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ABSTRACT

Skin wounds not only cause physical pain to patients but also pose an economic burden to society.
Consequently, effective approaches to promote skin repair remain a challenge. Specifically,
chitosan-based hydrogels are ideal candidates to promote wound healing at different stages and
while diminishing the factors that impede this process (such as excessive inflammatory and chronic
wound infection). Furthermore, the unique biological properties of a chitosan-based hydrogel
enable it to serve as both a wound dressing and a drug delivery system (DDS). In the present work,
chitosan (CS) graft copolymer with [2-(methacryloyloxy)ethyl] trimethyl ammonium chloride
(CS-MTAC), a cationic monomer with promising antibacterial properties, was synthesized. The
successful synthesis of the copolymer was confirmed, while it was studied for its swelling ability and
water absorption capacity, as well as for its biocompatibility and antibacterial properties. Expecting
to improve its printability, the copolymer was blended with elastin (EL), collagen (COL), and
increasing concentrations of gelatin (GEL). The hydrogel with 6% w/v CS, 4% w/w EL, 4% w/w COL
and 1% w/v GEL was selected for its potential to be 3D-printed and was neutralized with ammonia
vapors or ethanol/sodium hydroxide solution and loaded with levofloxacin. The feasibility of
CS-MTAC/EL/COL/GEL bioink, loaded with Levo, as a suitable candidate for wound healing and drug
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delivery applications, has been demonstrated.

GRAPHICAL ABSTRACT

1. Introduction

Skin damages, like acute and chronic wounds related to
chronic diseases, burns or post-surgical trauma are of high
significance in clinical practice because of their tendency to
be colonized by bacteria !l Healthy skin is essential for
maintaining homeostasis, thermoregulation and the protec-
tion of the human body against infection avoiding microbial
growth and the introduction of harmful microorganisms.

Since wounds are a major health concern having an
impact on the lives of millions of people there is a demand
for the fabrication of novel skin dressings in order to control
and treat them [2. Researchers have suggested that reducing
the number of bacteria in wounds with topical administra-
tion of antibiotics can make infections easier to handle ©I.

3D printing (3DP) has emerged as a promising tool in
tissue engineering and drug delivery applications, due to its
ability to create complex, customizable structures with
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precise control over shape, size, and composition. In recent
years, 3DP technique have been applied to several synthetic
and natural polymers, including poly(vinyl alcohol) (PVA)
4, polycaprolactone (PCL) !, poly(lactic acid) (PLA) ),
nanocellulose 7! or chitosan (CS) .. Among them, CS is the
only cationic natural polysaccharide, derived from the exo-
skeletons of crustaceans such as shrimps and crabs. Its prop-
erties, such as biocompatibility, biodegradability, ability to
promote cell adhesion and proliferation make it an attractive
material for tissue engineering applications 1%, Additionally,
chitosan has been shown to have antimicrobial activity,
which can also help to prevent several kinds of infections
[11,12]

CS possesses two functional groups, a hydroxyl and an
amino group, making it possible to be derivatized with sev-
eral monomers to expand its properties [1*l. Cationic mono-
mers are promising candidate for the development of
antimicrobial agents 4l The main positively charged moi-
eties in these natural or synthetic structures are quaternary
ammonium groups which react with cytoplasmic membrane
(lipid or protein) causing membrane disorganization and
other damages to the bacterial cell . Modifying CS with
cationic monomers can improve the properties of CS hydro-
gels for tissue engineering applications such as solubility and
swelling. Additionally, CS could be used as a blend with
other materials (e.g., gelatin, alginate, chondroitin sulfate,
pectin) in order to increase viscosity values, an important
parameter in the 3DP technique.

GEL contains specific amino acidic residues such as
Arg-Gly-Asp (RGD) in its sequence 19, existing also in the
proteins of extracellular matrix ['7! and is involved in numer-
ous physiological functions. For this reason, the combination
of chitosan with GEL has been investigated for various bio-
medical applications like wound healing '8! or drug delivery
(19, Moreover, GEL is known for its ability to promote cell
adhesion and growth.

EL is an extracellular protein that provides the elasticity
to the tissues, such as blood vessels, ligaments, the lungs,
and skin 12, Researchers have also explored the use of EL
in tissue-engineered skin 12!, heart valves 12, and cartilage
constructs 123, The introduction of elastin in PCL scaffolds
led to more hydrophilic materials with enhanced biocompat-
ibility?!l. At the same time Grover et al. proved that adding
both insoluble and soluble EL increased the tensile strength
of a collagen porous scaffold ! while EL-based biomaterials
exhibit great potential for use as hydrogel scaffolds for the
regeneration of damaged cartilage °. Additionally, it was
confirmed that elasin induces cell migration and prolifera-
tion during wound healing. In the same direction, collagen
protein was added as a biocompatible and biodegradable
component of the human extracellular matrix (ECM) but
also actively participate in the wound healing process ¢,

Hence, the aim of the present study was the prepara-
tion of a chitosan derivative grafted with cationic mono-
mer, MTAC, and then the development of the
biocompatible inks CS-MTAC based designed for 3DP
applications. In order to optimize its printability,
CS-MTAC was combined with GEL, COL and EL taking
advantage of their own properties that could also promote

the wound healing process. An examination of the new
CS derivative and its 3DP structures was followed by
drug loading of the optimized 3DP patch. Recently, CS
was combined with the polymerized form of MTAC in
order to prepare dressings with self-healing properties [271.
Heydarifard et al. studied the impact of counter ions of
cationic monomers, among them MTAC, during radical
polymerization with chitosan using another initiator, ceric
ammonium nitrate, at different conditions (50°C, 5h, pH
= 7) for removing dyes from solutions ?!l. To the best of
our knowledge, the use of CS-MTAC copolymer in 3DP
field, as well as the specific compositions of materials was
examined for the first time.

2. Materials and methods
2.1. Materials

CS with medium molecular weight (310,000-375,000Da)
and degree of deacetylation >75% was supplied from Sigma
Aldrich Co (St. Louis, MO, USA) and [2-(methacryloyloxy)
ethyl] trimethylammonium chloride (MTAC) stabilized with
150-200ppm 4-methoxyphenol from Alfa Aesar. Gelatin
from bovine skin (type B) was purchased from Serva, elastin
and Collagen type I from bovine Achilles tendon were sup-
plied by Sigma-Aldrich (St. Louis, MO, USA). Sodium
hydroxide (NaOH) was purchased from Chem-Lab NV
(Zedelgem, Belgium) Merck (KGaAn Darmstadt, Germany),
Ethanol Denatured (EtOH) from Plynareska (Bratislava),
Ammonia solution (NH,) and. Levofloxacin (levo) (99.99%
purity) was kindly donated by Pharmathen SA. All other
reagents used were of analytical grade.

2.2. Synthesis of CS-MTAC copolymer

The CS-MTAC copolymer derivative was synthesized by
free radical polymerization with similar procedure to previ-
ous reports, where chitosan was modified with [2-(methac-
ryloyloxy)ethyl] trimethylammonium chloride (MTAC)
using another radical initiator, potassium persulfate [,
Briefly, 10g of neat chitosan (60mmol) was dissolved in
aqueous solution of acetic acid (2% v/v) and then 2,32ml of
[2-(methacryloyloxy) ethyl] trimethylammonium chloride
(12mmol) was added to the solution, in the presence of
ammonium persulfate initiator (0.3mmol based on the
monomer). The grafting reaction took place at 60°C, over
2h, under a nitrogen atmosphere and with continuous
mechanical stirring. A viscous liquid was obtained, and pH
was increased to approximately 6.5 by the dropwise addi-
tion of a 1M aqueous solution of NaOH. The resulting sus-
pension was purified via dialysis against water (cellulose
membrane with a molecular weight cutoff of 12400), in
order to remove MTAC homopolymers that might have
been formed and freeze-dried under reduced pressure at
—-60°C. The copolymer was further purified by Soxhlet
extraction with methanol. The grafting percentage, (GP),
and grafting efficiency, (GE), were calculated according to
Egs. 1 and 2, respectively.
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GP =[(Mfin — Min) / Min [x100 (1)

GE=(W2-W1)/W3 )

where, M;, and M, are the mass of CS before and after the
grafting process whereas, W,, W,, and W, are the initial
weight of neat CS, the weight of grafted CS derivative and
the weight of the added monomer, respectively.

2.3. Characterization of CS-MTAC

2.3.1. Nuclear magnetic resonance (NMR)

NMR spectra of CS-MTAC derivatives were obtained with
an Agilent 500 spectrometer (Agilent Technologies, Santa
Clara, CA, USA) operating at a frequency of 500 MHz for
'H NMR. Deuterated acetic acid solution (2% v/v) was used
as a solvent in order to prepare solutions of 5% weight/vol-
ume and the spectra were internally referenced to the sol-
vent’s residual peak.

2.3.2. Fourier-transformed Infrared spectroscopy (FT-IR)
The chemical structure of the synthesized materials was
evaluated with the use of FT-IR spectroscopy. FT-IR spectra
of the samples were received with an FT-IR spectrometer
(FTIR-2000, Perkin Elmer, Dresden, Germany) using KBr
disks (thickness of 500 um). The spectra were collected in
the range from 4000 to 400cm™ at a resolution of 2cm™
(64 co-added scans). The spectra presented are baseline cor-
rected and converted to the absorbance mode.

2.3.3. Wide angle X-ray scattering (XRD)

X-ray powder diffraction (XRD) patterns were recorded
using an XRD diffractometer (Rigaku-Minflex II) with a
CuK, radiation for crystalline phase identification
(A=0,15405nm for CuK,). The samples were scanned from
5° to 50° and the scanning speed was 1°/min.

2.3.4. Swelling capacity

The swelling ability was evaluated by measuring the water
sorption capacity at Simulated Body Fluids (SBF) buffer (pH
= 7.4) B Swelling studies were performed for neat CS and
CS-MTAC derivative. Each sponge was carefully weighed
(W,) and was then immersed in water for several time
points. At predetermined time intervals (5, 10, 15, 20, 30,
40, 50, 60, 75, 90, 120, 150min and 24h) the sponges were
retrieved from the water, the excess surface water was
removed with filter paper, and the materials were weighed
again in order to determine the swelling weight (W,). The
percent weight change of the samples during the swelling
experiment (ie, the cumulative weight changes due to
matrix swelling and erosion). All the experiments were per-
formed in triplicate. The S (time) % was calculated
using Eq. 3.

[(Wn—Wo)]

Wo

S(time)% = %100 (3)

2.3.5. Equilibrium water sorption/desorption isotherms
(ESI/EDI)

The hydration behavior of the samples was assessed employ-
ing the technique of equilibrium water sorption/desorption
isotherms (ESI/EDI) B!l at room temperature. The isother-
mal sorption/desorption curves were determined at room
temperature by exposing the samples to fixed water vapor
atmospheres in sealed jars. The relative humidity, rh, or else,
water activity, was achieved with appropriate binary satu-
rated aqueous solutions [2l. The samples were equilibrated
for 7days over relative humidity (rh) of 2, 11, 19, 33, 43, 54,
64, 75, 85, 95, and 98%. The attainment of equilibrium was
determined via recording of sample weight (), sample)-
Measurements were performed simultaneously for three
samples of the same type of material and results are pre-
sented here on average over these three samples. A
high-accuracy Mettler Toledo balance was employed for
these measurements (sensitivity of 107 g). The weights of
samples after equilibration over P,O (rh~2%) were consid-
ered as weights in dry state (1, )

Once the equilibrium was attained, the hydration (water
content), h;, was calculated on a dry basis through Eq. 4.
The uncertainty for h values, 8h, was estimated to be
~0.005wt%. The hydration levels and mechanism in hydro-
gels, can been seen in Figure 1.

mwa[er _ mhydrated,sample -

h — mdry,sample (4)

d

mdry,sample mdry,sumple

2.3.6. Cell viability
MTT (Sigma-Aldrich, Saint Louis, MO, USA) assay was per-
formed 24h after the initial coating of adipose derived mes-
enchymal stem cells in 24-well plates, to assess the cytotoxicity
of materials. Briefly, after supernatant removal from the wells,
MTT reagent was added at a ratio 1:10 in DMEM medium
followed by 4h incubation (37°C, 5% CO,). The MTT was
removed and 1mL/well of dimethyl sulfoxide (DMSO) was
added for one more hour for incubation under the same con-
ditions. Absorbance was measured at 570nm and 630nm
using a UV-Vis spectrophotometer (Perkin Elmer, Dresden,
Germany). All the experiments were performed in triplicate.
The student’s t test, paired with two tailed was applied to
determine the effect of the chitosan modification. The dif-
ference between the results of the chitosan and modified
chitosan was considered statistically significant for p<0.05.

2.3.7. In vitro antibacterial activity testing

The antibacterial activity of neat CS and the synthesized
CS-MTAC derivative (in 0.5% v/v acetic acid solution) was
evaluated using the agar diffusion method. The bacteria stud-
ied were the Gram-negative Escherichia coli (ATCC 25922) and
the Gram-positive Staphylococcus aureus (ATCC 25923). Prior
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Figure 1. Schematic illustration of the mechanism of hydration levels in hydrophilic polymers (e.g., hydrogels).

Table 1. Abbreviations of hydrogels according to their chitosan, elastin, collagen, and gelatin content.

Samples CS-MTAC (% w/v) Elastin (% w/w) Collagen (% w/w) Gelatin (% w/v)
CSMTACELCGO.25 (S1) 6 4 4 0.25
CSMTACELCGO.5 (S2) 6 4 4 0.5
CSMTACELCG1 (S3) 6 4 4 1
CSMTACELCG2 (S4) 6 4 4 2

to inoculation, strains were subcultured into fresh LB at 1:50
and incubated for 2h at 37°C, 70rpm. Bacteria were collected
by centrifugation (2300rpm, 7min) and resuspended in phos-
phate buffered saline (PBS). The number of bacteria was spec-
trophotometrically adjusted to O.D.600nm = 0.5 (equivalent to
1.5x108 CFUs/mL) and confirmed by culturing 1/10 serial
dilutions of the initial suspension. Ampicillin was used as con-
trol for Staphylococcus aureus (S. aureus) and Penicillin for
Escherichia Coli (E. coli). Prepared materials consisting of CS
and CS-MTAC were placed into the wells and the plates were
incubated for 18-24h, at 37°C. Finally, the diameter of inhibi-
tion zones was measured as indication of antibacterial activity.
All experiments were performed in triplicate.

2.4. Preparation of CS-MTAC/elastin/collagen/gelatin
hydrogels

For the preparation of CS-MTAC/elastin/collagen/gelatin
hydrogels, initially gelatin was added in aqueous solution
under magnetic stirring for 30min at 50°C. Subsequently,
EL was dispersed under continuous magnetic stirring in
GEL aqueous solution at room temperature and collagen was
added after putting the solution in an ice bath. Any remain-
ing insoluble residues were removed via centrifugation.
Finally, CS powder was added before the dropwise addition
of acetic acid (final amount 2% v/v) in the solution, forming
a hydrogel. The obtained hydrogel was magnetically stirred
until complete homogenization. The compositions of the
hydrogels are shown in the following table (Table 1).

2.5. Characterization of CSMETACELCG hydrogels

2.5.1. Viscosity measurements
The rheology measurements were applied using a rheometer
HAAKE™ MARS™, Thermo Fisher Scientific, USA with a

parallel plate geometry (P35/Ti, Thermo Fischer Scientific,
USA) of 35mm diameter. The measurements were per-
formed in triplicate, at room temperature, anticipating the
temperature employed for the printing process. The shear
rate was recorded from 0.01 to 700s7!, the resulting curves
were fitted with the Ostwald-de Waele viscosity model to
determine the shear-thinning coefficient (n); Eq. 5.

n -1

n=Ky (5)

where n represents the power-law index and K the consis-
tency index.

The amplitude sweep was conducted at 10rad s7', to
obtain the linear viscoelastic region (LVR); while the fre-
quency sweep was conducted in the range 0.1 to 600rad s}
to evaluate the viscoelastic properties. Finally, the
three-interval thixotropy test was performed: a low shear
rate of 1s7! was applied for 30s, followed by an increase to
100s™! for 50s and back to 1s™* for 250s.

1

2.5.2. Uniformity factor

The uniformity factor (U) was used to determine how uni-
form the printed strands are in comparison to the designed
STL file (doi: 10.1039/D1SMO00604E). For each hydrogel
sample, one fiber of 10mm length was printed at the mini-
mum extrusion pressure and speed of 5mm/s and the diam-
eter of the printed wet fiber was measured. The uniformity
factor of each sample was calculated according to Eq. 6.

diameter of printed strand

(6)

* diameter of theoretical straight strand
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2.6. Fabrication of 3D printed CSELCG1 scaffolds

A Standard Tessellation Language (.STL) file of a mesh scaf-
fold model was utilized for the 3DP of the prepared CSELCG
hydrogels, while the slicing of the .STL sample was per-
formed with Slic3r software (Figure 2). For the printability
study, the scaffolds were designed as cubic mesh scaffolds
(30mm length x 30mm width x 2.46 mm height) with dif-
ferent infill density 40% and number of 6 layers, with angle
of layers 90°. The scaffolds were fabricated with a pneumatic
extrusion-based 3D Bioprinter (CELLINK® Inkredible,
Gothenburg, Sweden) with needle nozzle with inner diame-
ter of 0.41mm (G22) printing speed of 10mm/s, printing
temperature of 25°C and the required minimum pressure to
extrude a continuous strut for each hydrogel. In case of the
final optimized scaffold the pressure was defined at 200kPa.
After printing, the CSMTACELCG scaffolds were neutralized
using NaOH/EtOH (NE) or ammonia vapors (N) for a
period of 60min.

For the manufacturing of the scaffolds, the resulting
hydrogels were loaded into a sterile printing cartridge of
10ml and were centrifuged at 4,000rpm for 20min at 25°C
to remove the air bubbles generated while stirring. When
homogenous gels were formed, they were poured into the jet
dispenser’s nozzle syringes for 3DP process.

2.7. Characterization of 3DP scaffolds

2.7.1. Attenuated total reflectance (ATR)

Infrared (IR) spectra were recorded with a Cary 670, Agilent
Technologies, equipped a diamond Attenuated Total
Reflectance accessory, ATR, model Gladi ATR, Pike
Technologies. Each spectrum was recorded in the range
4000-400cm™ at a resolution of 4cm™ and 32 scans after
background correction.

2.7.2. Wide angle X-ray scattering (XRD)

X-ray powder diffraction (XRD) patterns were recorded
using an XRD diffractometer (Rigaku-Minflex II) with a
CuK, radiation for crystalline phase identification

(A=0,15405nm for CuK,). The samples were scanned from
5° to 50°.

2.7.3. Swelling capacity

The swelling ability of the 3DP-S3 sample was performed as
mentioned in section 2.3.4 in SBF bufferat time points
5min, 10min, 20 min, 30min, 1h, 2h, 3h, and 48h.

2.7.4. Enzymatic hydrolysis

The enzymatic hydrolysis of the optimized 3DP samples was
evaluated by placing it in 5mL of SBE pH= 7.4, containing
ImL of a lysozyme solution (0.8mg/mL). The sample was
then inserted into an oven at 37°C and at predetermined
time points (0h, 24h, 48h, 72h, 96h, 144h, and 240h),
washed with distilled water, vacuum-dried in an oven at
50°C and weighted. The measurements were performed in
triplicate.

2.7.5. Drug content determination and in vitro drug release
studies

Levo was analyzed using a Shimadzu HPLC (Kyoto, Japan)
system consisting of a degasser (DGU-20A5, Kyoto, Japan),
a liquid chromatograph (LC-20 AD, Kyoto, Japan), an
autosampler (SIL-20AC, Kyoto, Japan), a UV/Vis detector
(SPD-20A, Kyoto, Japan), and a column oven (CTO-20AC,
Kyoto, Japan). The column used was a type of CNW
Technologies Athena C18, 120A, 5um, 250mm X 4.6mm
set at room temperature. For the determination of the drug
loading capacity of the 3D printed patches, 10mg of the pre-
pared levo-loaded patches were dissolved in 10ml of

Figure 2. Computer-aided design (CAD) model of the printed construct after slicing with Slic3r.
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aqueous acetic acid solution (1% v/v): methanol (60/40 v/v)
1331, The subsequent solution was stirred for 24h and filtered
through nylon filters (0.45nm pore size). The percentage of
drug loading was calculated using Eq. 7.

DL(%) = ([weightofdruginpatches]/[weightofpatches})x 100 (7)

For the in vitro release studies a dissolution apparatus
type DISTEK Dissolution Apparatus Evolution 4300,
equipped with an autosampler using the paddle method
(USP II method), was used. Each scaffold (30mm x
30mm x 2.46mm) was placed to individual dissolution
vessels corresponding to 100mg of Levo in appropriate
transdermal patch holders. The test was performed at
37+1°C with a rotation speed of 100rpm. The dissolu-
tion medium was 500mL of a simulated body fluid, pH=
7.4 solution.

3. Results and discussion
3.1. Characterization of CS-MTAC copolymer

Chitosan grafted derivatives using acrylate or methacrylate
monomers by radical polymerization, provide a promising
strategy to modify the CS backbone and acquire biocompat-
ible copolymers with new improved properties. According to
the literature, radical polymerization has been initiated by
persulfate ions *%), y-ray irradiation ! or metal ions [7),
amongst others. In the current study, ammonium persulfate
was opted as a free radical initiator, being accessible, easy-to-
use and water-soluble. Besides that, this option avoids the
use of metal ions since the material is intended for biomed-
ical applications. The resulted graft CS-MTAC copolymer
after radical polymerization of MTAC in the presence of CS,
is illustrated in Figure 3.

Initially, the grafting percentage (GP) and grafting effi-
ciency (GE) of the CS-MTAC derivative were calculated
according to Eqgs. 1 and 2, respectively. The GP corresponds
to the increase of the weight of CS grafted with the MTAC
monomer while the GE indicates the fraction of monomers
of the CS backbone in the total polymer that have been
grafted with MTAC. The GE percentage was 74% while the
GP was 36%.

Figure 3. Schematic illustration of CS-MTAC grafting reaction.

"H NMR spectroscopy was used for the confirmation of
the successful grafting of 2-(methacryloyloxy)ethyl trimethyl
ammonium chloride (MTAC) monomer on the CS backbone
(Figure 4). We can note the characteristic resonance signals
due to the chitosan backbone at 3.1 ppm and the overlapping
peaks at 3.7-3.9ppm. In addition, we can observe new
peaks due to the modification. The resonance signal at
l1ppm is related to the methyl group of MTAC backbone
(-CH,-C(CH,;)). Subsequently, the peak at 2ppm includes
the methylene group -CH,-C(CH,), with the residual acetyl-
ated CS units and the peak due to deuterated acetic acid.
The peak at 3.25ppm correspond to the methyl groups
attached to the quaternary ammonium group of the copoly-
mer (*N(CH,),) The signals at 3.6-3.9ppm correspond to
chitosan CH and CH, groups as well as the CH, groups
from MTAC, which confirms the graft of the monomer to
the chitosan. The intense peaks at 4.78 ppm and near 2 ppm
in all spectra are attributed to residual solvent peaks.

To further confirm the successful grafting of MTAC onto
CS, FTIR spectra of neat CS, MTAC and the graft copoly-
mer were also recorded (Figure 5). As can be seen, the main
characteristic bands of CS are presented. The broad over-
lapped peak at 3000-3600cm™ is assigned to the vibrations
of -OH and N-H bonds. The bands at 1653cm™ and
1597cm™ are attributed to amide I (>C=0O stretching) and
amide II (N-H bending), respectively. Furthermore, peaks at
1423cm™! (C-H and O-H vibrations), 1379cm™ (C-N axial
deformation), 1154cm™ (anti-symmetric stretching of the
C-0O-C bridge) and 1084cm™ (C-O stretching vibrations)
can be shown. Furthermore, in both unmodified and modi-
fied chitosan polymers, adsorption bands at 893, 942, and
1109cm™ are attributed to C—O ring stretching, CH, bend-
ing vibration, and C-O-C stretching, respectively. With
regard to MTAC monomer, the typical peak at 1716cm™ is
due to stretching vibrations of the carbonyl group and the
bands at 1488 and 957cm™ are attributed to the bending
and stretching vibrations of the quaternary ammonium
group (-N(CH,),)., respectively. Regarding CS-MTAC copo-
lymer, a light shift of the peaks of hydroxyl groups of neat
CS from 3426cm™ to 3408cm™ and free amino groups
from 2877cm™! to 2906cm™ is noticed due to hydrogen
bonds between chitosan and MTAC. The C=0O stretching
band of MTAC is appeared in the derivative at 1723cm™



Figure 4. "H NMR spectra of CS, MTAC and CS-MTAC.

Figure 5. FTIR spectra of CS, MTAC and CS-MTAC.

INTERNATIONAL JOURNAL OF POLYMERIC MATERIALS AND POLYMERIC BIOMATERIALS . 7

and the peak at 957cm™ is coming from the -N(CH,),
group. All these FTIR findings provide further evidence for
the successful grafting of MTAC onto CS macromolecu-
lar chain.

The crystallinity of CS-MTAC compared to neat CS
was examined with XRD measurements (Figure S1) The
XRD pattern for chitosan powder reveals a strong peak of
20.1° and one weak peak of 9° at 26, which are the indi-
cators of the existence of crystalline and amorphous
regions, respectively. The diminished intensity of the
CS-MTAC diffractogram compared to the initial polysac-
charide is ascribed to the insertion of MTAC, which is a
small molecule and reduce the ability of CS-MTAC to
fold and acquire a crystalline structure. However, the pre-
pared CS-MTAC derivative is also a semicrystalline poly-
mer having two distinct peaks at 9.25° and 20.28°, which
indicates that has a similar crystalline structure with
neat CS.

The chemical structure of the polymer could have an
impact on the swelling ratio of the hydrogels. As a result,
hydrogels containing hydrophilic groups swell to a higher
degree compared to those containing hydrophobic groups.
Since swelling is strongly related to the drug release behav-
ior, the swelling capacity was studied in phosphate buffer
saline (PBS) at pH 7.4, since is the medium where in the
drug release experiments took part *®. In addition, the value
of pH 5.6 was selected as a way to simulate the pH of a
non-infected wound B!, Consequently, the swelling property
of CS-MTAC derivative, compared to neat CS, was studied
in two pH (5.6 and 7.4) and the degree of swelling is pre-
sented in Figure 6.

For both values of pH, the degree of swelling for neat
CS increased rapidly within the first 20min followed by a
stabilization, which is typical behavior for CS [0l
Concerning CS-MTAC, the tertiary amino group included
in MTAC provides an increase to the hydrophilicity of neat
chitosan that is obvious in both pH studied. Specifically, at
pH 5.6, the swelling percentage for CS-MTAC was 860%
and for neat CS 589% while at pH 7.4 was .710% and
462% respectively. It is perceived that the degree of

Figure 6. Degree of swelling of CS-MTAC derivative as a function of time at (a) pH 5.6 and (b) pH 7.4.
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swelling decreases with increasing pH, thereby showing
pH-responsive swelling behavior. At a lower pH (pH 5.6),
protonation of the amino groups of CS takes place, which
causes electrostatic force of repulsion among intra- and
inter-polymeric chains ™. As a result, the polymeric net-
work becomes loose which leads to an enhancement in
water absorption. However, at a higher pH (pH: 7.4), the
amine group is not ionized and interact with each other
through hydrogen bonds 42, which decreases the swelling
percentage. This property may contribute to eliminating
the wound exudates timely 3.

Figure 7 presents the water content measured on dry
sample basis, hy, as a function of the rh for the neat chi-
tosan, CS. Based on the result for the h,; (rh) pattern, we
conclude that the h,; pattern belongs to the Class II accord-
ing to the Brunauer classification **, which is the expected
trend for CS 245,

For the low rh, the water uptake is low and mild, as the
initial water molecules entering the sample are few and are
attached on initial hydrophilic sites (1** and 2" hydration
levels, Figure 7). For neat CS, these correspond to the hy
increasing from 0 up to 0.25wt. For the higher rh>65%, the
recorded change from linear behavior to a strong water
uptake is rationalized in terms of the formation of water
clusters. The latter is facilitated by the simultaneous soften-
ing of the polymer matrix and the overall sample’s swelling
(plasticization). The maximum water uptake of neat CS is
estimated at hy; ~0.50wt for rh of 98%.

Coming to the effect of the MTAC, we observe in Figure
7b that the 1% and 2" hydration levels are somehow sup-
pressed. This could suggest that a small fraction of the ini-
tial hydration sites is either decreased or are not accessible
by the water molecules. However, owing to the high-water
uptakes and the swelling properties at the higher rh are
comparable for both the modified samples have not become
more rigid, so the second case is excluded.

The maximum water uptakes are the same for CS-MTAC
as compared to neat CS (Figure 8). Respectively, this sug-
gests that at the highest water activity, the modified samples

exhibit similar and higher ability of swelling, despite the
more complex chitosan structure. This is very promising in
case of the use of the material in the moist environment of
a wound as it can allow the delivery of topical treatments
such as antimicrobials or analgesics and at the same time
promote the wound healing process through circulation of
the epithelial cells, avoiding the formation of eschar 14,

With the purpose of confirming the viability and cyto-
compatibility of fibroblasts cells upon exposure to the mate-
rials, the new CS-MTAC derivatives were tested with an
MTT assay (Figure 9b). According to previous studies, the
used acrylate monomer showed no cytotoxicity .. The
results of the MTT assay on cell proliferation on prepared
material in comparison with the neat chitosan are presented
in Figure 9a. Since reduction of MTT can only occur in
metabolically active cells, the level of activity is a measure of
the viability of the cells. The synthesized materials exhibit
satisfactory biocompatibility after 24h of the test and viable
cells are still detected after 72h of exposure. Similar results
were also reported by Yu et al. who prepared the CS with
Poly[2-(methacryloyloxy)ethyl] trimethyl ammonium chlo-
ride (PMETAC) hydrogel as a wound dressing. Interestingly,
according to this research, polyMETAC alone was slightly
cytotoxic #7!. Statistical analysis revealed no significant dif-
ference between chitosan and chitosan derivative. As a con-
sequence, the biocompatibility of the new copolymer further
supported its potential as effective vehicle for wound healing
applications.

The antimicrobial behavior of the chitosan derivative
CS-MTAC was studied against S. aureus and E. coli and the
different inhibition zones observed are presented in Table 2.
Neat CS exhibits already some activity against S. aureus and
E. coli. This result is in accordance with the literature data
where CS is one of the most important polymers with inher-
ent antibacterial properties 7. It was found that chitosan
can bind the outer membranes of several bacteria, due to
the evolved interactions between the negatively charged sur-
face of microbial cell membranes and the positively charged
amino groups of the structure of CS . The antibacterial

Figure 7. The water content or else hydration on dry basis, hg, against relative humidity during the ESI/DSI measurements of (a) neat CS and (b) CS-MTAC com-

pared to neat CS.
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activity of MTAC has been reported in recently work [0,
The grafting of CS with MTAC resulted in additional posi-
tively charged groups that were introduced on the CS back-
bone. Accordingly, it is expected that the CS-MTAC
derivative will reveal stronger antibacterial properties com-
pared to neat CS. As indicated, prepared copolymer appeared
larger inhibition zone than neat CS. Moreover, it is noticed
that the antibacterial activity of CS-MTAC against E. coli
was better than S.Aureus.

3.2. Characterization of CS-MTAC/elastin/collagen/
gelatin hydrogels

CS-based hydrogels are attractive candidates to produce
bio-inks. However, given the poor rheological properties of
CS, finding an appropriate gelling agent is fundamental to
meet the requirements for 3DP (e.g., shear-thinning behav-
ior, good recovery rate). For this purpose, EL-COL and
increasing concentrations of GEL were incorporated into the
formulation. The shear rate test, frequency sweep and recov-
ery test were performed to evaluate the printability

Figure 8. The hy values for ambient conditions and at the maximum rh
measured.

performance, thus select the optimal formulation to print
the final design.

The flow curves, represented in Figure 1la, show that all
formulations presented a non-Newtonian behavior, charac-
terized by a decrease in the viscosity values with increasing
shear rate. Upon the action of the shear stress, the decrease
in the viscosity is attributable to the disentanglement of the
polymer networks of the hydrogel *!!. The Ostwald-de Waele
model (Eq. 5) was applied to obtain additional information
concerning the shear thinning behavior and the consistency
of the formulations. The fitted parameters are reported in
Table 3. Overall, all formulations possessed n<1, demon-
strating the shear thinning behavior, a fundamental prereq-
uisite for a successful printing process. Furthermore, the
effect of increasing concentration of GEL on the consistency
of the hydrogel was observed, confirming the thicken-
ing effect.

In addition, after the identification of the linear viscoelas-
tic region (LVR) through the amplitude sweep test (data not
shown), the viscoelastic properties of the formulations were
investigated through the frequency sweep test. This test
allows predicting the flow through the nozzle and the struc-
tural stability of the printed design. For this purpose, the
storage modulus (G’) and loss modulus (G”) were deter-
mined, where G’ typically represents the elastic behavior,
while G” is associated with the viscous behavior. As depicted
in Figure 10b, for each formulation, both moduli increased
with increasing angular frequency (w). Specifically, S1, S2,
and S3 possessed G”>G’ at low frequency, showing the pre-
dominance of the viscous behavior that might be related to
the entanglement network between the hydrogel compo-
nents. Followed by a faster increase of the elastic modulus at
higher frequencies, specifically for S2 and S3, indicating a
shift to a solid-like behavior. For the above-mentioned for-
mulations, the relaxation time (1) was calculated from the
reciprocal crossover frequency and reported in Table 3. For
S1, the differences between the storage and loss moduli, at
low frequency, are greater than the other formulations.
Moreover, the relaxation time is lower (0.16s), suggesting
poor shape fidelity after printing. On the contrary, S4

Figure 9. (a) MTT assays results on the proliferation of fibroblasts exposed to the scaffolds, (b) schematic illustration of MTT assay.
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presented G’> G” over the entire w range, demonstrating a
solid-like behavior, attributable to the higher concentration
of GEL that, by nature, possesses solid-like properties 2.
However, this behavior might lead to poor printability
performances.

Finally, the thixotropic behavior of the formulations was
investigated over time. For this purpose, the changes in the
viscosity were analyzed as a function of three shear inter-
vals that mimic the different stages of the printing process.
Firstly, a low shear stress is applied representing the resting
condition before printing, followed by an increase in the
shear values mimicking the flow of the hydrogel through
the nozzle. Then, the shear values increase representing the
recovery after extrusion. The recovery rate obtained was
compared at 100s and reported in Table 3. S4 showed the
lowest recovery rate (28.67%), while for the other formula-
tions the values slightly differ. Nevertheless, the highest
recovery rate was obtained from the formulation S3
(66.91%).

Opverall, considering the optimal results achieved through
the full rheological characterization (shear thinning behavior,
optimal relaxation time and good recovery rate), S2 and S3
were selected as potential candidates to print the design. To
further evaluate the printability performance the uniformity
factor was investigated (Figure S2).

S3 sample showed the best printing behavior among the
hydrogels, as the U factor was almost equal to 1 at all con-
ditions, producing smooth and uniform filaments. The
results of U for S2 and S3 using G22 nozzle at 25°C are
presented in Figure S3. The macroscopic image of the 3DP
scaffolds prepared, is shown in Figure 11.

The addition of a strong NaOH (1M) solution to the
printed structures leads to the augmentation of the pH value
reaching the alkali region, where CS-MTAC is insoluble. The
increase in the pH above 6.5 leads to a sol-gel transition of
the CS-MTAC-based hydrogel, forming a three-dimensional
network due to the generation of physical junctions of H
bonds which promote the packing of the macromolecular
chains. The primary amino groups are neutralized, forming
extensive hydrophobic interactions and hydrogen bonds
among the different moieties present in the CS-MTAC and
GEL backbones, such as amino, hydroxyl, and carbonyl
groups. In the case of NaOH/EtOH neutralization agent
there is a better stability and integrity of the shape

Table 2. Inhibition growth zones of CS and its CS-MTAC derivatives against the
studied strains.

Area of inhibition (diameter mm)

E. coli (Gram -) S.aureus (Gram +)
Gentamycin-control 12+2 Ampicillin-control 25+2
cs 5+1 cs 4+0.5
CS-MTAC 7£06  CS-MTAC 5+08

compared to NH, vapors as long as is a stronger base (pH
Neoryeon =12.55, pH 143,=9,3). It is noted that the use of
NH, vapors leads to decreased crosslinking density and
forming a quite loose network.

3.3. Characterization of 3DP-S3 scaffolds

From FTIR spectra (Figure 12), EL appears two main peaks
at 1530cm™ and 1658cm™! that corresponded to the amide
II and amide I bonds, respectively (3. Indeed, these peaks
overlapped with the corresponding peaks of amide II and
amide I in chitosan at 1560cm™ and 1636 cm™, respectively
(54, In the spectrum of COL, the main absorption bands
that correspond to amide I, amide II, and amide III appear
at 1634, 1524, and 1164cm™!, respectively. The broad band
at 3000-3700cm™" attributes to the N-H stretching vibration
of amide I and the asymmetrical C-H stretching vibrations
of amide II %/, Following, ATR of GEL appears the charac-
teristic peak at 1239cm™ corresponding to C-N, N-H vibra-
tions in amide III, while the peaks at 1532cm™, 1632cm™!
and 3280cm™ are the peaks referring to C=0O and, N-H
vibrations in amide I and O-H stretching vibration, respec-
tively . Checking the differences between the spectra of
the neat materials and the one obtained from the blend,
some shifts were detected. Spectrum of CSMTACELCGI1 was
observed to present a swift of the carbonyl groups shifted
from 1628cm™ to 1640cm™, and the amino groups shifted
from 1565cm™ to 1537cm™'. Adding, the characteristic peak
at 3252cm™ of the hydroxyl groups we can confirm the
hydrogen bond between carboxyl, amino and hydroxyl moi-
eties of the ingredients of the formulation.

Figure 12b illustrates the ATR spectrum of 3DP S3 scaf-
fold before and after neutralization. In general, it was
noticed that the characteristic peaks of 3DP S3are affected
after gelation. Particularly, both neutralized scaffolds with
NAOH/EtOH (3DP-S3-NE) and ammonia vapors (3DP-S3-N)
exhibit a lower intensity peak of the amide II band at
1540cm™ than non-neutralized. Furthermore, this peak is
lower in the samples that were neutralized with NaOH/
EtOH than the neutralized with ammonia vapors. This may
happen due to the neutralization of free NH," groups of CS
into NH, groups. In general, peak broadening is observed
in the spectra of the cross-linked scaffolds. In particular,
the characteristic absorption at 1538cm™ is shifted, exhib-
iting a lower intensity peak, due to N-H bending vibrations
(7], due to the removal of acetic acid residues *%. Also,
low-intensity sharp peaks are recorded in the neutralized
samples at ~1400cm™!, which corresponds to the bending of
-CH- 1591,

Concerning the components of the scaffold, the diffrac-
tion patterns of pure GEL are the typical amorphous pattern

Table 3. Rheological parameters of Ostwald-de Waele model (n, K, r?), relaxation time (1) and recovery rate obtained from each formulation.

Sample n K r T(s) Recovery Rate (%)
S1 0.48+0.01 59.98+3.13 0.9987+£0.0001 0.16+0.02 66.29+1.02
S2 0.44+0.01 107.35+£0.65 0.9987+0 1.56+0.01 64.89+0.15
S3 0.46+0.01 74.48+0.31 0.9991+0.0001 0.39+0.02 66.91% + 0.22
Y 0.42+0.01 125.95+0.75 0.9994+0 - 28.67 % + 0.12
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Figure 10. (a) Shear rate test and (b) Frequency sweep test of S1, S2, S3, S4 formulations. Where G’ is represented as solid, while G” allow symbols.

Figure 11. 3DP multilayered (6 layers) scaffold of CSMTACELCG1 (S3), printed at room temperature, before gelation.

Figure 12. FTIR spectra of (a) 3DP-S3 and its components CS-MTAC, EL, COL and GEL and (b) 3DP-S3 before and after neutralization with NE and N.
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of proteins with a broad peak at 20° related to its
semi-crystalline nature originating from a-helix and
triple-helical structure [©, The diffraction spectra of pure
type I COL show a peak at 8° corresponding to the inter-
molecular side deposition of the COL chains in the triple
helices and a broad peak at 20~20°, which is attributed to
the location of the characteristic voids between the peptide
chains in the triple helices ! The broad peak of the EL
XRD pattern at ~20° supports the suggestion that is closely
related to COL in its structure, being also a protein.
Moreover, the neutralization of the samples with NaOH
has an impact on their crystalline structure. The sol-gel
transition occurring during gelation provokes a reorganiza-
tion of the polymeric chains, leading to changes in the crys-
talline structure of the 3DP-S3 structures. The characteristic
diffraction peaks of chitosan are broadened and shifted
while the characteristic halo pattern is captured with reduced
intensity. This observation is in accordance with the bibliog-
raphy where, the mixing of proteins with chitosan leads to a

decrease in crystallinity, which is ascribed to hydrogen
bonds and enhances their good compatibility 2. Also,
Takara et al., reported, that a differentiation in CS semicrys-
talline peaks when treated with different NaOH solutions (63!
(Figure 13).

3.4. Characterization of loaded 3DP-S3 scaffolds

For the study of the successful loading of levo in the S3
samples and the determination of the potential interactions
between the drug and polymeric matrixes, FTIR measure-
ments were performed (Figure 14). As mentioned in the lit-
erature, levo appears its principal peaks at 3177-3327 cm™
due to the hydroxyl groups of -COOH, at 2793-2949 cm™!
due to aromatic group stretching, at 1718cm™ due to
stretching of the carbonyl group and at 1287cm™ due to
stretching of amines (C-N). The peak at 1084cm™ is cor-
related to the presence of C-halogen group, while the N-H
bending vibrations in the quinolone molecule are recorded

Figure 13. X-ray diffractograms of (a) CS-MTAC, EL, COL, GEL, and (b) 3DP-S3 before and after neutralization with NE and N.

Figure 14. IR spectra of 3DP-S3 loaded sample with (a) 1% and (b) 5% of levofloxacin neutralized with NaOH/EtOH and ammonia vapors.
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at 1613cm™'. Regarding the spectra of the loaded S3 sample,
the carbonyl groups are recorded at region 1726-1741cm™!
while the N-H vibrations in the quinolone molecule are
reported at 1643cm™. In addition, the hydroxyl group area
is recorded at 3265-3292cm™!, respectively at 3432cm™ in
neat S3. These shifts indicate the formation of hydrogen
bonds between levo and the polymeric matrix 3. Concerning
the NE-treated samples we observe the strong absorption
peaks at 3288 and 3377cm™, attributed to the stretching of
the amino and hydroxyl groups in both concentration of
levo 13, N-treated samples were shown similar spectra to
the untreated sample. The differences observed among the
scaffolds could be attributed to the different distribution of
water molecules occurring during the polysaccharide neu-
tralization process.

Levo is a crystalline compound as confirmed by the crys-
tallography data with sharp characteristic diffraction peaks
recorded in the angle range of 5-50° (Figure 15) 4l In the
loaded samples the halo structures are preserved, which is
expected in compliance with the literature data. It is observed
that for the 1% loaded sample, the halo structure is pre-
served, as well as a broadening at the peaks at 9° and 15°.
The neutralizing process of 3DPS3 with NaOH/EtOH and
NH, vapors cause a general reduction of the crystallinity of
the sample. This decrease is directly connected with the loss
of hydrogen bonding and deprotonation of the amino groups
of CS after neutralization. Concerning the 1% loaded sam-
ple, the non-neutralized sample is amorphous presenting
some peaks of low intensity coming from levo (9.3°, 15.2°
and 22°). In the case of 5% loaded sample, no certain peak
is recorded probably due to amorphization of the drug as
extensive hydrogen bonding of the drug with the CS-MTAC
was developed. A reduction of the peak at 12.47° which is
attributed to the hydrated polymorph of chitosan is obvious
in all neutralized samples!®®. This is connected to decrease
of hydrogen bonding and deprotonation of the amino groups
of chitosan during neutralization. Interestingly, ammonia
vapors triggered crystallization into the anhydrous form in
both concentrations of levo, promoting interchain hydrogen

bonds in the crystalline regions without the presence of
water molecules (¢¢],

DSC measurements (Figure S4) were performed to fur-
ther confirm the XRD results. Levo, as a crystalline com-
pound, presents a melting peak at 237°C. Moreover, CS is a
polysaccharide with a characteristic endothermic peak at
60-100°C, coming from its loss of moisture and exothermic
peak at 295°C, when the decomposition of the polymeric
matrix occurs (%), None of the samples revealed the char-
acteristic endothermic peak of levo while the decomposition
of polysaccharides occurred. These results confirmed the
amorphous loading of levo into the 3DP structures.
Remarkably, there is a decrease in the peak around 100°C
of the untreated and neutralized samples with NE and N.
This may happen because of the unbound water is trapped
during gelation process. Furthermore, the peak is more
intense in the case of NE than N, because it promotes stron-
ger gelation suggesting that there is a correlation between
gelation conditions and the amount of bulk water in the
samples [©],

One crucial property of the polymeric materials designed
for dermal patches is their ability to swell in aqueous envi-
ronments. Figure 16 presents the swelling ability and enzy-
matic hydrolysis of the 3DP-S3. Our formulation has the
potential to absorb the 214% of its dry mass. In particular,
the swelling process follows a two-phase behavior an initial
fast swelling phase during the first 1h followed by a small
increment and a steady swelling phase. It worth mentioning
that the swelling efficiency was lower in the printed samples
in comparison to the initial CS-MTAC material, which is
attributed to the different form of tested materials, sponges,
and films, respectively. The swelling property is very useful
for wound healing applications as the dressing should absorb
any exudates of the wound while providing a physiologically
moist environment to provide protection against bacterial
infection 7%, Subsequently, the enzymatic hydrolysis of the
3DP sample causes gradually the depolymerization of
CS-MTAC via the scission of the sensitive B-1,4 glycosidic
bond Y. The mass loss during enzymatic hydrolysis among

Figure 15. XRD diffractograms of 3DP-S3 loaded sample with (a) 1% and (b) 5% of levofloxacin neutralized with NaOH/EtOH and ammonia vapors.
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Figure 16. (a) Enzymatic hydrolysis and (b) degree of swelling of 3DP-S3 wound dressing.

Figure 17. In-vitro release of levo from 3DP-S3, 3DPS3-NE, 3DPS3-N with levo concentration of (a) 1% and (b) 5% w/w.

others depends on the swelling behavior. The relative low
swelling capacity leads to insufficient distribution of the
enzyme into the polymeric chains, resulting to lower degra-
dation of the bonds referred.

The drug loading results indicated satistying values, specif-
ically 0.6% for the samples theoretically containing 1% of levo
and 4.13% for the samples with theoretically 5%. In vitro dis-
solution studies were conducted for the evaluation of levo
release rate. Figure 17 shows the dissolution profiles of neat
levo and 3DP S3scaffolds loaded with 1% and 5% w/w of levo.

Almost all formulations, except of those treated with NE,
showed an initial burst release approximately the first 6h,
followed by a subsequent sustained release of 10days of the
dissolution process, reaching 90-98%. This is very import-
ant as this release can inhibit microbial growth in an open
wound, promoting the wound healing process.

Due to the thermosensitive nature of prepared scaffolds,
the raised temperature (37°C) leads to the partial breakage
of hydrogen bonds between CS-MTAC and GEL resulting in
the sectional dissolution of the S3 hydrogel matrix 7271, In

addition, the prepared scaffolds swell in pH 7.4 buffer,
allowing water molecules to easily enter the hydrogel net-
work and cause larger and faster degradation, thus enhanc-
ing drug release capacity 4. Notably, from the S3
non-neutralized patches the water-soluble levo is released in
a percentage > 80% from the first hour of control and
almost completely (>95%) in both concentrations after 24h
when a fully swollen hydrogel has been formed (Figure S4).
Consequently, sufficient control of the drug release is not
achieved.

The scaffolds treated with ammonia vapors show a rapid
release of the drug during the first hour leading to a lower
quantity (approximately 85%) due to the limited swelling
capacity compared to non-neutralized samples. S3-NE in
both concentrations of the drug, 1% and 5% w/w, has been
observed to release smaller amounts of levo, 36% and 24%,
respectively with a slower release rate. This is due to the
strong interactions that occur during the neutralization pro-
cess. These interactions and the formation of dense struc-
tures reduce the swelling capacity and degradation rate,
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resulting in decreased drug release [%°l. Additionally, the
lower dissolution rate of 3DP-S3-NE-5% levo compared to
the lower concentration may occur due its slightly lower
crystallinity.”” In general, the mechanism of drug release
from matrices containing swellable polymers is complex
enough and not fully understanded. A diffusion or erosion
mechanism is observed, while most systems reveal a combi-
nation of these mechanisms. As a result, the levofloxacin
release is probably controlled initially by the swelling ability
of the matrix and by diffusion at the extended periods of
release ¢,

The retention of the structure after the release of the
neutralized samples is a result of the formation of hydrogen
bonds between the neutralization agent and the hydrogel
(Figure S5). Additionally, the gelation reaction in ammonia
vapors is milder compared to NaOH/EtOH, probably allow-
ing a local rearrangement of polymeric chains of chitosan as
the gelation agent penetrates the scaffold, resulting in a
higher tendency for water absorption ).

4. Conclusions and future directions

In the present study, the structure of CS was successfully
modified with MTAC as proved by NMR and FTIR measure-
ments. The synthesized copolymer exhibited enhanced swell-
ing ability in both pH 5.6 and 7.4 while for low hydration
levels the introduction of MTAC seems to hinder the water
molecules to access the initial hydrophilic sites of the mate-
rial. The new antibacterial material was blended with elastin,
collagen, and gelatin and were investigated for their ability to
be 3DP in an extrusion printer for first time. As most poly-
meric hydrogel inks are not self-standing and are prone to
collapse or spread after printing due to gravitational forces,
post-printing procedure was followed using NaOH/EtOH and
NH,* vapors as neutralizing agents in order to improve the
stability. The optimized formulation was used to be loaded
with levo antibiotic drug, envisaged for wound healing appli-
cations. Furthermore, FTIR measurements confirmed the suc-
cessful loading of levo into the 3D-printed samples, whereas
XRD and DSC measurements established the amorphous state
of levo encapsulated in the mixture. The in vitro release stud-
ies indicated the enhanced release of levo in the dissolution
medium and reached 98% during the 10days process. It seems
that the option of NaOH/EtOH as a crosslinking agent is
promising since it results to stable structures even after the
release process and could be an alternative to the conven-
tional use of other crosslinkers of chitosan like dialdehydes
(e.g., glutaraldehyde) or tripolyphosphate, diglycidyl ether, eth-
ylene glycol and toluene-2,4-diisocyanate which presents cyto-
toxicity and biocompatibility issues 477). The aforementioned
results render the 3D-printed CS-MTAC/EL/COL/GEL loaded
with levo systems potential candidates for the treatment of
several skin infections.

Future directions could include testing the 3D printed
formulations on experimental skin in order to check the dif-
fusion of the antibiotic in the local site and also the regen-
eration process in the direction of a step closer to the market
of these kind of constructs. Nevertheless, the absence of

certain regulatory about these constructs preventing the
transition from research to clinic should be underlined.
Therefore, the development of protocols for full scale pro-
duction strategies should become a priority.
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