtual model.

Statistical analysis

Statistical analysis was performed using GraphPad Prism 8.0 for
Windows 10 (GraphPad Software, La Jolla, USA; https:/www.
graphpad.com). Two-way ANOVA analysis followed by Sidak’s
multiple comparisons test was used to compare results, and the
statistical significance of each comparison was assessed as
follows: p < 0.0001 extremely significant (****); 0.0001 < p < 0.001
extremely significant (***); 0.001 < p < 0.01 very significant (**);
0.01 < p < 0.05 significant (*) and p > 0.05 not significant (ns).

Results and discussion
P-CHP407 chemical properties

An in-depth characterization of the physicochemical properties
of the P-CHP407 polymer was presented in our previously pub-
lished papers focused on the optimization of the synthesis
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and functionalization protocols leading to the design of a high
molecular weight poly(ether urethane) responsive to tempera-
ture and alkaline pH.>®**° Thus, in this work, results from
ATR-FTIR spectroscopy (Fig. S1), SEC analyses (Table S1) and
TBO colorimetric assay (Fig. S2) were reported in the SI as
proof of the success of both the synthesis and the plasma
treatment. Specifically, the comparison of ATR-FTIR spectra
recorded for P407 macrodiol and unfunctionalized CHP407
polymers first confirmed the successful synthesis of a poly
(ether urethane) through the appearance of characteristic
vibrational bands ascribed to urethane bonds; moreover, the
complete overlap of CHP407 and P-CHP407 spectra also
demonstrated the absence of functionalization-induced degra-
dation phenomena. Such qualitative results were further sup-
ported by chromatographic analyses, which showed higher M,
and M,, values for CHP407 and P-CHP407 samples than for
P407. In addition, the absence of difference between the M,
and D values of CHP407 and P-CHP407 further corroborated
the preservation of polymer chain integrity upon plasma treat-
ment. Lastly, the colorimetric quantification of -COOH groups
confirmed the grafting/exposure of 4.7 x 10'® + 5.6 x 10" units
per g of polymer.

Thermo-responsiveness of hrLF-loaded smart hydrogels

The capability of drug-loaded PEU hydrogels to preserve their
temperature-induced gelation mechanism has already been
investigated as a function of the wettability and concentration
of the encapsulated drug molecules.*” Specifically, low mole-
cular weight molecules (i.e., approx. 200 Da) were selected for
that purpose. Differently, the influence of the encapsulation of
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a high molecular weight protein on a temperature-guided poly-
meric chain arrangement has not been studied before.
Therefore, continuous and dynamic temperature ramp tests
were first performed on P-CHP407 and P-CHP407_hrLF formu-
lations to study whether hrLF encapsulation affected the gela-
tion kinetics (Fig. 1B and C).

As illustrated in Fig. 1A, both unloaded and hrLF-loaded
formulations were able to undergo gelation within a few
minutes upon temperature increase. Rheologically, P-CHP407
and P-CHP407_hrLF systems showed very similar viscosity pro-
files (Fig. 1B) characterized by three main intervals: (i) an
initial viscosity decrease as a function of temperature increase
for all the fluids; (ii) a sharp viscosity increase due to micelle
nucleation, growth and progressive packing and (iii) a sudden
viscosity decrease ascribed to micelle disentanglements. In
more detail, the comparison between unloaded and hrLF-
loaded systems did not evidence significant differences in the
initial viscosity values (i.e., 0.66 vs. 0.62 Pa s™*) or the tempera-
ture at the minimum viscosity value (i.e., Tonser — 16.7 °C vs.
17 °C), meaning that protein addition to the system did not
alter the mechanism or kinetics of the temperature-driven
polymeric chain arrangement into micelles. Conversely,
slightly different temperatures (i.e., 34 °C and 35.4 °C for
P-CHP407_hrLF and P-CHP407, respectively) marked the
beginning of the third phase, thus suggesting the establish-
ment of a more developed but weaker gel network in the pres-
ence of lactoferrin.

The dynamic temperature ramp test (Fig. 1C) further con-
firmed the preservation of P-CHP407_hrLF hydrogel thermo-
responsiveness, giving sol-gel transition temperatures equal to
28.0 °C and 28.2 °C for hrLF-loaded and unloaded formu-
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(A) Macroscopic images of the unloaded- and hrLF-loaded -formulations undergoing gelation upon temperature increase. Rheological

characterization was performed on the P-CHP407 (black) and P-CHP407_hrLF (grey) formulations to study the influence of hrLF encapsulation on
the temperature-induced hydrogel gelation. (B) Continuous temperature ramp test showing the viscosity (1) changes as a function of the tempera-
ture in the range of 0 °C-40 °C. (C) Dynamic temperature ramp test showing the storage (G', continuous line) and loss (G”, dashed line) modulus
profiles as a function of the temperature in the range of 0 °C—40 °C. (D) Frequency sweep test at 37 °C showing the G’ and G" moduli as a function

of the angular frequency () in the range of 0.1-100 rad s™*.
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lations, respectively. Lastly, the viscoelastic properties of the
system at physiological temperature were studied through fre-
quency sweep tests (Fig. 1D), which evidenced the attainment
of a gel state (i.e., G’ > G") at 37 °C for both systems, in accord-
ance with dynamic temperature ramp test observations.
Therefore, it was possible to conclude that the encapsulation
of a high molecular weight protein did not alter the overall
rheological properties of the PEU-based hydrogels.

Lactoferrin behaviour in contact with buffers

To avoid misinterpretations of drug release test results, poten-
tially due to pH-dependent hrLF solubility and conformational
changes in turn affecting its quantification, protein stability in
buffers at pH values ranging between 5 and 11 was first
studied for up to 7 days of incubation at 37 °C. For this
purpose, two different approaches were exploited; namely, the
absorbance measurement at 280 nm and the BCA colorimetric
assay, since they underpin different working principles.
Indeed, the former allows a direct detection of the protein,
exploiting the signal at 280 nm ascribed to its aromatic ring;
the latter involves indirect hrLF detection as a consequence of
its interaction with BCA reagents, leading to a colour change
from green to violet. Moreover, different detection sensitivities
are associated with these tests, i.e., protein concentrations in
the range 0.1-0.4 mg mL ™" and 1-30 pg mL™", respectively.
Fig. 2 and 3 show the absorbance at 280 nm and 560 nm,
respectively, measured for standard hrLF samples analysed as
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a function of time and pH upon incubation at physiological
temperature. Concerning the investigation of hrLF stability
through UV analyses (Fig. 2), very similar absorbance values
were measured at each time point up to 7 days of incubation at
37 °C, irrespective of the considered pH buffer, meaning that
the amount of detected hrLF remained almost constant over
time. Therefore, these observations suggested the absence of
protein degradation induced under both the pH condition and
the long-term incubation at physiological temperature.
Moreover, from a practical point of view, this result demon-
strated the suitability of the curve obtained at time zero as a
calibration curve for the quantification of the hrLF release
from the hydrogels for up to 7 days. The investigation of hrLF
stability carried out using the BCA assay (Fig. 3) further con-
firmed the previous observations, although the curves were
not completely overlapped at each tested pH condition.
Indeed, these slight differences could be ascribed to the
higher sensitivity of the BCA assay compared to UV analyses,
and the intrinsic error in the preparation of the samples,
which requires the use of very small volumes and high dilution
factors.

However, comparison of the curves obtained at time zero at
different pH values by UV analyses (Fig. 4A) and the BCA assay
(Fig. 4B) highlighted different hrLF behaviours based on the
adopted testing approach. Indeed, UV analyses suggested that
the measured absorbance values were independent of the
buffer pH used for the dissolution of the protein. Conversely,
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Fig. 2 Absorbance values measured at 280 nm by UV/Vis spectroscopy for the hrLF samples prepared by dissolving the protein at concentrations
ranging from 0.1 to 0.4 mg mL™t in buffers at pH 5 (violet), 7 (blue), 9 (orange) and 11 (green). For each considered pH, analyses were performed at t,
and after 24 h, 48 h, 72 h, 96 h and 7 d (from dark to light colour) of incubation at 37 °C.
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the BCA assay evidenced a remarkable dependence between
the registered absorbance and pH. Such observations could be
explained by considering the slight pH-dependent solubility of
hrLF*® and the higher sensitivity of the BCA assay, compared
to UV analyses, which allowed a more precise protein quantifi-
cation. However, considering our purpose, this issue can be
overcome by calculating drug release percentages at each pH
by referring to the time-zero curve obtained at the corres-
ponding pH. Moreover, although both approaches can be con-

This journal is © The Royal Society of Chemistry 2026

sidered suitable for the quantification of hrLF, the BCA assay
was selected for further studies due to its high sensitivity,
which allowed a more precise and accurate protein detection.
Overall, hrLF showed a slight pH-dependent solubility and
preserved its integrity when dissolved in fluids at different pH
values and kept at physiological temperature for up to 7 days.
Hence, it can be assumed that differences in the following
in vitro drug release studies will not be affected by hrLF behav-
iour in buffers at different pH, but they will be exclusively due
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to the ability of the hydrogel to tune the release kinetics in
response to environmental conditions.

pH-controlled lactoferrin release

Considering that the engineered hrLF-loaded smart hydrogel
was designed to work as an advanced chronic wound healing
treatment, the investigation of its release capability in contact
with fluids at different pH is of crucial importance. Indeed,
the exudate produced by chronic wounds can show acidic or
alkaline values depending on the clinical status. In more
detail, the presence of persistent inflammation is usually
associated with the production of acidic fluids;*” conversely,
bacterial contamination results in an alkaline exudate charac-
terized by a different degree of alkalinity (generally between 7
and 9) based on the type of bacteria colonizing the wound
bed.?” Therefore, such clinical features associated with chronic
wounds have been explored as triggering stimuli for the design
of smart medicated wound dressings. In this context, the suit-
ability of P-CHP407 hydrogels to work as smart drug delivery
systems has already been demonstrated by studying their capa-
bility to release a low molecular weight anti-inflammatory drug
(i.e., ibuprofen) in response to pH 5 and 8.*° Although promis-
ing results were obtained in that work, a higher degree of
control over the pH-release mechanism should be proven to
definitively demonstrate the superior effectiveness of the
hydrogels as advanced delivery carriers. Therefore, in this
work, P-CHP407 hydrogel performance was tested by consider-
ing pH values ranging from 5 to 11. Specifically, although the
most clinically relevant pH values vary between 7 and 9, pH 11
was also included in this study to better investigate hydrogel
pH-responsiveness and provide evidence of system suitability
for applications requiring such alkaline environments.
Moreover, an additional level of difficulty was introduced by
studying the release mechanism of a high molecular weight
protein in order to demonstrate the versatility of the carrier.
Fig. 5 shows the release of hrLF from P-CHP407 hydrogels in
contact with buffers at pH 5, 7, 9 and 11 within the first 6 h of
incubation at 37 °C (see Fig. S3 for hrLF release up to 7 days).
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Fig. 5 In vitro hrLF release from the P-CHP407 hydrogels in contact
with buffers at pH 5 (violet), 7 (blue), 9 (orange) and 11 (green) detected
using the BCA colorimetric assay. Analyses were performed in quintupli-

cate, and data were analysed through two-way ANOVA followed by
Sidak’s multiple comparisons test.
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Irrespective of the considered pH, sustained protein release
was detected over time. Moreover, at each considered time
point, increasing amounts of hrLF were detected by varying
the fluid pH from acidic to alkaline. Such observations proved
the capability of the P-CHP407 hydrogel network to release a
high molecular weight protein and tune the release mecha-
nism in response to an external stimulus through carboxylic
acid group deprotonation in alkaline environments, leading to
electrostatic polymeric chain repulsion and consequently,
network enlargement,*® even in the presence of more complex
molecules such as hrLF.

Specifically, starting from 2 h of incubation, a significantly
different hrLF release (p < 0.01) was detected from hydrogels
in contact with buffer at pH 5 compared to pH 11. At 24 h, the
released hrLF was quantified to be 5.6% + 2.2%, 9.2% + 0.9%,
11.3% + 1.0% and 16.3% + 1.7% from hydrogels against
buffers at pH 5, 7, 9 and 11, respectively. Considering that the
total encapsulated hrLF concentration was equal to 2 mg
mL™", such percentages corresponded to 112 pg + 45 pg,
184 pg + 20 pg, 225 pg + 20 pg and 326 pug + 35 pg, respectively,
which represent amounts exerting therapeutic effects.*®™>°

Concerning the release mechanism, data analysis within
the first 7 h of incubation through the Korsmeyer-Peppas
model gave release exponents equal to 0.54 + 0.08, 0.61 + 0.04,
0.51 = 0.03 and 0.49 * 0.05 for P-CHP407_hrLF hydrogels in
contact with buffers at pH 5, 7, 9 and 11, respectively. Thus,
irrespective of external pH, the systems showed a non-Fickian
diffusion mechanism.’" Indeed, considering the experimental
uncertainty associated with the fitting procedure, the approxi-
mations of the model (e.g., system showing planar geometry)
and the concurrent occurrence of multiple phenomena (e.g,
swelling, electrostatic interactions), the obtained value at pH
11 should be regarded as a borderline case and can also be
reasonably interpreted as anomalous. Such observed release
mechanism is in contrast to the conclusions reached in our
previous work, where it was described to be non-Fickian
diffusion (i.e., 0.52 + 0.12) and Fickian diffusion transport (i.e.,
0.16 + 0.01) for systems at pH 5 and 8, respectively.*® However,
although the carrier was the same (i.e., P-CHP407 hydrogels),
these studies differ with respect to the payload (i.e., Ibuprofen
vs. hrLF), which are characterized by extremely different fea-
tures. Indeed, while Ibuprofen is a low molecular weight
hydrophobic molecule, hrLF is a high molecular weight hydro-
philic protein. Thus, it is reasonable to expect that they are
located in different positions within the network (i.e., ibupro-
fen in the hydrophobic micelle core, hrLF in the interstitial
spaces among the micelles). Moreover, the payload molecular
weight also plays a crucial role in network organization, prob-
ably leading to the formation of a higher mesh size in the pres-
ence of hrLF. In addition, hrLF also shows a positive super-
ficial charge, which could interact with the negative charge of
deprotonated carboxylic acid groups, strongly affecting the
release mechanism (Fig. S4). Therefore, based on these differ-
ences, the release exponents macroscopically describing the
release mechanism of Ibuprofen-loaded and hrLF-loaded
systems could not be directly compared.
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Lastly, hrLF released over 7 hours of incubation was also
quantified by enzyme-linked immunosorbent assay (ELISA) in
order to verify the absence of pH-induced hrLF conformational
changes that are not directly detectable through the BCA colori-
metric test (Fig. 6). This aspect is of crucial importance in terms
of hrLF therapeutic activity. Indeed, the main mechanism
underlying hrLF antimicrobial action deals with its iron-seques-
tering capability, which, in turn, is strictly dependent on protein
large-scale structural conformation.’® Therefore, conformational
changes could potentially limit the iron-binding efficacy and,
thus, the antimicrobial therapeutic effect exerted by the protein.

As shown in Fig. 6, the release profiles obtained at pH 5, 7
and 9 by the ELISA assay overlapped with those resulting from
the BCA test, further proving the tunable release capability of
P-CHP407 hydrogels in response to external pH and the consist-
ency of the data derived from the colorimetric assay. Differently,
at the highest tested pH condition (ie., pH 11), extremely
different amounts of hrLF were quantified at each tested time
point based on the adopted assay, indirectly suggesting the
occurrence of potential protein conformational changes that
limited the sensitivity of the ELISA-mediated quantification.
Therefore, although the smart delivery system was effectively able
to release higher amounts of therapeutic agent at pH 11 com-
pared to lower environmental pH conditions, it is reasonable to
argue that a potentially reduced therapeutic action is exerted in
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this condition. However, further investigations are required to
directly prove that pH 11 induced hrLF conformational changes.

Cytocompatibility of hydrogel formulations

The cytocompatibility of the engineered formulation was first
preliminarily assessed according to the ISO 10993:5 regu-
lations. For this purpose, P-CHP407 and P-CHP407_hrLF
hydrogels were incubated in contact with complete culture
medium for 24 h, and then the extract-enriched medium was
used to culture NIH-3T3 murine fibroblasts for an additional
24 h under normal culture conditions. The results showed
high cell viability (>80%) and low cytotoxicity (<20%) percen-
tages for both the unloaded and hrLF-loaded formulation,
thus suggesting the absence of cytotoxic effects potentially
induced by either the polymer or the encapsulated protein
(Fig. 7). Moreover, fluorescent images acquired through the
live and dead assay further confirmed these observations,
proving the cytocompatibility of the hydrogel extracts.

Evaluation of lactoferrin cytocompatibility under drug-
releasing conditions

Before studying the therapeutic actions exerted by the pH-
released hrLF in the prospective treatment of chronic skin
wounds, protein interaction with human dermal fibroblasts
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Fig. 6 hrLF released from the P-CHP407 hydrogels in contact with buffers at pH 5 (violet), 7 (blue), 9 (orange) and 11 (green) as quantified by the
BCA colorimetric test (dark colours) and enzyme-linked immunosorbent assay (ELISA, light colours). Analyses were performed in triplicate, and data
were analysed through two-way ANOVA, followed by Sidak’s multiple comparisons test (pH 5: ns, pH 7: ns, pH 9: 0.001 < p < 0.01 at 24 h, and pH 11:

p < 0.0001) at each considered time point.
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Fig. 7 Assessment of the hydrogel cytocompatibility according to the
ISO 10993:5 regulations. Cell viability (A) and cytotoxicity (B) percen-
tages calculated for the P-CHP407 and P-CHP407_hrLF formulations
through the CellTiter-Blue and CytoTox-ONE assays, respectively. (C)
Live and dead images of the NIH-3T3 cells cultured with P-CHP407 and
P-CHP407_hrLF enriched extracts for 24 h. Live and dead cells are
stained in green and red, respectively. Negative and positive controls
correspond to the cells cultured in complete culture medium and lysed
before the assay, respectively. Number of technical replicates: 5 and
number of biological replicates: 3. No statistical differences were
obtained by data analyses through two-way ANOVA, followed by Sidak's
multiple comparisons test.

(HDFs) was first studied by analyzing cell metabolic activity up
to 5 days of culture in the presence of hrLF (Fig. 8). For this
purpose, hrLF concentration was varied in the range 10-500 ug
mL™" in order to encompass the entire interval of protein
amounts released from 1 mL of hydrogels, as registered
through the in vitro drug release test. Furthermore, a more in-
depth evaluation was also conducted through the cell cycle
assay performed on HDFs treated with the highest tested hrLF
concentration (.e., 500 ug mL™") for the same time points (i.e.,
1d, 2 d and 5 d) (Fig. 9).

Irrespective of tested hrLF concentration, HDFs were found
to be metabolically active during the entire duration of the
experiment. In more detail, percentages registered at day 1 and
day 2 showed values very similar to those registered for the
control (ie., cells cultured in hrLF-free medium - red line in
the graph), thus suggesting the absence of protein-induced
alterations of cell metabolism. Differently, at longer culture
times (i.e., 5 days), the metabolic activity of hrLF-treated cells
was remarkably higher compared to that of the control, thus
suggesting a capability of the protein to act as a cell prolifer-
ation-inducing agent.”® This observation was especially evident
for the highest tested hrLF concentration (i.e., 500 pug mL™"),
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with a metabolic activity percentage measured to be 136.5% +
3.5%.

To gain a more in-depth understanding of the capacity of
hrLF to stimulate cell metabolic activity (and consequently
anticipate benefits in the treatment of chronic skin wounds
achieving faster tissue healing), its interaction with the
different cell phases was evaluated using the cell cycle assay
(Fig. 9). To note, the assay was performed using actively prolif-
erating cultures, in which the majority of cells were expected
to be cycling under standard growth conditions. This approach
was intentionally chosen to better mimic the physiological
wound microenvironment, where cells are naturally distribu-
ted across different stages of the cell cycle rather than being
synchronized in a single phase. The life cycle of eukaryotic
cells encompasses four distinct phases: sub-G1, considered to
be the resting phase in which cells exert their function or
undergo apoptosis; G0/G1, ascribed to cell growth by first
synthesizing RNA and proteins; S phase, attributed to DNA
synthesis and thus cell proliferation; and G2/M, in which cells
continue to grow and undergo nuclear and cytoplasmic divi-
sion. At time 0 (i.e., at the beginning of the experiment), most
of the cells were found to be in the G0/G1 phase, meaning that
they were normally growing before being seeded. At day 1,
both untreated and hrLF-treated HDFs (Fig. 9A and B, respect-
ively) showed a reduction in the G0/G1 phase in favour of S
and G2/M phases, suggesting the re-establishment of cell-pro-
liferating conditions. Afterwards, a progressive slight reduction
in the proliferative and division phases was observed up to day
5 of culture due to the achievement of cell confluence.
Specifically, this trend was registered for both the control and
HDFs treated with hrLF, thus suggesting the absence of
protein-induced alteration of the cell cycle. However, a closer
analysis of the S phase (Fig. 9C) evidenced slightly higher cell
percentages measured for HDFs treated with hrLF compared
to control cells, at each analysed time point. For instance, at
day 1, the percentages of cells in the S phase were measured to
be 10.8% + 1.6% and 12.7% + 1.0% for untreated and hrLF-
treated HDFs, respectively. These differences, although not
statistically significant, align with evidence reported in the lit-
erature on the proliferative effect exerted by hrLF, probably
through a synergistic action on the modulation of both fibro-
blast growth factor-2 and transforming growth factor-p1.>*

Evaluation of lactoferrin pro-regenerative and anti-
inflammatory activities under wound-mimicking conditions

HDFs pre-conditioned with 10 pg mL™" LPS were used as a
simplified experimental model of inflammation, and the anti-
inflammatory effect of hrLF was investigated. As shown in
Fig. 10A, the metabolic activity of LPS-treated HDFs was not
affected by the inflammatory potential of LPS, reaching a cell
viability higher than 100% over five days of culture. In fact,
previous studies have shown stimulatory effects of LPS on HDF
growth.>®™” This dual effect arises because different cell types
(i.e., immune cells and fibroblasts) interpret LPS-triggered
signals differently. Immune cells emphasize rapid cytokine
release, whereas fibroblasts may respond by proliferating or

This journal is © The Royal Society of Chemistry 2026
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Fig. 9 Cell cycle assay performed on the untreated HDFs (A) and hrLF-treated HDFs (B). For this test, cells were treated with the highest tested hrLF
concentration (i.e., 500 pg mL™Y). Comparison of the cell percentages registered in the proliferation phase (S phase) for the untreated (grey) and
hrLF-treated (blue) cells (C). Number of technical replicates: 3 and number of biological replicates: 3. Data analysed through two-way ANOVA, fol-
lowed by Sidak’s multiple comparisons test, gave no statistically significant differences.

activating ECM deposition.>® The overall cellular outcome,
however, is highly context-dependent and influenced by
factors such as LPS concentration, exposure periods, presence
of additional growth factors, and intercellular crosstalk.>®*°
The treatment with hrLF at 100, 500, and 750 pg mL™" posi-
tively influenced HDF viability, showing a trend of increasing
metabolic activity over time. Specifically, the first two hrLF
concentrations were selected to mimic the hrLF released after
24 h from 1 mL of hydrogel exposed to buffers at pH 5, 7, and
9, respectively; differently, 750 pg mL™' was included to
further investigate the potential therapeutic effect of the
protein in view of its clinical translation, where larger appli-
cation volumes and/or greater exposed surface areas may
reasonably lead to higher local amounts of released hrLF over
the same time interval. Cells treated with 100 ug mL™" hrLF

This journal is © The Royal Society of Chemistry 2026

exhibited a viability increase from 109.2% =+ 8.5% on day 1 to
118.2% + 6.0% on day 5. A significant increase (p* < 0.05) was
observed for cells treated with 500 pg mL™" hrLF, rising from
104.2% * 8.6% on day 1 to 118.6% + 5.1% on day 5. Similarly,
treatment with 750 pg mL™" hrLF resulted in a significant via-
bility enhancement (p* < 0.05), from 106.8% * 8.0% on day 1
to 118.6% * 6.9% on day 5. These findings confirm hrLF’s pro-
tective and stimulatory role under inflammatory stress, consist-
ent with literature reporting that lactoferrin potentiates fibro-
blast viability and tissue integrity during inflammation.®"%*
Quantitative analysis of double-stranded DNA (dsDNA)
further confirmed the mitogenic effect of hrLF (Fig. 10B).
Confirming the stimulatory effects of LPS on HDF behavior, a
similar proliferation rate was observed between the unstimu-
lated control group (CTRL) and LPS-treated cells, showing a

Biomater. Sci.
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Fig. 10 Evaluation of the hrLF anti-inflammatory and pro-regenerative activities under wound-mimicking conditions. Metabolic activity (A) and
dsDNA quantification (B) of the HDFs pre-conditioned with LPS and after treatment with hrLF at increasing concentrations (100, 500 and 750 pg
mL™Y). Number of technical replicates: 3 and number of biological replicates: 3. Gene expression profile of the pro-inflammatory (TNF-q, IL-1p, and
IL-6), anti-inflammatory (IL-10) and pro-regenerative (COL Ill) markers on the LPS-conditioned HDFs treated with hrLF at increasing concentrations
(100, 500 and 750 pg mL™) (C). Number of technical replicates: 2 and number of biological replicates: 3. Data were analysed through two-way
ANOVA, followed by Sidak’s multiple comparisons test. ***: 0.0001 < p < 0.001, **: 0.001 < p < 0.01, and *: 0.01 < p < 0.05.

significant increase in cell proliferation from day 1 to day 5
(p*** < 0.001 and p** < 0.01, respectively). Similarly, a signifi-
cant increase in DNA content was observed from day 1 to day 5
in cells treated with hrLF at 500 pg mL™" (p** < 0.01) and
750 pg mL™" (p* < 0.05). As expected, these hrLF-treated cells
(500 pg mL™" and 750 pg mL™") showed on day 5 a tendency
for higher DNA levels than both LPS-treated cells and the
CTRL group, confirming the regenerative potential of lacto-
ferrin beyond mere inflammation suppression.®"®*

The gene expression profile revealed that hrLF treatment
markedly reduced the LPS-induced expression of pro-inflam-
matory cytokines TNF-a, IL-1p, and IL-6 in HDFs (Fig. 10C).

A pronounced suppression was observed with 100 ug mL™"
and 750 pg mL™" hrLF, which aligns with literature reporting
that LPS-treated HDFs exposed to LF ranging between
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10-300 pg mL™" reduced IL-1p and IL-6 expression.®® Colonic
fibroblasts also lowered TNF-a, IL-1f, and IL-6 expression
when treated with LF at micromolar levels.®' Different reviews
also show that LF can reduce the expression of TNF-a, IL-1f,
and IL-6 in macrophages and epithelial cells treated with LF
(£100-500 pg mL~").°* This anti-inflammatory effect of LF is
primarily attributed to its capacity to bind and neutralize LPS,
thereby preventing its interaction with the TLR4-MD2-CD14
receptor complex and the subsequent activation of NF-kB and
MAPK (p38/JNK) signaling pathways.®> By maintaining NF-kB
in an inactive state and limiting MAPK phosphorylation, LF
downregulates the transcription of cytokine genes such as
TNF-a, IL-1B, and IL-6. Comparable findings were reported for
LPS-treated HDFs, where LF reduced IL-1f and IL-6 expression
via inhibition of the JNK pathway.®® Interestingly, increasing

This journal is © The Royal Society of Chemistry 2026
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levels of hrLF decreased IL-10 expression, an anti-inflamma-
tory marker, following LPS stimulation. Although IL-10
expression is regulated by signalling pathways that are not
exclusively dependent on NF-xB, the reduction in IL-10
observed with increasing hrLF concentration may be an indir-
ect consequence of hrLF-mediated suppression of TNF-a, a
major inducer of IL-10 production in LPS-stimulated
monocytes.®” ® These findings are consistent with reports
showing reduced IL-10 levels in hrLF-treated monocyte cell
lines.”®

Regarding collagen type III (COL III) expression, an early
marker of wound healing and fibrosis, it was downregulated
across all hrLF treatment groups. This is notable given that
LPS is known to upregulate collagen production in fibroblasts,
a response associated with hypertrophic scarring.”* Thus, the
observed reduction in COL III by hrLF suggests a response to
the LPS effects aimed at normalizing ECM remodeling, mini-
mizing fibrosis, and promoting balanced wound repair.

Overall, our results indicate that under these testing con-
ditions, hrLF exerts dual anti-inflammatory and pro-regenera-
tive effects on HDFs by maintaining cell viability, enhancing
proliferation, and regulating gene expression. These findings
reinforce the concept that fibroblasts are not merely structural
cells but also active participants in the innate immune
response, capable of responding to therapeutic agents and
potentially contributing to the resolution of inflammation and
tissue repair.

Evaluation of lactoferrin antimicrobial properties

The antimicrobial activity of hrLF was evaluated against repre-
sentative Gram-positive (Staphylococcus aureus) and Gram-
negative (Escherichia coli) bacterial strains, which are both key
pathogens in chronic wounds due to their persistence,
biofilm-forming capacity, and resistance to antibiotic treat-
ment (Fig. 11). The results demonstrated a pronounced bacter-
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iostatic effect for S. aureus, with hrLF significantly reducing
the number of viable colonies at 6 h of incubation compared
to control cultures. Between 6 and 24 h, bacterial counts were
reduced, although without significant differences. In contrast,
hrLF exhibited weaker activity against E. coli, causing only a
transient reduction in bacterial counts within the first hours,
with no significant long-term effect compared to controls.
These findings are consistent with previous studies reporting
that lactoferrin can exert a microbiostatic activity against both
Gram-positive and Gram-negative bacteria.”>”* Lactoferrin’s
antimicrobial function is attributed to the following mecha-
nisms of action: (i) a bacteriostatic effect through iron chela-
tion, which limits microbial growth by depriving bacteria of
this essential nutrient, and (ii) bactericidal activity mediated
by its cationic N-terminal peptide, lactoferricin, which disrupts
microbial membranes.”*”® However, the nature and magni-
tude of these effects depend on several factors, including the
form of lactoferrin, its concentration, the bacterial strain, and
the duration of exposure.

In our study, the observed bacteriostatic effect of hrLF is
consistent with the first mechanism, as bacterial viability was
reduced without evidence of complete eradication. The higher
sensitivity of S. aureus compared with E. coli may be explained
by differences in cell envelope architecture: the absence of an
outer membrane in Gram-positive bacteria facilitates iron
deprivation effects, whereas the outer membrane of Gram-
negative bacteria provides an additional protective barrier that
can limit hrLF activity. Nonetheless, the reduction in bacterial
viability in both strains highlights the broad antimicrobial
potential of hrLF, albeit with species-dependent efficacy.

Taken together, these results confirm the antibacterial poten-
tial of hrLF and highlight its therapeutic relevance for potentially
treating chronic wounds. Beyond its bacteriostatic role, lacto-
ferrin has been reported to act synergistically with antibiotics
and host defence peptides, potentially reducing the risk of resis-
tance development.”® Thus, hrLF-loaded hydrogels may offer a
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Fig. 11 Antimicrobial activity of hrLF against Staphylococcus aureus and Escherichia coli. Bacterial counts were quantified over time in cultures in
the absence (CTRL) and presence of hrLF. Results are presented as mean + standard deviation from three independent experiments. Number of
technical replicates: 3 and number of biological replicates: 3. Data analysed through two-way ANOVA, followed by Sidak’s multiple comparisons test,
gave 0.0001 < p < 0.001 at 6 h for S. aureus and 0.001 < p < 0.01 at 6 h and 24 h for E. coli.
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Fig. 12 Representation of the P-CHP407_hrLF hydrogel extrusion into 3D structures: virtual model design, conversion into printing instructions

and logo fabrication (from left to right).

dual benefit of antimicrobial protection and promotion of tissue
regeneration, making them promising candidates for the man-
agement of infected and inflamed hard-to-heal wounds.

Hydrogel processability through 3D bioprinting

In view of hydrogel processing in the form of patient-personal-
ized wound dressings, a proof-of-concept of P-CHP407_hrLF
hydrogel suitability as a biomaterial ink was obtained by
extruding different 3D logo representations by setting proces-
sing parameters optimized in a different work (data not
reported) (Fig. 12). For this purpose, the formulation was
loaded into a cartridge at low temperature, equilibrated at
22 °C to ensure the achievement of a semi-gel state, and then
deposited on a previously equilibrated printing bed at physio-
logical temperature. Each logo resulted from the layer-by-layer
deposition of five consecutive layers. Since the extruded struc-
tures finely reproduced the corresponding virtual models, this
preliminary qualitative experiment further proved the thermo-
responsiveness of the system and the capability to tempera-
ture-control the extrusion process and construct shape reten-
tion over time. Further studies will be performed to investigate
the stability of 3D printed structures in contact with fluids and
to optimize the printing parameters, allowing the fabrication
of complex shape-personalized patches.

Conclusions

The lack of patient-personalization characterizing the currently
available wound dressings for chronic skin wound manage-
ment remains the main limitation hindering tissue healing.
This work describes the engineering of a smart formulation
with potential for patient-specific treatment of chronic skin
wounds. Specifically, the synthesis of a multi-stimuli-respon-
sive poly(ether urethane) allowed the formulation of a thermo-
and alkaline-pH responsive hydrogel capable of encapsulating
a high molecular weight protein with no changes in the
thermal behavior, with release of payload in response to
patient’s clinical needs. In addition, hrLF has proved to be a
suitable therapeutic agent that can preserve its conformation
even in the harsh wound environment. Moreover, amounts of
hrLF defined according to drug release profiles showed the
capability to promote tissue regeneration, reduce inflam-

Biomater. Sci.

mation, and exert bacteriostatic activity when tested in an
in vitro model of simplified wound inflammation. Finally, a
first assessment was able to demonstrate the hydrogel extrud-
ability and shape retention capability after extrusion, paving
the way for the fabrication of shape-personalized wound dres-
sings. Based on these promising results, future investigations
will be focused on the assessment of system performance in a
more clinically relevant environment (e.g., 3D wound models
encompassing the co-culture of fibroblasts, keratinocytes and
macrophages). Moreover, future steps will address challenges
towards the translation of this proof-of-concept system into a
clinically applicable wound dressing, such as the development
of a scalable and reproducible polymer synthesis process, com-
pliance with Good Manufacturing Practice (GMP) require-
ments, and the assessment of the long-term physicochemical
and biological stability of the final formulation under storage
conditions. In addition, manufacturing consistency, steriliza-
tion procedures, and shelf-life validation will be crucial to
ensure product quality and regulatory approval.
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