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ABSTRACT

Biofilm formation on biological and material surfaces represents a heavy health and economic burden for both
patient and society. To contrast this phenomenon, medical devices combining antibacterial and pro-wound
healing abilities are a promising strategy. In the present work, Xanthan gum/Guar gum (XG/GG)-based scaf-
folds were tuned with thymol and Zn®" to obtain wound dressings that combine antibacterial and antibiofilm
properties and favour the healing process. The tuning process preserved the 3D extrusion-based printability of
the XG/GG ink. Scaffolds swelling profile was assessed in PBS pH 7.4, and the resistance to compressive forces
was studied using a texturometer. The scaffolds microarchitectures were analyzed by SEM, while ATR-FTIR
spotlighted the chemical modifications of the customized materials. Thymol and Zn?* release was analyzed in
biologically relevant media, showing a burst release in the first hours. The antibacterial properties were
confirmed against S. aureus, P. aeruginosa, and S. epidermidis by isothermal microcalorimetry and biofilm viable
cell counting. Incorporation of hydroxypropyl-p-cyclodextrin (HPBCD) improved thymol loading (7- and 14-
times higher thymol content) and enhanced the antimicrobial and antioxidant performances of the dressing,
while the presence of Zn?* strongly potentiated the antimicrobial activity, showing a potent antibiofilm response
in both Gram-positive and Gram-negative strains of clinical concern. The thymol and Zn?* combination led to a
reduction of 99.95 %, 99.99 %, and 98.26 %, of biofilm formation against S. aureus, P. aeruginosa, and
S. epidermidis, respectively. Furthermore, the scaffolds demonstrated good hemocompatibility, cytocompatibility,
tissue integration and pro-angiogenic features in an in ovo CAM model.

1. Introduction

(Depypere et al., 2020; Goérecki & Babiak, 2009; Sandiford et al., 2020).
Triggering causes of infection can be the bacterial colonization of the

The arise of bacterial infections linked to biofilm formation on bio- implantable material, the intraoperative inoculation of bacteria, or a
logical and material surfaces is one of the most urgent topics nowadays. contamination of the open fracture or wound site. The bacterial colo-
It can lead to severe consequences and long-term patients hospitaliza- nization of medical devices usually leads to the formation of a biofilm
tion, representing also a heavy burden for the healthcare costs that protects them from the antibiotics action, increasing 100-1000
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times the minimum antibiotics concentrations needed for bacterial
eradication, causing a higher risk of antibiotic resistance and side effect
onset (Kang et al., 2023). Among the main pathogens, Staphylococcus
aureus, Staphylococcus epidermidis, Pseudomonas aeruginosa, and Escher-
ichia coli, including Multiple Drug Resistant (MDR) strains, are the major
causes of life-threatening infections. These bacteria have been included
in the priority list of the world health organization (WHO) also due to
their tendency to develop antibiotic resistance in short term (Bouhrour
et al., 2024; Chen et al., 2013; Gbejuade et al., 2015; Khatoon et al.,
2018; Tacconelli et al., 2018).

The impaired blood flow of infected necrotic tissues prevents sys-
temically administered antibiotics to reach the target site at sufficient
concentration to exert antibacterial action, requiring the combination of
systemic and local high antibiotics dosage, increasing the risk of side
effects (Depypere et al., 2020). Thus, in this scenario, the development
of medical devices able to combine antibiofilm and antimicrobial ac-
tivity with pro-wound healing capacity is a promising strategy for the
management and prevention of soft tissues and musculoskeletal in-
fections. However, two premises should be considered: (i) due to the
increasing rate of antimicrobial resistance, substances alternative to
antibiotics are preferable; and (ii) the use of non-drug GRAS substances
that can be considered as ancillary products may make the regulatory
approval of the scaffold biomaterial simpler and faster because of its
consideration as a medical device and not as a medicine. Thus, non-
drugs and widely-approved safe substances providing antibiofilm and
antimicrobial activity are preferred. In this context, natural compounds
and inorganic ions possessing multi-therapeutical properties can be a
wide source to exploit (Frei et al., 2023; Silva et al., 2016).

In clinical practice, cotton, bandages, and gauzes are among the most
utilized wound dressings. These cheap devices primarily have a passive
role in the healing process, typically acting as protective barriers while
absorbing wound exudates (Farani & Shafiee, 2021). However, they fall
short in addressing the individualized needs of patients, and a variety of
advanced materials like foams, hydrogels, sponges, and films have
appeared in recent years with the aim of actively contributing to the
wound healing process, serving as true supports for the tissue under
restoration (Laurano et al., 2022). The latest trends in the field focus on
3D printing technologies, preferably using carbohydrate polymers as
main components (Pita-Vilar et al., 2023; Seijo-Rabina et al., 2024; Yuan
et al., 2023). In a recent work, semisolid extruded (SSE) 3D-printed
networks composed of xanthan gum (XG), guar gum (GG), and suc-
cinic acid (SA) demonstrated to be a green alternative to plastic medical
devices, with the added advantages of having a porous structure
resembling the natural extracellular matrix, which provides an optimal
microenvironment for water, nutrient, and gas exchange, while facili-
tating tissue integration by displaying angiogenic and anti-collagenase
activity (Virzi et al.,, 2024). Natural carbohydrate polymers, such as
XG and GG, offer interesting advantages for wound healing applications,
given their high biocompatibility, biodegradability, low price and
versatility of chemical properties. XG is a natural polymer produced in
the fermentation process by Xanthomonas strains. Its chemical structure
consists of a linear $-1,4-p-glucopyranose linked, at the C-3 position in
each alternating glucose residue, with a side chain composed of an
acetylated d-mannose, d-glucuronic acid, and terminal pyruvated
mannose (Hassanisaadi et al., 2025). In contrast, GG is a galactomannan
extracted from Cyamopsis seed species, and its chemical structure con-
sists of a linear p-1,4-d-mannopyranose chain linked with an a-1,6 bond,
in each alternating mannose group, with a galactose residue (Zhang
et al., 2024). Both polysaccharides exhibit outstanding physicochemical
characteristics, allowing the production of pseudoplastic hydrogels and
possessing excellent stability at high temperatures and pH. Thanks to
their thickening and emulsifying capabilities, both polysaccharides are
widely used in the pharmaceutical, food, and cosmetic industries
(Manzoor et al., 2022; Tudu & Samanta, 2023).

The aim of the present work was to tune the XG/GG based scaffolds
to obtain a safe medical device that can reduce the risk of biofilm
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development and produce an antimicrobial response, while promoting
the wound healing process. The hypothesis of the work was that
hydroxypropyl-p-cyclodextrin (HPBCD) can endow the scaffolds with
the capability to host essential oil components, while XG can host
divalent metal ions (Zn?"), thus providing complementary mechanisms
to prevent biofilm formation. Thymol, a monoterpenoid present in
Thymus vulgaris, is a Generally Recognized as Safe (GRAS) FDA-
approved substance with demonstrated antibacterial and antibiofilm
activity against Gram-positive bacteria, together with anti-inflammatory
and pro-healing properties (Gabbai-Armelin et al., 2022; Michalska-
Sionkowska et al., 2017; Nagoor Meeran et al., 2017; Silva et al., 2016).
However, its poor water solubility limits its incorporation in a hydrogel-
based system. The formation of complexes with HPBCD, another GRAS
excipient, can overcome this problem (Garg et al., 2021). In parallel, Zn
salts have also shown wide antimicrobial spectra against both Gram-
positive and Gram-negative bacteria. ZnCl, (GRAS substance) can
confer antimicrobial properties to coated devices and fabrics (Holt et al.,
2018; Noach et al., 2023). Thus, to achieve an optimized scaffold
comprising thymol and Zn?*, the following steps were followed: i)
HPBCD-Thymol complexes were obtained and extensively characterized
by UV-vis and fluorescence spectroscopy, other than size, PDI and zeta
potential analysis; ii) HPBCD-Thymol and free-thymol were loaded into
an optimized ink consisting of a 12 % w/v dispersion in water of XG/GG
50:50 w/w containing SA for crosslinking; the self-healing and visco-
elastic properties of the formulated inks were analyzed. The inks were
then used to print cylindric porous scaffolds, extensively characterized
in terms of structural, mechanical and chemical properties, swelling
behaviour, release profile, cytocompatibility, hemocompatibility, and
antioxidant effect; and finally iii) the produced thymol-embedding
scaffold was loaded with Zn?* to obtain the final tuned scaffolds; their
antimicrobial activity was then assessed with advanced microcalori-
metric techniques and biofilm viable cells counting. The biocompati-
bility of the scaffolds was tested by means of an hemolysis test and in
vitro human mesenchymal stem cells (hMSCs) cell viability test. In
addition, the angiogenic and tissue integration properties of the XG/GG
based scaffolds were verified in an in ovo CAM model.

2. Materials and method
2.1. Materials

Guar gum (GG, G4129, MW = 1717.04 kDa, monosaccharides
composition: galactose = 37.38 + 1.54 %, mannose: 62.62 + 1.54 %j;
using the method reported by Zhang et al. (2024)), and xanthan gum
from Xanthomonas campestris (XG, G1235, MW = 2902.44 kDa, 26 %
pyruvation and 96 % acetylation, expressed as a percentage of the
number of repeating units, using the method reported by Ruijssenaars
et al. (1999), Brookfield viscosity 1 % solution 800-1200 mPa-s,
monosaccharides composition: glucose = 45.17 + 2.94 %, mannose =
32.19 + 1.7 %, glucuronic acid = 22.64 + 4.62 % (Zhang et al., 2024))
were purchased from Sigma Aldrich® (Merck, Darmstad, Germany). CP/
MAS *3C NMR spectra of XG, GG and XG/GG mixture are available in the
Supplementary File (Fig. S1).

HPBCD Kleptose® HP oral grade (MS = 0.85, MW = 1480.7 g/mol)
was obtained from Roquette® (Lestrem, France). Thymol (>98.5 %),
succinic acid (SA, >99 %), zinc chloride (ZnCly, >98 %), calcium
chloride (CaCly, >96 %), Certipur® (ICP multi-element standard solu-
tion IV), Triton X-100, sodium chloride (NaCl, >99 %) and formalde-
hyde solution (37 wt% in Hy0) were purchased from Sigma Aldrich®
(Merck, Darmstad, Germany). Phosphate buffer saline (PBS), TrypLE®,
Dulbecco’s Modified Eagle Medium (DMEM), Gibco™ Antibiotic-
Antimycotic, FBS and Alamar Blue™ were purchased from Thermo-
Fisher Scientific (Waltham, MA, USA). Human blood anticoagulated
with ethylene diamine tetraacetic acid (EDTA) was provided by Centro
de Transfusién de Galicia (Santiago de Compostela, Spain) and obtained
from anonymized healthy donors, in agreement with the Spanish
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legislation (Law 14/2007 on Biomedical Research). Fertilized hen eggs
were provided by Coren (San Cibrao das Vinas, Spain). Simulated
Wound Fluid (SWF) composed by 8.298 g of NaCl and 0.368 g of CaCl,
per liter of double distilled water (DDW) were prepared in the lab.
Tryptic soy broth (TSB) was purchased from Oxoid (Hampshire, UK),
Bacto™ yeast and Bacto™ tryptone extract were obtained from Becton,
Dickinson and Company (Le Pont de Claix, France). S. aureus ATCC
25923 and E. coli ATCC 15597 were purchased from (ATCC, Manassas,
VA, USA), P. aeruginosa PAO1, Lausanne sub-line, was donated by M.
Camara (University of Nottingham), and S. epidermidis CECT 4184 was
provided by CECT (Valencia, Spain).

2.2. Cyclodextrin-thymol complex preparation and characterization

2.2.1. HPPCD/thy complex preparation

The HPBCD/Thymol complex (HPBCD/Thy) was prepared at a
HPBCD:Thy 1:2 mol ratio. Specifically, 2.03 mmol of HPBCD (3 g) were
dissolved in 3 mL of water at R.T. Successively, 4.06 mmol of thymol
(609.89 mg) were added to the solution, and let stir for 48 h, at the same
temperature. As control, a 3 mL aqueous solution containing 609.89 mg
of thymol was prepared and vigorously stirred at the same conditions.
After 2 days, the two solutions were diluted to 10 mL and centrifuged at
5000 rpm for 15 min and successively filtered with a 0.45 pm filter, to
remove eventual residues of thymol present in the suspension. The
HPBCD/Thy supernatant solution was freeze-dried to obtain a white
powder of 2.94 g, while the control supernatant was analyzed by means
of an UV — vis spectrophotometer (Agilent 8453, Waldbronn, Germany)
to evaluate the experimental solubility of thymol.

2.2.2. Thymol loading, entrapment efficiency and recovery yield
The theoretical loading percentage (T.L., %) was calculated using Eq.
1):
_ WThy (1 : 1ratio)

T.L.(%) = ~— WD 100 €}

where “W Thy (1:1 ratio)” is the amount of thymol needed for a theo-
retical 1:1 mol ratio complex and “W HPSCD” is the total weight of
HPBCD used.

The experimental loading percentage (E.L., %) of thymol in the
HPBCD/Thy complexes was assessed, in triplicate, by recording the
absorbance at 274 nm (UV-vis spectrophotometer Agilent 8453, Wald-
bronn, Germany) of freeze-dried HPBCD/Thy complexes solutions (250
pg/mL) prepared in DDW and referring to a calibration curve of thymol
in DDW. Thus, the thymol loading percentage was calculated using Eq.
(2):

W Thy in HPSCD/Thy 100

0, —
EL.(%) = W HPBCD/Thy

(2)

where, “W Thy in HPSCD/Thy” is the total amount of thymol present in
the complex and “W HPBCD/Thy” is the weight of the complex.

The recovery yield percentage was assessed from the ratio of the
mass of the freeze-dried HPBCD/Thy complex obtained with respect to
the sum of the amounts of HPBCD and thymol added to prepare the
complexes, using Eq. (3):

) W HPBCD/Thy
%) =— Y w1
Recovery yield(%) W HPSCD + W Thy x 100 3)

The entrapment efficiency percentage (E.E., %) was calculated ac-

cording to Eq. (4):

W thy in HPBCD/Thy
W thy(1 : 1ratio)

EE.(%) = x 100 @

2.2.3. Size, PDI, and { potential analysis of HPBCD/Thy complex
The size, PDI, and ¢ potential of the HPBCD/Thy complex (1 mg/mL
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in DDW) were analyzed by means of a Malvern Zetasizer Pro (Malvern
Panalytical, United Kingdom).

2.2.4. UV-vis and fluorescence analysis of HPSCD/Thy complex

HPBCD/Thy and thymol were dissolved in DDW and diluted to
achieve the same thymol concentration. A stock solution of HPBCD/Thy
(1 mg/mL in DDW) was prepared and further diluted to 300 pg/mL, 100
pg/mL, and 50 pg/mL. UV-vis spectra were recorded using an Agilent
8453 UV-vis spectrophotometer (Waldbronn, Germany) from 190 nm to
800 nm wavelength range and compared to thymol 31.5 pg/mL, 10.5
pg/mL, and 5.25 pg/mL solutions. The fluorescence spectra were ac-
quired using a Varian Cary Eclipse spectrofluorometer (Agilent, USA),
using an excitation frequency of 265 nm, and the emission was recorded
in the range from 285 nm to 510 nm. Thymol diluted solutions ranged
from 10.5 to 2.62 pg/mlL.

2.3. Inks composition, preparation and characterization

For the preparation of 1 mL of non-tuned ink (I-NT), 60 mg of XG (6
% w/v), 60 mg of GG (6 % w/v), and 24 mg of SA (2.4 % w/v) were
dispersed with 1 mL of DDW and homogenized with a spatula (Table 1).
To prepare the free-thymol embedded hydrogel ink (I-Thy), 1 mg (0.01
% w/v) of thymol was solubilized in 1 mL DDW at 50 °C (melting point)
in an ultrasonic bath, sonicating for 15 min (Branson 3510 ultrasonic
cleaner). Successively, the obtained thymol solution was used to
disperse the polysaccharides/succinic acid powder mixture (60 mg XG,
60 mg GG, 60 mg SA). The HPBCD/Thy containing hydrogel inks (I-T7, I-
T14,1-T7+, and I-T14+) were prepared adding the HPBCD/Thy complex
as powder to the polysaccharides/succinic acid mixture. The amount of
succinic acid was 24 mg for I-T7 and [-T14, while it increased to 37.3 mg
for I-T7+ and 50.6 mg for I-T14+ to compensate the increase in cross-
linkable species (HPBCD). The prepared hydrogel inks were loaded
into a syringe and stored at 4 °C until use.

The self-healing properties of the inks were mechanically tested at
20 °GC, in triplicate, using a rheometer (Anton Paar, MCR 302, Austria)
fitted with a HPTD 200 Peltier hood and a disposable measuring
aluminium plate (15 mm in diameter). The gap was fixed at 1 mm. A five
step in amplitude sweep mode test was conducted at a constant fre-
quency of 1 Hz, following an already reported procedure (Conceicao
et al., 2019; Virzi et al., 2024). The five steps consisted of an alternate
application of 0.5 % shear strain for 300 s, followed by 100 % shear
strain application for 120 s.

2.4. Scaffold production and characterization

2.4.1. Scaffold printing, freeze-drying and crosslinking process

A SSE Regemat® Bio V1 printer (Regemat 3D, Spain) was fitted with
a 5 mL syringe equipped with a 0.6 pm nozzle for the scaffolds 3D
printing. Regemat 3D designer software was used for the design of the
scaffolds, following previously optimized parameters (Virzi et al., 2024).
Specifically, the scaffolds dimensions were set at 10 mm diameter, 3 mm
height and 0.41 mm layer height. The infill pattern was set as diagonal,
an angle of 90° was used for the ink deposition, while the flow speed was
set as 7.00 mm/s. The distance between strands was set at 1.20 mm, and
no additional perimeters (walls) were used. Petri dishes were used as
printing plates. The printed scaffolds were frozen at —80 °C and then
freeze-dried using a Lyoquest —85 Telstar® (Telstar, Terrassa, Spain).
Then, the scaffolds were placed in a 6 mL glass injection vials (¢ 22 mm x
h 40 mm), sealed with rubber stopper and aluminium crimp seal, and
simultaneously sterilized and crosslinked in a single step process at
121 °C, 1 atm for 20 min, using a RAYPA AES-12 autoclave (RAYPA,
Terrassa, Spain).

2.4.2. Structural evaluation
After freeze-drying, scaffolds (n = 5) were randomly taken from the
produced set, weighed and their structural features were evaluated. A
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Table 1
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Composition of the inks (1 mL) expressed as total amount and as weight/volume percentage (in parenthesis), and code names of the obtained scaffolds. DDW was used

as dispersant.

Ink code XG in mg (w/v %) GG in mg (w/v %) SA in mg (w/v %) Free-thymol in mg (W/v %) HPBCD/Thy in mg (w/v %) Scaffold code
I-NT 60 (6.0 %) 60 (6.0 %) 24 (2.40 %) - - S-NT

I-Thy 60 (6.0 %) 60 (6.0 %) 24 (2.40 %) 1 (0.1 %) - S-SA

I-T7 60 (6.0 %) 60 (6.0 %) 24 (2.40 %) - 66.5 (6.65 %) S-T7

1-T14 60 (6.0 %) 60 (6.0 %) 24 (2.40 %) - 133 (13.3 %) S-T14

I-T7+ 60 (6.0 %) 60 (6.0 %) 37.3 (3.73 %) - 66.5 (6.65 %) S-T7+
I-T14+ 60 (6.0 %) 60 (6.0 %) 50.6 (5.06 %) - 133 (13.3 %) S-T14+

precision calliper was used to measure their height and diameter. The
scaffolds were visually assessed after printing, freeze-drying, cross-
linking, and swelling using an Olympus SZ-CTV stereomicroscope
(Olympus, Tokyo, Japan). SEM images of the scaffold S-T7+ were taken
before and after swelling in DDW for 30 min and freeze-dried, while the
zinc ions loaded scaffolds (S-Zn and S-TZn) were directly analyzed after
loading and freeze-drying process. The freeze-dried scaffolds were
sputter-coated with gold using a Quorum T50T S plus (Quorum,
Laughton, UK) applying a current of 20 mA for 1.5 min and visualized
using an EVO LS 15 SEM (Zeiss, Oberkochen, Germany).

2.4.3. Swelling test

Crosslinked scaffolds (n = 3) were weighed (W scaffold dried) and
individually placed in vials containing 5 mL of PBS pH 7.4, kept at 37 °C
a and 100 rpm for 7 days. At 2 h, 1, 3, and 7 days the scaffolds were
removed from the buffer, rapidly wiped with a piece of paper, and then
weighed (W scaffold wet). The swelling percentage was calculated using
Eq. (5):

W scaffold wet — W scaffold dried N
W scaffold dried

Swelling% = 100 5)

2.4.4. Texturometer compression analysis

Mechanical properties of the scaffolds were measured, in triplicate,
at different swelling time (dry, 30 min and 7 days), using a TA.XTplus
Texture Analyzer (Stable Micro Systems, Surrey, UK) fitted with a 5-Kg
load cell. The test consisted in applying five consecutive compression/
decompression forces of 1 kg, using a crosshead speed of 0.2 mm/s and
an activation force of 0.001 kg (Virzi et al., 2024). The force-
deformation curves were recorded and plotted, and peak areas (work)
were calculated. The Young’s modulus values were estimated as the
slope of the initial linear region of the force/area vs. relative strain plots.

2.4.5. Zn** loading

Crosslinked scaffolds (S-NT and S-T7+) were immersed in a 10 mM
ZnCl, solution (5 mL) in DDW for 30 min at 100 osc/min. Then, the
scaffolds were rapidly rinsed into a falcon tube containing 50 mL of
DDW to remove unbound ZnCl,, frozen at —80 °C and freeze-dried. To
quantify the amount of Zn?>' loaded, S-Zn and S-TZn scaffolds were
immersed in 10 mL of SWF for 72 h. Then, the solution was analyzed
with a SPECTRO GENESIS Inductively Coupled Plasma - Optical Emis-
sion Spectrometry (ICP-OES) (Spectro Ametek, Kleve, Germany)
equipment, and the amount of zinc ions extracted from the medium was
quantified by means of a calibration curve performed using Certipur®
(ICP multi-element standard solution IV, Merck, Darmstad, Germany).

2.4.6. Release studies

The release profile of Thymol and HPBCD/Thy was assessed, in
triplicate, by immersion of scaffolds S-Thy, S-T7+, and S-T14+ in 5 mL
of PBS pH 7.4. Aliquots (100 pL) of the release medium were withdrawn
at prefixed timepoints (30 min, 1, 2, 4, 8 and 24 h), diluted to 1 mL and
their absorbances were recorded at 274 nm (Agilent 8453 UV-vis
spectrophotometer, Waldbronn, Germany). The released amount was
quantified by means of a calibration of curve of thymol in DDW.

The Zn?* release from the scaffolds S-Zn and S-TZn was assessed, in

triplicate, using the ICP-OES technique, which was calibrated as
explained above. Specifically, the S-Zn and S-TZn scaffolds were
immersed in 5 mL of SWF (solvent chosen to simulate Zn?* release in
wounds, and whose ions did not interfere with the ICP-OES analysis).
Aliquots (100 pL) of the release medium were withdrawn at prefixed
timepoints (30 min, 1, 2, 4, 6, 8, 24, and 72 h) and diluted to 3 mL.

2.4.7. ATR-FTIR scaffold analysis

An ATR-FTIR analysis of the scaffolds was conducted using a Gladi-
ATR (Pike Technologies, Madison, WI, USA). Before the analysis, S-NT,
S-Thy, S-T7+, and S-T14+ scaffolds were previously immersed in 5 mL
of DDW for 30 min to remove the excess of SA, and then freeze dried.
Conversely, the scaffolds S-Zn and S-TZn were analyzed directly.

2.5. Biocompatibility screening

2.5.1. Hemolysis test

The hemocompatibility of the scaffolds (S-NT, S-Thy, S-T7, S-T14, S-
T7+, and S-T14+), Thymol, HPBCD, HPBCD/Thy, and ZnCl; was carried
out according to a protocol explained elsewhere (Farto-Vaamonde et al.,
2022). Human volunteers blood (Centro de Transfusion de Galicia,
Spain) previously anticoagulated was diluted with a NaCl 0.9 % w/v
solution, to obtain a 3.5 % v/v diluted blood solution. Thymol, HPBCD,
HPBCD/Thy, and ZnCl, were dissolved into an appropriate solvent and
added to plastic tubes containing 900 pL of diluted blood to achieve the
desired concentration (final volume 1 mL, NaCl 0.9 % w/v was used to
fill the remaining volume to 1 mL when required). Thymol was dissolved
in DMSO and the final concentrations in the tubes were 2.5, 2.0, 1.5, 1.0,
0.5, and 0.25 mg/mL (maximum DMSO content: 10 % v/v). HPBCD and
HPBCD/Thy were dissolved in NaCl 0.9 % w/v and the final tested
concentrations were 23.75, 19, 14.25, 9.5, 4.75, and 2.37 mg/mL. ZnCl,
was dissolved in NaCl 0.9 % w/v and the final concentrations were 100,
75, 50, 25, 10, and 5 mM. Negative controls were 10 % v/v DMSO in
diluted blood and 0.9 % v/v NaCl solution, while the positive control
was 4 % v/v Triton-X in DDW. After incubation, for 1 h at 37 °C, 100
rpm, the vials were centrifuged for 10 min, 10,000 rpm at R.T. Scaffolds
S-NT, S-Thy, S-T7, S-T14, S-7+ and ST14+ were analyzed after being
swelled in 5 mL of PBS pH 7.4 for 30 min. The S-Zn and S-TZn scaffolds
were analyzed dried. The scaffolds were individually placed into 15 mL
plastic tubes containing 5 mL of diluted blood, and incubated for 1 h at
37 °C, 100 rpm.

After incubation, the scaffolds were removed, and the diluted blood
solution remaining in the 15 mL plastic tubes were centrifuged for 10
min, 4500 rpm at R.T.

The supernatants (150 pL) were transferred into a 96 well plate, and
the absorbance (Abs) of the hemoglobin present in the supernatants at
540 nm was recorded using a Fluostar Optima, (BMG Labtech, Orten-
berg, Germany). Hemolysis percentage was obtained using Eq. (6):

(AbsS — AbsN)

(absp — AbsN) ~ 100 ©)

Hemolysis (%) =

where “AbsS” represents the absorbance derived from scaffolds hemo-
lytic effect, “AbsN” is the absorbance of the negative control, while
“AbsP” is the absorbance of the positive control.
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2.5.2. Preliminary in vitro hMSCs cytocompatibility

The hMSCs (bone marrow derived mesenchymal stem cells — normal
human, ATCC PCS-500-012) were expanded in a-MEM enriched with 10
% FBS and 1 % antibiotic-antimycotic (complete medium). The culture
medium was replaced every other day and cells were split when
reaching 70 % confluency. hMSCs were seeded in 48-well plates with a
cell density of 40,000 cells/well and let to attach for 24 h. Before testing,
the scaffolds were autoclaved at 121 °C, 1 atm for 20 min to allow
sterilization and crosslinking. Scaffolds were soaked in 5 mL of PBS pH
7.4 for 30 min (to remove organic acid excess and simulate conditions of
Zn**t loading). The scaffolds (n = 3, 9 10 mm x h 3 mm) were placed in
direct contact with the cell monolayers for 24 h. Then, they were
removed, and the media was recovered and used for the antioxidant
activity test (Section 2.5.4). Cell viability was quantified using Alamar
blue™ reagent. Complete medium supplemented with 10 % of Alamar
blue™ reagent was added to each well, and the plate was incubated for
2 h. Then, supernatants (150 pL) were transferred into a 96 well plate,
and a plate reader (Fluostar Optima, BMG Labtech, Ortenberg. Ger-
many) was used to measure the emitted fluorescence at 580 nm after
excitation at 540 nm.

2.5.3. Invitro “dynamic” cytocompatibility test

hMSCs were seed in a 24-well plate (well area: 1.9 cm?) in 1.5 mL
with a cell density of 34,545 cells/well and let them attach for 24 h. The
density was chosen on the basis of preliminary experiments, considering
that 40,000 cell/well were used to test scaffolds cytocompatibility in a
48 well plate (well area: 1.1 cm?) for an entire scaffold (Virzi et al.,
2024). Testing half scaffolds in a 24 well plate with a cell density of
34,545 cells/well allowed to maintain the same cell density per well area
per amount of scaffold. Moreover, using 1.5 mL of media, the scaffolds
cytocompatibility tests can also simulate the same conditions used for
antimicrobial studies (1 scaffold immersed in 3 mL of broth, Section
2.6).

The wound is a dynamic system, in which the production of exudates
and continuous cell migration must be taken into account for a more
accurate mimicking during in vitro testing. A wound infected by S. aureus
generally produces a median of 2.8 mL/cm?2/24 h, which corresponds to
a production of 0.116 pL/cmZ/h of exudate (Dealey et al., 2006).
Considering a well of a 24-well plate as the wound area, 200 pL of media
content would be replaced every hour (for 8 h) by fresh media con-
taining cells density at 60,000 cells/mL, which corresponds to 12,000
cells per 200 pL (mimicking cells migration to the wound area).

After cell attachment, the non-attached cells were removed by dis-
carding the media, and the well was filled with fresh a-MEM (1.5 mL)
and half scaffolds (n = 3, ¢ 5 mm x h 3 mm) were put in contact with the
cell monolayer for 24 h. Before testing, the scaffolds were autoclaved at
121 °C, 1 atm for 20 min to allow sterilization and crosslinking. A fixed
volume of the media (200 pL) was removed every hour and replaced
with new media (200 pL) containing hMSCs, until replacing it all (after
8 h). During time 0, three wells were used to calculate the initial cell
viability (I.C-V.), which ideally can mimic the number of viable cells that
the wound possesses before being in contact with the scaffolds. The I.C.
V. was measured with Alamar blue, incubating the cells for 2 h with
Alamar blue reagent (diluted 1:11 in a-MEM), and transferring 150 pL of
incubated solution in 96 well plates. Then, the emitted fluorescence was
recorded at 580 nm after excitation at 540 nm with a plate reader
(Fluostar Optima, BMG Labtech, Ortenberg. Germany). After 24 h in-
cubation, the scaffolds were removed, and the cell viability was
measured by Alamar blue as previously described in Section 2.5.2.

2.5.4. Scaffolds antioxidant activity

The culture media recovered during the static in vitro hMSCs cell
viability was used to check the scaffold’s antioxidant activity (AA). The
AA was determined using ABTS (2,2-azino-bis-(3-ethylbenzothiazoline-
6-sulfonic acid) reagent, following an already known methodology
(Castillo et al., 2023; Ozgen et al., 2006). In a 96 well plate, 100 pL of
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serially diluted media was mixed with 100 pL of ABTS reagent (prepared
in methanol). The media of hMSCs cultured without scaffolds was used
as control. The plate was gently shaken for 10 s and then kept in the dark
for 10 min. Successively, the samples absorbance was measured at 730
nm by using a Fluostar Optima microplate reader (BMG Labtech,
Ortenberg, Germany). For AA quantification, a calibration curve pre-
pared in Trolox was employed. The AA was expressed as equivalent
Trolox millimoles per liter of medium (mmol TRE/L), and the results
were the mean of an experiment conducted in triplicate (n = 3). The
mean anti-oxidant inhibitory concentration (ICsg) of the samples was
also calculated, and since the concentration of the sample is unknown, it
was represented as the dilution factor able to inhibit the 50 % of the
ABTS radicals. For this purpose, the recovered media’s dilutions were
carried out in a range of inhibition between 20 % and 80 % of ABTS™.
The following Eq. (7) was used to calculate the dilution able to inhibit
the 50 % of the ABTS radicals:

Y=aX+b @

where “Y” is the percentage inhibition of ABTS+, “X” is the dilution
factor, “a” and “b” are the fitted parameters of the regression line.

2.5.5. In ovo angiogenesis and tissue integration

The tissue integration and angiogenesis capacity of the scaffolds was
tested by means of an in ovo chorioallantoic membrane (CAM) as
described previously (Farto-Vaamonde et al., 2022; Virzi et al., 2024).
Fertilized hen eggs (Coren, San Cibrao das Vinas, Spain) were put into an
incubator at 37 + 1 °C and 60 % RH in horizontal position, and peri-
odically rotated to avoid membrane adhesion to the eggshell. On day 3,
3 mL of albumin was removed from the acute pole of the eggs, and a
window of ~1 cm x 1 cm was opened on the eggs’ side, allowing to
check the embryo status. Then, the window was covered with a piece of
film to prevent contamination and drying out, and the eggs were put
back in the incubator. The eggs manipulation was conducted in sterile
conditions.

Before testing, the scaffolds were autoclaved at 121 °C, 1 atm for 20
min to allow sterilization and crosslinking. In addition, the scaffolds S-
T7+ were previously soaked into a PBS pH 7.4 solution, to remove the
excess of the SA and to simulate the amount of thymol present in the
scaffold after Zn?* loading. On the other hand, given that Zn*" supply
has been reported to be toxic for the embryos during in ovo testing (Sun
et al., 2018), the tissue integration and angiogenesis capacity of the
scaffolds S-Zn and S-TZn was performed after soaking them into 5 mL of
SWF to allow the release of Zn®>" in excess. Thus, on day 8, the treated
scaffolds (n = 3) were individually placed on the CAM. The window was
re-covered with new parafilm, and the eggs were returned to the incu-
bator until day 12. On day 12, the window was further enlarged to
perform a macro-histological evaluation of the CAM status. Based on the
angiogenetic effect and integration of the scaffolds to CAM, a score of
integration (SI) was assigned to each scaffold, ranging from 0 (poor
integration) to 3 (excellent integration) (Ponce & Kleinmann, 2003).
Then, the CAM was fixed with 4 % v/v formaldehyde solution for 4 h,
and a scaffold-centred circular section of CAM was resected using a
surgical blade. The resected CAMs were then transferred into 6 well
plates and washed 3 times with PBS pH 7.4, allowing also membrane
spreading over the well plate. Images of the resected membranes were
taken using an Olympus SZ-CTV stereomicroscope (Olympus, Japan).

2.6. Antibacterial and antibiofilm tests

The antimicrobial and antibiofilm properties of the scaffolds were
evaluated against S. aureus ATCC 25923, P. aeruginosa PAO1, and
S. epidermidis CECT 4184, using isothermal microcalorimetry com-
plemented by colony forming units (CFUs) counting to evaluate the
formation of the biofilm over the scaffolds. S. aureus and S. epidermidis
were cultured in 1 % NaCl Tryptic Soy Broth (TSB-1), while P. aeruginosa
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was cultured in Luria-Bertani’s Lysogenic Broth (LB) (10 g/L tryptone; 5
g/L yeast extract, 10 g/L NaCl). Both culture media were prepared in
distilled water and autoclaved before use (121 °C, 1 atm, 20 min). All the
scaffolds were sterilized at the same conditions.

2.6.1. Isothermal microcalorimetry

An I-Cal Flex Isothermal calorimeter system (Calmetrix, Needham,
MA, USA) equipped with 8 cells (20 mL capacity) was used to register
the metabolic heat of bacteria. The equipment was previously stabilized
and calibrated at 37 °C before starting the analysis.

To obtain the inoculum, the bacteria were seed on TSA plate and
cultured for 24 h at 37 °C. Subsequently, a single bacterial colony was
taken from the agar plate with a swab and transferred into 10 mL of
broth to form a pre-inoculum, which was cultured for 24 h at 37 °C.
Then, 1 mL of pre-inoculum was put into a 1.5 mL tube (in duplicate)
and centrifuged at 13,000 rpm for 3 min. The supernatant was removed,
and the pellet was resuspended with fresh broth. The Optical Density (O.
D.) of the solution was read at 600 nm with an UV-vis spectrophotom-
eter (Helios Omega, Thermofisher, MA, USA), and was used to obtain an
inoculum of 50 mL with an appropriate O.D.; O.D. of S. aureus and
S. epidermidis were adjusted to 0.1, while P. aeruginosa was adjusted to
0.01. Then, 3 mL of bacteria inoculum was used to fill the calorimeter
tubes, and one scaffold was placed in each tube; tubes containing only
the bacteria inoculum were used as control (Farto-Vaamonde et al.,
2022).

Changes in energy as a function of time were recorded as power
(mW) during 72 h for S. aureus and S. epidermidis or 24 h for
P. aeruginosa. Data were collected every 10 s for the first hour and every
1 min for the successive hours, using the I-Cal Logger software. In all
experiments, two calorimeter cells were reserved and used for the
monitoring of bacteria growth in culture media without scaffolds, while
the other calorimeters cells were used to measure the metabolic heat of
bacteria in contact with the scaffolds. All experiments were carried out
in duplicate, and the data were analyzed using I-Cal Reports software
and plotted using GrapPad Prism.

2.6.2. Biofilm formation quantification

After incubation in the microcalorimeter, the biofilm formed on the
scaffolds was evaluated by the determination of colony-forming units
(CFUs) following previously reported protocols (Farto-Vaamonde et al.,
2022; Vivero-Lopez et al., 2021). The scaffolds were withdrawn from the
bacteria inoculum, placed into 24-well plates, and washed three times
by soaking them into 2 mL of sterile PBS pH 7.4 for 5 min to remove
planktonic bacteria. Then, each scaffold was placed in a sterile tube
containing 2 mL of sterile PBS pH 7.4, sonicated in a sonicator bath
(Branson CPX8800 Ultrasonic Cleaner, 40 kHz) for 15 min, and then
vortexed for 30 s. The suspensions of detached bacteria in PBS solution
(0.5 mL) were serially 1:10 diluted with 4.5 mL of culture broth (TSB for
S. aureus and S. epidermidis, while LB for P. aeruginosa). Afterwards, 100
pL of the diluted suspensions were seeded on TSA-1 (for Gram-positive)
or LB petri dishes (for Gram-negative), using a Digralsky spreader until
the liquid was completely absorbed by the agar, in triplicate. Then, the
agar plates were incubated at 37 °C for 24 h, protected from light. After
incubation, bacteria colonies were counted, and the number of CFUs/
scaffold was calculated considering the dilution factor (df) and the total
detachment volume (tdv) using Eq. (8):

. mL
crUs No.colonies x df x tdv <s—ca]ffgld) ®

scaffold  volume inoculated on culture plate(mL)

2.7. Statistical analysis

The statistical analysis was carried out by means of GraphPad Prism
(GraphPad software, La Jolla, CA, USA) software, using unpaired t-test
with Welch’s correction, Kruskal-Wallis non-parametric test, and one-
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way Analysis of Variance (ANOVA) and Tukey’s multiple comparison
post-tests (with Brown Forsythe test, and Shapiro-Willis test). Significant
differences were considered for p < 0.05. 0.1234 (ns), 0.0332 (*),
0.0021 (**), 0.0002 (***), <0.0001 (****).

3. Results and discussion
3.1. Components selection

Low-cost, biocompatible, biodegradable, and steam-heat sterilizable
SSE-3D-printed medical devices capable of preventing infections in
wounds were developed using the natural polysaccharides XG and GG. A
schematic diagram illustration the chemical structures of XG and GG and
how they blend to form a 3D-printing gel or bioink is depicted in Fig. 1.
Starting from a previous optimization (Virzi et al., 2024) and as a step-
forward, the present work was focused on tailoring XG/GG 3D-printed
based scaffolds to confer them antibiofilm and antibacterial properties
and to reinforce the wound healing properties. Seeking alternatives to
common antibiotics is a priority nowadays to contrast the rising anti-
biotic resistance. For that purpose, the XG/GG scaffolds were loaded
with the natural compound thymol and the cationic ion Zn*, separately
or in combination. The antibacterial activity of thymol is related to its
ability to cause membrane lipid layer destabilization and oxidation, and
consecutive membrane depolarization and damage, that can lead to
leakage of intracellular component and cell death (Li et al., 2022; Tian
et al., 2021). Moreover, it can disrupt the Quorum Sensing (QS) mech-
anism of several Gram-positive bacteria, including multi drug resistant
S. aureus (Kowalczyk et al., 2020; Nostro et al., 2007; Silva et al., 2016).
In addition, thymol has anti-inflammatory and wound healing activities,
promoting angiogenesis, improving fibroblasts growth, and helping
bone regeneration in vitro and in vivo (Costa et al., 2019; Gabbai-Armelin
et al., 2022; Lavanya et al., 2023; Sapkota et al., 2018). Nevertheless,
despite its promising biological activities, the low solubility of thymol in
water (0.98 pg/mL) hinders its loading within a hydrogel ink. The in-
clusion of high amounts of non-soluble thymol crystals into SSE-3D-
printing inks could lead to the nozzle clogging, interfering with the
printing process and causing a non-homogenous distribution within the
network. Thus, HPBCD was used to increase thymol solubility by form-
ing an inclusion complex (Celebioglu et al., 2018; Garg et al., 2021).

Regarding Zn?" ions loading, the carboxylic groups present in the XG
molecular structure can coordinate divalent ions (Virzi et al., 2024),
favouring the uptake into the scaffolds and modulating their release.
Zinc ions possess promising antimicrobial and antibiofilm properties,
other than a broad spectrum of action. Indeed, ZnCl;, coated intranasal
silicone splints have shown antibiofilm properties against both S. aureus
and P. aeruginosa, even after prolonged bacteria exposure for 168 h
(Noach et al., 2023). Moreover, fabrics immersed in ZnCly solution
exhibited long-lasting antimicrobial efficacy on a variety of pathogens,
showing low toxicity in human cells (Holt et al., 2018). Water solubility
of ZnCl, may allow an easy incorporation into the XG/GG ink, but Zn%*
loading was performed after the scaffolds production and crosslinking
process to avoid premature release when the scaffolds had to be soaked
in PBS or DDW to remove the excess of the crosslinker (SA). Thus, the
loading of Zn** was performed simultaneously to the washing procedure
in a single step, by soaking the scaffolds into a ZnCl, aqueous solution.
Furthermore, charging the scaffolds with Zn?" after the production
process allowed to first obtain, fully characterize, and optimize the
scaffolds containing thymol, and subsequently, load them also with
Zn2". This approach enabled building the final desired scaffold “brick
after brick”, adding new features during the production process stepwise
and optimizing after each step.

3.2. HPSCD/Thy complex preparation and characterization

The first step of the thymol-containing scaffolds production was the
preparation and characterization of HPBCD/Thy complexes (Table 2). A
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acid groups.

Table 2
Theoretical thymol loading (T.L.), experimental loading (D.L.), recovery, and
entrapment efficiency (E.E.) values, n = 3.

Complex T.L. (%) D.L. (%) Recovery (%) E.E. (%)

HPBCD/Thy 10.1

10.5 £+ 0.04 81.4+ 3.8 103.7 £ 0.4

molar ratio of HPBCD:Thy 1:2 was used to saturate the cyclodextrin
cavities. Thymol solubility in water was experimentally determined to
be 0.9 mg/mL. Thus, considering a final volume of 10 mL of DDW after
centrifugation, 9 mg of free-thymol are expected to be in the final
formulation. Indeed, the experimental thymol loading was slightly
higher than the theoretical one, calculated with a HPBCD:Thy 1:1 ratio,
because of the slight solubility of thymol in DDW. Nevertheless, as ex-
pected, the excess allowed the complete saturation of the cyclodextrin
cavities, maximizing the entrapment efficiency (E.E. =103.7 + 0.4 %).

can be immobilized through coordination with XG carboxylic

Indeed, the 3.7 + 0.4 % of excess can matches with the 9 mg of thymol
solubilized by DDW. The recovery of the HPBCD/Thy complex was of
81.4 %.

The absorption spectra of HPBCD/Thy in DDW were matched with
those of free thymol at the same thymol concentrations, with a peak at
274 nm (Fig. S2A). HPBCD/Thy complexes diluted to 250 pg/mL were
dissociated, allowing precise thymol quantification. The complex was
characterized for its size, PDI, and { potential, showing an homogenous
nanoaggregate population with a size of 116.1 + 2.74 nm, a PDI of
0.117, without larger aggregates or floccules. A { potential of —10.98
mV was obtained (Fig. S2B). The fluorescence profiles of the HPPCD/
Thy and thymol solutions also showed peaks of similar intensity, but
slightly red shifted (~4 nm), accordingly with previously reported data
in literature (Sun et al., 2021). As control, a 300 pg/mL of pristine
HPBCD solution was also analyzed, and no fluorescence emission was
recorded in all the examined emission ranges (Fig. S2C).
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3.3. Inks preparation and rheological properties

Free-thymol and HPBCD/Thy were incorporated into the XG/GG
based inks (composition in Table 1) and their effects on the ink prop-
erties were compared. To prepare the free-thymol containing ink (I-
Thy), a concentration of 1 mg/mL in DDW was chosen based on the
maximum solubility of thymol in water, given that non-solubilized
thymol crystals can clog the 3D-printer nozzle. The thymol suspension
was sonicated at 50 °C to reach thymol melting point (m.p. 49-51 °C),
and thanks to ultrasound and heat it was possible to obtain a clear so-
lution, which was essential to produce a well homogenized ink. On the
other hand, the freeze-dried HPPCD/Thy complex was mixed directly as
a powder with the polysaccharides and crosslinker, and the powder
mixture was successively dispersed with DDW. The use of this procedure
did not only speed-up the preparation, but also allowed to prepare a
“ready-to-mix” powder blend to be dispersed on demand. Furthermore,
the ink can be loaded with a higher dose of HPBCD/Thy than if the free
natural compound were used. Indeed, the HPBCD/Thy complex allowed
increasing 7-fold (I-T7 and I-T7+) and 14-fold (I-T14 and I-T14+) the
concentration of thymol compared to I-Thy. A different amount of
crosslinker was used for I-T7+ and I-T14+ (20 % of the XG/GG+
HPBCD/Thy complex weight) compared to I-NT, I-Thy, I-T7 and [-T14
(20 % of the XG/GG weight) to take into account the participation of the
HPBCD/Thy complex in the crosslinking process.

After formulation, the self-healing properties of the produced inks
were evaluated in a test consisting of five steps in amplitude sweep. As
already reported, a 12 % XG/GG blend (50:50 w/w) possessed optimal
rheological profile for SSE 3D-printed, even when the organic acid
crosslinker was added, generating scaffolds with an adequate resolution
and shape-fidelity (Virzi et al., 2024). Here, the effect of thymol addition
in the free form or as HPBCD/Thy complex was evaluated (Fig. 2). All
tested inks showed viscoelastic solid behaviour (G’ > G”) at 0.5 % of
shear stress, while they behaved as a viscoelastic fluid (G" > G’) at 100 %
shear stress. Moreover, the inks evidenced an appropriate self-healing
behaviour when the applied shear stress decreased from 100 % to 0.5
%, recovering the initial G’ values.

The rheological behaviour observed in the XG/GG blend can be
attributed to the different molecular flexibility of the two poly-
saccharides. GG has a flexible structure, while XG has a rigid, rod-like
conformation (Schreiber et al., 2020). This contrast allows each poly-
saccharide to behave independently, creating an ink in which chemical
interactions (e.g., hydrogen bonds, van der Waals interactions) easily
break down under shear stress, but rapidly reform its structure and in-
teractions when the stress is removed, allowing the 3D-printed shape to
be maintained (Fig. 1). The addition of thymol, HPBCD/Thy, or higher
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Fig. 2. Storage (G’) and loss (G") moduli of the inks recorded at 20 °C.
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amounts of cross-linker did not compromise the self-healing properties
of the original ink, which seemed to depend solely on the behaviour of
XG and GG, at the concentrations tested.

3.4. Scaffold production and characterization

3.4.1. Scaffold production

The inks were used for printing cylindric scaffolds (¢ 10 mm x h 3
mm) directly on Petri dishes to facilitate freezing, freeze-drying, and
storage. All inks proved to be suitable for producing scaffolds with the
required features, without generating clog of the nozzles or problems
during printing (Fig. 3). Right after printing, the scaffolds were frozen at
—80 °C and then freeze-dried. The freeze-dried scaffolds did not collapse
during the procedure, maintaining the original shape with high fidelity
(Table S1). Also, the weight of the scaffolds showed intra-group homo-
geneity (Table S1). Then, the freeze-dried scaffolds were crosslinked by
a steam-heat catalyzed reaction in autoclave at 121 °C, 1 atm for 20 min.
It was already demonstrated that in presence of heat, the reaction of
succinic acid with OH groups of the pyranose chains of gums generates
an intricate network of hydrophobic ester bonds, modifying the
swelling, mechanical properties, and hydrophobicity of the scaffolds
(Thessrimuang & Prachayawarakorn, 2019). After the process, the
scaffolds colour changed to a yellowish colour (Fig. 3). Interestingly, S-
NT, S-Thy, S-T7+, and S-T14+ showed a more marked yellowish colour,
while S-T7 and S-T14 maintained a more whitish colour (Fig. 3). Thus,
higher succinic acid amount led to darker colour (S-T7 vs S-T7+, and S-
T14 vs S-T14-+), which may reflect higher crosslinking degree.

3.4.2. Swelling test

A controlled swelling behaviour of an implantable biomaterial is an
important feature to be considered for design and application. Indeed,
the rapid swelling of a scaffold can nullify the work done during the 3D-
printing process to confer a precise shape, highly reducing the chance of
a proper tissue-integration. The PBS buffer pH 7.4 was chosen to mimic
the wounds saline exudate (Duan et al., 2020). It should be noted that
the pH of damaged skin is highly variable and unlike the typical acidic
values of healthy epidermis, pH values close to or even higher than 7 are
commonly found in acute wounds during the granulation phase, infected
dermis and chronic wounds (Kuo et al., 2020).

All scaffolds (S-NT, S-Thy, S-T7, ST7+, S-T14, and S-T14-+) main-
tained the shape and structural features, even after 7 days immersed in
the buffer. However, the amount of liquid absorbed by the scaffolds was
somehow different (Fig. 4). After 2 h, no significant difference was seen
in the PBS content among S-NT, S-Thy, S-T7, and S-T14, while a lower
swelling was recorded for S-T7+ and S-T14+. The same trend was seen
after 168 h, when both S-T7+ and S-T14+ swelled far less than S-NT.
The presence of HPBCD/Thy did not modify the swelling behaviour of
the scaffolds (S-NT vs S-T7 and S-T14), while lower amount of PBS was
absorbed by the scaffolds prepared with higher amount of succinic acid
(S-NT vs S-T7+ and S-T14+), confirming higher crosslinking degree.
These findings are in agreement with the literature, where
polysaccharide-based materials showed higher reticulation rate when
the amount of organic acid is increased (Coma et al., 2003). For
example, 3D-printed cellulose nanocomposites scaffolds were reported
to reduce the swelling as the used amount of citric acid increased (Stiglic
et al., 2022). In addition, the crosslinking reaction consumes the hy-
drophilic functional groups of the polysaccharides (-COOH and -OH),
attenuating the hydrophilic interactions with water.

3.4.3. Texturometer compression test

To understand how the presence of HPPCD/Thy and different
crosslinker ratio can influence the mechanical properties of the scaf-
folds, the resistance to compressive forces was evaluated. No significant
differences were seen among the dried scaffolds during compression,
which proved to resist well to the applied forces (Fig. 5). After 30 min
soaking in PBS pH 7.4 buffer, the scaffolds showed differences in
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Fig. 4. Scaffold swelling percentage after immersion in PBS pH 7.4. Kruskal-Wallis non-parametric test: p < 0.05; 0.1234 (ns), 0.0332 (*), 0.0021 (**), 0.0002 (***),

<0.0001 (****), n = 3.

resistance to compression (Fig. S3). Indeed, only S-NT, S-Thy, and S-T7+
scaffolds were able to resist five consecutive compressions evidencing
pseudo-elastic behaviour, while S-T7, S-T14, and S-T14+ structures
were dismantled during the test (Fig. S3 and Fig. 5). The factor condi-
tioning this behaviour is the high amount of HPBCD/Thy, which may
compete with the hydroxyl groups of the two polysaccharides for the
interaction with succinic acid, leading to a lower crosslinking degree. A
higher amount of crosslinker conferred higher resistance to scaffold S-
T7+ to the applied forces when compared to S-T7. Conversely, when the
HPBCD/Thy content increased more (S-T14+), even a proportional in-
crease in the amount of crosslinker was not enough to maintain tough-
ness and resistance (S-T7+ vs S-T14+). Thus, the data revealed that the
mechanical properties of the scaffolds are influenced by the HPBCD/Thy
and crosslinker content. Indeed, scaffolds S-T7+ showed a good balance
between HPBCD/Thy complex and crosslinker content, while the same
effect was not seen for S-T14+. Similar findings were previously
observed when high proportions of B-cyclodextrin hindered the cross-
linking reaction between citric acid and carboxymethylcellulose (CMC)
chains. Indeed, other than causing higher sterical hindrance between the

polymer chains, disadvantaging the reaction, cyclodextrins can compete
for the crosslinking reaction producing the graft of the cyclodextrin to
the polymer (Ghorpade et al., 2017).

The free thymol did not negatively influence the scaffolds mechan-
ical properties, but the amount was really low compared to that in the
scaffolds prepared with HPBCD/Thy complexes. After 7 days, S-NT, S-
Thy, and S-T7+ did not show different mechanical properties when
compared to those recorded after 30 min of swelling, showing promising
resistance to compression even when exposed to buffer for 7 days. The
unique interactions between XG and GG (depicted in Fig. 1) could also
explain the “spongy” behaviour of the scaffolds. Indeed, when a
balanced cross-linking rate is reached (e.g, in S-NT, S-Thy, and S-T7+),
also the final cross-linked scaffolds can benefit from weakly interacting
but compatible polysaccharide chains, allowing to obtain a solid struc-
ture that can dynamically respond and adapt to compressive stress
changes without fracturing, and then pseudoelastically recover the
original shape.

Given the appropriate mechanical properties, further experiments
were continued only on S-Thy and S-T7+, including the other scaffolds
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in some tests to have additional data regarding the effect of higher
amount of thymol.

3.4.4. Thymol release study

All scaffolds S-Thy, S-T7+, and S-T14+ showed an initial burst
release of thymol (Fig. 6). Specifically, thymol released by S-Thy was
70.68 +16.13 % just after 30 min, releasing all thymol content after 4 h.
Similar fast release was reported in literature for thymol loaded com-
posites. Indeed, thymol-loaded chitosan hydrogels released ~45 % of
thymol content after 4 h of study (Alvarez Echazi et al., 2017). Analo-
gous findings were reported for thymol-loaded chitosan-gelatin films
and alginate microparticles, releasing most of the thymol content after
24 h (Ahmady et al., 2022). It should be noted that in our case the
release tests were carried out by soaking in 5 mL of medium (SWF or PBS
pH 7.4) and not using Franz cells to better mimic the situation in which
the scaffold is completely exposed to the wound exudates (Ahmad,
2023).

S-T7+ and S-T14+ scaffolds released approximately 50 % of thymol
content in the first 30 min, while the remaining thymol content was
released with a slower rate, reaching the maximum after 24 h. HPBCD/
Thy complexes were previously reported to disassemble very fast, but
the release could be attenuated when incorporated into chitosan/poly-
caprolactone nanofibrous films due to reduced wettability and solvent
access (Shen et al., 2022). Our data suggest that the initial burst release
can be attributable to the HPBCD/Thy content nearby the scaffold sur-
face, which is followed by the release of the remaining content in the
bulk of the scaffold.

The 2-fold content of HPPCD/Thy complex in S-T14+ did not change
the release pattern when compared to S-T7+. Considering that Zn?* ions
loading was planned to be performed by soaking the scaffolds for 30 min
in a ZnCl; solution, the ability of S-T7+ scaffold to retain approximately
50 % of thymol after 30 min soaking make it suitable for the purpose.

3.4.5. In vitro biocompatibility and antioxidant tests

Once ascertained that the release profile can match with the further
Zn?* loading, the following tests were performed to evaluate the S-T7+
in vitro hemocompatibility, cytocompatibility, and antioxidant effect.
Before testing, the scaffolds were immersed in PBS pH 7.4 for 30 min to
simulate the behaviour after Zn?* loading.
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Regarding hemocompatibility, also free thymol and HPBCD/Thy
complex was tested to highlight the effect of the single components
(Fig. S4). The results evidenced that thymol possesses a potent hemolytic
effect at all tested concentrations, and that the effect is mitigated when
forming a complex with HPBCD (Fig. S4). Concentration-dependent ef-
fects of thymol have previously been reported, showing a protective
effect on erythrocytes at 0.06-1 mM during hypotonic hemolysis,
whereas causing lytic effects on erythrocytes at 2-4 mM (Manabe et al.,
1987). Similar hemolytic effect has been reported for carvacrol, the
isomer of thymol, due to the membrane lipid affinity to the essential oils
or to hypotonic effect (Farto-Vaamonde et al., 2022). In addition,
literature data confirms the ability of cyclodextrin to mitigate the he-
molytic effect of several substances (Hollow & Johnstone, 2022).

Interestingly, the scaffolds S-Thy and S-T7+ showed low or no he-
molytic effect, while the scaffold S-T14+ triggered a potent hemolysis
(Fig. 7A). Thus, the inclusion of thymol into HPBCD combined with a
slower release attenuated the thymol hemolytic effect (e.g., S-T7+).
However, when thymol concentration is too high (such as in S-T14+) the
hemolytic effect cannot be counteracted.

The scaffolds cytocompatibility was assessed by direct contact with
hMSCs monolayers for 24 h. hMSCs were chosen as cell line given their
fundamental activity in tissue regeneration and immunomodulation. No
toxic effect on hMSCs was caused by the scaffolds, showing high cyto-
compatibility, comparable to the non-tuned scaffolds (Fig. 7B).

The ability of the scaffolds to produce an antioxidant effect was also
evaluated by testing the radical scavenging properties of the culture
media eluents (Fig. 7C and D). The results evidenced that S-T7+ had a
significantly higher antioxidant activity than S-Thy, which confirmed
the advantage of using the HPPCD/Thy complex for scaffolds
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preparation. Accordingly with literature, the antioxidant activity
showed by thymol-containing materials increased with the phenolic
content in a dose-dependent manner (Al-Sheerazee et al., 2024; Kavoosi
et al., 2013). Moreover, the antioxidant activity of S-T7+ can help
reducing the excess of free radicals present in the wound environment,
favouring the healing (Casado-Diaz et al., 2022; Johnson et al., 2022;
Schafer & Werner, 2008).

3.4.6. Preliminary antimicrobial and antibiofilm tests
S-Thy, S-T7+, and S-T14+ antimicrobial and antibiofilm activities

were tested against S. aureus and P. aeruginosa. Other than being two
strains of clinical concern, they are an important reference to under-
stand the susceptibility of Gram-positive and Gram-negative bacteria to
thymol action. The antimicrobial activity was monitored in real-time by
means of isothermal microcalorimetry, while the antibiofilm formation
activity was determined by CFU counting of the previously detached
biofilm formed on the scaffolds. Isothermal microcalorimetry is a highly
sensitive technique that allows to determine the scaffolds effects on the
metabolic activity of the bacteria, reflecting their viability. The advan-
tage of the technique relies on the precise and continuous monitoring in
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real time of the metabolic activity, not requiring further bacteria
manipulation and overcoming limitations given by turbidity/colour
spectroscopical quantification (Braissant et al., 2015; Butini et al., 2019;
Farto-Vaamonde et al., 2022). The scaffolds were firstly immersed in
PBS pH 7.4 for 30 min, and then incubated into the bacteria inoculum (3
mL) for a determined time (72 h for S. aureus and 24 h for P. aeruginosa).
The preliminary washing step in PBS pH 7.4 was to have similar amount
of thymol that the scaffolds can have after Zn?* loading. It might also
mimic the dilution effect caused by the contact of a wound dressing with
a highly exudative wound (Seijo-Rabina et al., 2024).

The choice to include also S-T14+ in the tests was made to evaluate
how higher thymol content can influence the antimicrobial activity. The
results showed that S-Thy did not possess any antimicrobial activity
against S. aureus when compared with control S-NT and bacteria inoc-
ulum (Fig. 8A). Differently, the scaffolds S-T7+ and S-T14+ were able to
reduce the S. aureus metabolic activity showing a more pronounced ef-
fect for S-T14+ (Fig. 8B). Conversely, a 1 Log reduction (90 %) of the
biofilm formation was seen for both scaffolds when compared to control
S-NT, but also underlining that even with a double concentration of
thymol into the scaffolds it was not possible to further reduce the biofilm
formation (Fig. 8D). Since no antimicrobial action was seen against
S. aureus for S-Thy, it was not further tested on P. aeruginosa, given the
lower susceptibility of Gram-negative to thymol. Neither S-T7+ nor S-
T14+ were able to provide a strong antimicrobial and antibiofilm ac-
tivity against P. aeruginosa, showing only slight antibiofilm activity
when compared to control. The results are in accordance with previous
literature data, in which thymol is able to prevent S. aureus ATCC 25923
growth starting from 150 pg/mL, and showing a MIC at 200 pug/mL, and
an anti-biofilm activity at %» MIC concentration (Li et al., 2022; Nostro
et al., 2007). Considering the thymol content after washing, and that the
scaffolds were immersed into 3 mL of inoculum volume, S-Thy, S-T7+
and S-T14+ can provide a concentration of ~35 pg/mL, ~150 pg/mL
and ~ 300 pg/mL. Thus, this explains why S-Thy was not able to pro-
duce any effect against S. aureus, and why S-T14+ has a more pro-
nounced effect on the metabolic activity reduction than S-T7+. On the
other hand, S-T7+ and S-T14+ were both able to provide a thymol
content that can reach the minimal biofilm inhibition concentration
(MBIC). The susceptibility of Pseudomonas species to thymol has been
reported to be at 30 mM (4.5 mg/mL), while its ability to inhibit or
dismantle the biofilm has been reported at /2 MIC (15 mM) (Walsh et al.,
2019). These findings explain the poor antimicrobial activity provided
by the scaffolds against P. aeruginosa. Considering the results obtained
during hemocompatibility, the design of scaffolds able to inhibit
P. aeruginosa biofilm would imply concentrations that might compro-
mise safety and scaffolds properties.

3.5. Zinc-containing scaffolds production and characterization

After the first battery of tests, the scaffold S-T7+ was identified as the
one possessing a good balance between structural and mechanical
properties, other than possessing high biocompatibility and incipient
antimicrobial and antibiofilm properties. Thus, S-T7+ was selected for
the Zn?* loading. To better follow how the Zn?* ions can influence the
scaffolds properties and evaluate the effect of the combination between
thymol and Zn?*, S-NT scaffold was also loaded with Zn?*. ZnCl, was
chosen as Zn?* supply source because of its high-water solubility and
GRAS properties, and the resulting Zn?*-loaded scaffolds were desig-
nated as S-TZn (from S-T7+) and S-Zn?t (from S-NT).

Before further proceeding with the antimicrobial testing, the scaf-
folds were fully characterized to detect any differences with the previ-
ously discussed scaffolds.

3.5.1. Zinc-containing scaffolds texturometer compression test

The loading of Zn?" did not alter the mechanical properties of the
scaffolds, which proved to withstand the cyclic compression forces with
a “sponge-like” behaviour (Fig. S3). The Young’s moduli and the area
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under the curve values (work) were no significantly different when
compared to the non-tuned scaffolds (Fig. 9). This confirmed the used
tuning and production procedure was suitable for maintaining the
original mechanical properties.

3.5.2. Structural and chemical characterization

The analysis of the height, diameter, and weight of S-Zn and S-TZn
revealed the scaffolds kept the original structural parameters, showing
intra-group homogeneity (Table S1). SEM images evidenced a 1.20 mm
spacing between strands that can create microporosity with good fidelity
(Fig. 10A-D), generating tunnels that can allow cell migration and mass-
transport as well as promote tissue integration and regeneration
(Karageorgiou & Kaplan, 2005). As highlighted by Fig. 10E and I, a
massive presence of succinic acid crystals was present on the scaffolds
surface, even after the crosslinking process. After washing the scaffolds
in 5 mL of DDW for 30 min and freeze-drying, simulating the Zn?*
loading, the succinic acid excess was removed from the scaffolds. The
same trend was seen for S-Zn and S-TZn scaffolds, confirming that it was
possible to remove the crosslinker in excess and load the scaffolds with
Zn?" in the same step (Fig. 10G and Fig. 10H). Interestingly, a visible
difference was seen between HPBCD/Thy complex containing scaffolds
(S-T7+ and S-TZn) when compared to S-Zn. The washing/loading pro-
cess led to formation of micro-holes in the scaffold’s filaments for S-T7+
and S-TZn, while the same phenomena was not spotted on S-Zn, which
showed a surface similar to that of the washed S-NT (Virzi et al., 2024).
The micropores formation can be caused by partial release of the
HPBCD/Thy complexes during the washing/loading process, accord-
ingly with release studies.

ATR-FTIR spectra of the scaffolds showed the combined typical
peaks of XG and GG, presenting an intense G-O stretch at ~1022 cm™}, a
O-H bending at ~1645 cm ™!, a G-H stretch at ~2915 cm ™!, and a broad
O-H stretch at ~3300 cm ™! (Fig. S5) (Motta et al., 2019; Rafigh et al.,
2021). As previously reported, the heat catalyzed crosslinking mediated
by succinic acid can lead to an intricate ester bond formation (Virzi
et al., 2024). Indeed, a broader peak appeared at ~1710-1720 cm ™! in
all the tested scaffolds, with a consecutive reduction of the O-H stretch
and O-H bending peaks. The spectra of S-Thy did not present any
remarked peaks that evidence the presence of thymol, which may be due
to its low concentration. Differently, the presence of the HPBCD/Thy
complex into S-T7+ and S-T14+ was evidenced by its characteristic
peaks at ~2925, 1151, ~1078, ~947, 756, and 704 em™! (Fig. S5) (C.
Sun et al., 2021). Regarding the coordination of Zn%" in S—Zn and S-TZn,
the intensity of C=0 stretch at ~1720 cm™! was reduced, while the
intensity of the peak at ~1628-1630 augmented, due to increased
asymmetric COO— stretching (Fig. S5). This can confirm the interaction
of the Zn?" with XG carboxyl oxygens (Ebrahiminezhad et al., 2019;
Justi et al., 2021). Moreover, the O-H stretch peak present in S-TZn and
S-Zn spectra was more intense and shifted down when compared to S-
NT (~3300 cm ™! vs 3348 cm’l), evidencing an interaction between the
O-H and Zn** (Fig. S5). Similar ATR-FTIR data were reported for
polyester fabrics treated with increasing concentration of ZnCly,
showing an increased intensity of the O-H stretch with a consecutive
red-shift, and the appearance of a more intense peak around 1618 cm™!
(Holt et al., 2018).

3.5.3. Zinc release

Both S-Zn and S-TZn showed a fast release of Zn*" ions when
immersed in SWF at 37 °C, by almost releasing all the loaded Zn?**
content in the first hours (Fig. 11A and B). Similar release profile was
reported for polysaccharides-based materials containing Zinc salts.
Indeed, a fast release of Zn?* ions was recorded from a commercially
available over-the-counter zinc-containing vaginal gel, based on
hydroxyethyl cellulose and zinc sulfate, reaching the maximum release
level at 30 min in vitro (Fenyvesi et al., 2020). Similarly, ZnCl,-con-
taining chitosan fibers were shown to rapidly release the loaded zinc in
1 h (Qin et al., 2006).
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The presence of the HPBCD,/Thy in S-TZn did not influence Zn**
loading and release process, showing no significant differences in the
total loaded and released amount between S-TZn and S-Zn (Fig. 11A). In
parallel, the release of the remaining amount of thymol present in S-TZn
was analyzed (Fig. 11C). The data reported a residual amount of ~50 %
HPBCD/Thy after the loading of Zn?", matching with the preliminary
data reported on S-T7-+ release in PBS pH 7.4 (Fig. 6). Even in this case,
all the thymol was released during the first hours. The Zn?" and thymol
burst release profile can provide antibacterial and antibiofilm scaffolds
activity. Indeed, it is necessary to rapidly reach a concentration able to
inhibit, stop, or mitigate the bacterial infection and the formation of
biofilm to achieve suitable effects.

3.5.4. Zinc-containing scaffolds antimicrobial and antibiofilm tests

After the Zn?* loaded scaffolds characterization, their antimicrobial
and antibiofilm properties were evaluated. A preliminary screening was
performed in MHA-1 agar plates to challenge S-TZn and S-Zn against
S. aureus, P. aeruginosa, S. epidermidis, and E. coli (Fig. S6). The results
evidenced the formation of a inhibition halo around the scaffolds
(Fig. $6) which, considering the limited diffusion that Zn?" and thymol
can have in the agar plates, indicated the susceptibility of all the tested
bacteria to Zn?". Thus, further antimicrobial studies were conducted by
means of microcalorimetry and biofilm viable cell counting, as previ-
ously reported for S-T7+. The tests were conducted on S. aureus,
P. aeruginosa, and S. epidermidis which, differently from most of the
laboratory E. coli strains, are usually recognized also as massive biofilm
producer strains (Beloin et al., 2008). The obtained data underlined the
ability of the S-TZn and S-Zn scaffolds to markedly reduce the metabolic
heat of S. aureus and S. epidermidis when compared to controls (bacteria
alone or in contact with S-NT), while the reduction was less marked for
P. aeruginosa (Fig. 12A). Indeed, in the latter case a moderate
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antibacterial effect was observed in the descendent part of the metabolic
heat curve, showing a ~ 2.5 h reduction before the controls. The pres-
ence of thymol in S-TZn did not lead to a notably higher antimicrobial
activity when compared to S-Zn against P. aeruginosa (Fig. 12A).
Differently, a significant difference was seen for the antibiofilm activity
against Gram-positive strains when both thymol and Zn?* were com-
bined, showing a stronger antibiofilm (Fig. 12B and Fig. S7). Indeed,
against S. aureus S-Zn led to a ~ 2.9 Log (99.87 %) reduction of biofilm
formation, while S-TZn presented a ~ 3.3 Log (99.95 %) reduction. The
same tendency was seen in S. epidermidis, where a Log reduction of 1.16
was seen for S-Zn (93.08 %), while the reduction was of 1.76 Log (98.26
%) for S-TZn. Interestingly, no significant differences were seen in
reduction of P. aeruginosa biofilm formation, giving a Log reduction of
3.76 (99.98 %) and 3.91 (99.99 %) for S-Zn and S-TZn, respectively.
These data were in agreement with the previous tests (Fig. 8), con-
firming that Gram-positive bacteria such as S. aureus are more suscep-
tible to thymol antimicrobial and antibiofilm effect. Conversely, the
strong antibiofilm properties showed by the scaffolds against
P. aeruginosa was attributable only to Zn?*.

Previously reported antimicrobial broth dilution method results
highlighted the susceptibility of S. aureus strains to ZnCly for both
planktonic and biofilm form, in concentrations ranging from 0.9 to 2
mM. For P. aeruginosa strains, the preventive biofilm concentration was
4.0 mM, and no MIC or MBC values were found at the tested concen-
trations. However, a significant decrease of the biofilm formation was
reported for the ZnCl,-coated splints in comparison with the non-coated
splints for both S. aureus and P. aeruginosa (Noach et al., 2023). More-
over, polyester textiles treated with 50 mM, 100 mM, and 500 mM of
ZnCly were shown to avoid any bacteria contamination of the fabrics
when exposed to contaminated environments and surfaces (Holt et al.,
2018). Similarly, porous metal zinc scaffolds were shown to completely



N.F. Virzi et al.

Carbohydrate Polymers 351 (2025) 123069

Fig. 10. A) S-T7+ scaffold before washing in DDW (top view, 100x); B) S-T7+ scaffold after washing in DDW for 30 min and freeze dried (top view, 100x); C) S-Zn
scaffolds (top view, 100x); D) S-TZn scaffolds (top view, 100x); E) S-T7+ scaffold before washing in DDW, the succinic acid crystals are highlighted by the green
square (top view, 300x); F) S-T7+ scaffold after washing in DDW for 30 min and freeze dried (top view, 300x); G) S-Zn scaffolds (top view, 300x); H) S-TZn
scaffolds (top view, 300x); I) S-T7+ scaffold before washing in DDW, the succinic acid crystals are highlighted by the green squares (top view. 500x); J) S-T7+
scaffold after washing in DDW for 30 min and freeze dried (top view, 1000x); K) S-Zn scaffolds (top view, 1000x); L) S-TZn scaffolds (top view, 1000x).

inhibit S. aureus and E. coli biofilm formation on their surface (Cockerill
et al., 2020).

3.5.5. Zinc scaffolds biocompatibility tests

Given the potent antibiofilm and antibacterial activity showed by the
scaffolds, further investigations were done to assess their biocompati-
bility. The tested scaffolds showed high hemocompatibility, reporting
similar results to negative control (NaCl 0.9 % v/v) (Fig. 13A). More-
over, also pure ZnCl; solution did not cause relevant hemolysis even at
the highest concentration tested (100 mM) (Fig. S4) in good agreement
with previous reports on Zn alloys and zinc-embedding composites
(Fenyvesi et al., 2020).

On the other hand, some clarifications are required for the correct in
vitro testing of Zn?" containing biomaterials. Even if Zn" ions (as well
as ZnCly) are widely recognized as safe for human use and their me-
dicinal use is approved and accepted (Food and Drug Administration,
1986) Zn?" salts and ions can have a strong toxic effect during in vitro
tests, limiting the correct cytocompatibility testing for this GRAS ma-
terial (Salesa et al., 2021). Consistently, Cockerill et al. already high-
lighted the limitation for direct in vitro testing of zinc containing
scaffolds, claiming that classic in vitro cytocompatibility tests did not
reflect what could happen in vivo (Cockerill et al., 2020). Indeed, the
wound is a dynamic system, in which the production of exudates and cell
migration should be taken into account for a more accurate mimicking
during in vitro testing. A wound infected by S. aureus generally produces
2.8 mL/cm?/24 h, which corresponds to a 0.116 pL/cm?/h exudate
production (Dealey et al., 2006). To simulate the arrival of new cells
during wound healing, the fresh media contained a cell density of
60,000 cells/mL. The initial cell density was of 40,000 cells/well. The
performed “dynamic” test evidenced a much higher fluorescence in-
tensity for cells treated with Zn?* than the initial cell amount (I.C.V.)
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(Fig. 13B and C) before and after 24 h in culture, demonstrating that the
supply of new media and cells can regenerate eventual toxic effect given
by Zn®" under static conditions. It should be noted that the .C.V. was
measured with Alamar blue, which directly measures the metabolic
activity, and specifically the reducing power, of the viable cells. A
maximum cell viability was seen for S-NT, where no toxic effects were
evidenced when compared to the zinc containing scaffolds. Anyway, in
the worst-case scenario, even if Zn?>* may lack in selectivity, causing
indiscriminately toxic effect to bacteria and human cells, new cells
supply can conquer the treated wound site, restoring the initial condi-
tions or start regenerating it. Furthermore, after exerting its antibacte-
rial and antibiofilm contribution, Zn** can be reabsorbed, reused, and/
or cleared by the human body without leading to any systemic toxic
effects. Accordingly, several studies exemplified Zinc composites high
biocompatibility in vivo. Indeed, pure zinc stent have shown an excellent
biocompatibility, even after degradation, reporting no severe inflam-
mation, platelet aggregation, thrombosis, or hyperplasia when implan-
ted into the abdominal aorta of rabbits for 12 months (Yang et al., 2017).
Similar reports were described for Zn-Li alloy implanted in rats (Zhao
et al., 2017). Moreover, Cur/ZnO/PVA nanofibers dressing demon-
strated high biocompatibility and promoted cell proliferation in vivo,
significantly accelerating wound healing (Nemati et al., 2024).

3.5.6. In ovo zinc scaffolds tissue integration and angiogenesis evaluation

Finally, the ability of the produced scaffolds to promote tissue inte-
gration and angiogenesis was studied by means of an in ovo CAM test to
verify that the antimicrobial tuning did not alter the tissue integration
and angiogenetic properties of the S-NT scaffolds (Virzi et al., 2024).
Indeed, thanks to angiogenesis and novel microvasculature formation, it
can be possible to re-establish an adequate exchange of nutrients, cells,
oxygen, growth factors, and waste products, facilitating wound recovery
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Fig. 11. A) Zn?* release from scaffolds S-Zn and S-TZn conducted in SWF at 37 °C, 100 osc/min; B) Total amount of Zn?>" loaded into S-Zn and S-TZn quantified by
ICP-OES after immersing the scaffolds in 10 mL of SWF for 72 h at 37 °C and 100 osc/min. C) Thymol release from the scaffold S-TZn conducted in SWF at 37 °C, 100
osc/min. Unpaired t-test with Welch’s correction: p < 0.05; 0.1234 (ns), 0.0332 (*), 0.0021 (**), 0.0002 (***), <0.0001 (****), n = 3.
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Fig. 13. A) Hemolytic effect of scaffolds S-NT, S-T7+, S-Zn, and S-TZn, CTRL — was NaCl 0.9 % w/v, CTRL + was Triton-X 4 % v/v; B) In vitro dynamic cyto-
compatibility test results: I.C.V was initial cell viability, the scaffold of control (S-CTRL) was S-NT, the cell density after 24 h was the initial cell density cultured in
“static” for 24 h; C) Cell viability compared to initial cell density cultured in “static” conditions for 24 h (CTRL 24 h); D) Images of the resected CAM integrated with
the S-T7+, S-Zn, and S-TZn scaffolds. The image acquisitions were made using an Olympus SZ-CTV stereomicroscope using black and white filter to contrast vessels
and scaffolds. One way ANOVA (with Brown Forsythe, and Shapiro-Willis): p < 0.05; 0.1234 (ns), 0.0332 (*), 0.0021 (**), 0.0002 (***), <0.0001 (****), n = 6.

(Veith et al., 2019).

The in ovo CAM test is a low cost, reliable, and reproducible alter-
native to in vivo studies, and can be helpful in reducing, refining, and
replacing animals in preclinical testing, according to the European
Chemical Agency (ECHA) recommendation (Farto-Vaamonde et al.,
2022). Indeed, it is not considered an animal experiment under Directive
2010/63/EU, because no nervous system is developed before embryonal
day (ED) 11, and a chick embryo does not suffer pain until ED 14 (since
the chorioallantoic membrane is not innervated). Moreover, according
to the Institutional Animal Care and Use Committee (IACUC) and the
USA National Institutes of Health the embryo is not considered as a
living animal until ED 17 (Directive EU 2010/63, 2010; Kundekova
et al., 2021).

As previously reported, doses of 150-250 ug Zn/egg can have a toxic
effect for the embryos during in ovo testing (Sun et al., 2018). Indeed, the
Zn content present in the eggs themselves is already adequate for correct
embryonic development, and a supply of higher Zn?* can create an
imbalance that can be harmful to embryonic development (Oliveira
et al., 2015; Sun et al., 2018), resulting in false negatives results. For the
presented reasons, the scaffolds were tested after being soaked in PBS
pH 7.4 for 24 h to release the Zn" ions, and to evidence the capacity of
the scaffolds to be integrated into the CAM and maintain their angio-
genetic and wound healing effect, mimicking what can happen after the
antimicrobial effect.

A macroscopic visual and histological analysis of the eggs revealed
that the scaffolds showed no toxic or hemolytic effect, evidencing very
good adherence and integration (integration score: 3) into the CAM,
presenting microcapillary and vessels development around the scaf-
folds’ structure (Fig. 13D). Thus, these data revealed that the tuning
process did not alter the wound healing capacity of the XG/GG based
scaffolds (Fig. 13D).

4. Conclusions

In the present work XG/GG-based scaffolds were tuned with thymol
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and Zn?*' to prepare medical devices possessing antibiofilm and anti-
microbial properties while maintaining intrinsic wound healing ability.
HPBCD efficiently endowed the scaffolds with the capability to host the
natural compound thymol, while the polysaccharides themselves hosted
the divalent metal ions, thus providing complementary mechanisms to
prevent biofilm formation as hypothesized. HPBCD/Thy complexes
allowed loading the scaffolds with a higher content of thymol, miti-
gating the thymol hemolytic effect and yielding higher antioxidant ac-
tivity. Texturometer compression tests highlighted the tuning process
did not compromise the mechanical properties of S-T7+, S-TZn, and
S-Zn scaffolds, which possessed similar behaviour to the non-tuned XG/
GG scaffolds (S-NT). The final Zn?*-loaded scaffolds (S-TZn and S—Zn)
demonstrated enhanced antimicrobial properties compared to S-T7+,
showing potent antibiofilm activity on both Gram-positive and Gram-
negative strains of clinical interest. The concomitant presence of
thymol and Zn?" in S-TZn led to more potent antibiofilm activity against
Gram-positive bacteria such as S. aureus and S. epidermidis when
compared to S-Zn, while no differences were observed for P. aeruginosa.
Even considering the limitations of in vitro testing of Zn?*-containing
biomaterials, S-TZn and S-Zn displayed high hemocompatibility, while
the “dynamic” in vitro test and the in ovo CAM test demonstrated the
beneficial advantages of using the Zn?-embedding scaffolds. Indeed,
after exploiting their antibiofilm and antimicrobial effect, the scaffolds
can assist in wound healing, promoting tissue integration and
angiogenesis.

Thus, the described 3D-printed porous scaffold S-TZn and S-Zn, in
addition to being an eco-sustainable and green alternative to non-
biodegradable synthetic based medical devices, proved to be able to
combine the wound healing effect of the unmodified scaffold with a
potent antibiofilm and antimicrobial effect given by thymol and Zn*.
Furthermore, the combination of thymol and Zn?* demonstrated that it
could be helpful in fighting the development of antimicrobial resistance.

The present study represents a significant advancement in poly-
saccharide science and technology by integrating the multifunctional
characteristics of polysaccharides (such as antibiofilm prevention, drug
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delivery, and wound healing capabilities) together with advanced 3D
printing techniques into the design of scaffolds. The correct selection of
polysaccharide blends to be used as 3D printing inks opens up a wide
range of possibilities in obtaining biomaterials tailored to specific
therapeutic needs. This innovation not only broadens the biomedical
applications of polysaccharides but also supports the creation of
personalized medical devices for wound healing, taking into account
also antimicrobial resistances. The successful SSE 3D printing produc-
tion approach and material composition may be an inspiration for future
designs of non-plastic therapeutic materials, capable of exploiting nat-
ural compounds and metal ion delivery for wound healing and infection
control. The developed scaffolds overcome key limitations of the pro-
duction and use of polysaccharide-based 3D printed composites, such as
poor rheological properties of inks, limited resolution and structural
features, low capacity to incorporate hydrophobic active substances,
and inadequate mechanical strength of 3D printed materials. Indeed, the
study provides a comprehensive characterization and testing approach
to ensure that these scaffolds not only meet structural and mechanical
requirements but also exhibit effective therapeutic and biocompatibility
properties. The use of isothermal microcalorimetry for antibacterial and
antibiofilm testing, coupled with a dynamic in vitro model simulating
wound healing, may inspire future researchers to advance alternative
methods to animal testing for antibacterial wound material assessment.
The promising in vitro and in ovo results suggest that these tuned XG/GG
scaffolds could be valuable candidates for further in vivo studies.
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