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© The Author(s), 2024 we are proposing the preparation of 3D printing hydrogel inks consisting of

the synthetic polymers poly(caprolactone) and poly(lactic acid), the biopolymer
chitosan, and naturally derived gelatin. In addition, pluronic F-127 was used
to improve the miscibility between the hydrophobic and hydrophilic compo-
nents due to its amphiphilic character, as well as for its good 3D printability. The
printability of the hydrogel inks was optimized by varying the composition, the
extrusion nozzle, and the temperature, while the integrity of the 3D scaffolds
was secured via sol-gel transition. The produced hydrogels with PCL-pluronic-
chitosan-gelatin/15-20-4-2 wt% (PC3.75-P15-CG) and PLA-pluronic-chitosan-
gelatin/10-20-4-2 wt% (PL2.5-P15-CG) presented the best printability, producing
smooth and uniform porous scaffolds. The prepared hydrogels were formed via
the interactions between the polymers through hydrogen bonding. Additionally,
the produced hydrogels exhibited temperature-dependent swelling behavior, and
the scaffolds with PCL presented lower swelling capacity than the scaffolds with
PLA. The produced scaffolds presented slower hydrolyzation rate in simulated
body fluid (SBF) at 25 °C compared to 37 °C. Biological studies proved that the
3D-printed porous scaffolds were non-cytotoxic and promoted human adipose-
derived mesenchymal stem cell adhesion.
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Introduction

The demand for engineered tissues has risen rapidly
owing to the limited availability of donor tissues and
organs for transplantation, such as bone, cartilage,
skin, blood vessels, and muscle. Scaffolds are fabri-
cated to facilitate successful tissue regeneration. These
are intended to provide porous structures appropri-
ate for cell adhesion, migration, growth, and differ-
entiation [1]. Conventional scaffold fabrication tech-
niques include freeze-drying, micro-/nanoimprinting,
lithography, and electrospinning. However, although
these methods are easy and versatile processes for the
fabrication of extracellular matrix (ECM)-mimicking
micro-/nanostructure or two-dimensional (2D) micro-/
nanopatterns, the construction of realistic macroscale
three-dimensional (3D) structures with controllable
micro-/nanopatterns and uniform 3D pore geometries,
including controllable and accurate porosity as well as
stability, remains challenging [2]. Three-dimensional
printing has seen rapid technological development
over the last two decades, since it is extensively used
in tissue engineering and regenerative medicine to
develop complex tissue substitutes that restore the
function of damaged tissues. Three-dimensional
bioprinting is the layer-by-layer deposition of bio-
material hydrogels in a predetermined structural
architecture to generate functional tissues or organs
[1]. Extrusion-based 3D printing uses a syringe and
piston system to dispense hydrogel through nozzles,
which can produce stable 3D structures using highly
viscous hydrogels, but it is challenging to construct
structures with high mechanical stability and good
printability [3]. Hydrogel requirements for 3D bio-
printing of ideal engineered tissues are the follow-
ing: high porosity, rapid gelation, shape retention,
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and lack of immunogenicity. A variety of natural and
synthetic polymers have been used for the fabrication
of 3D-printed scaffolds for tissue engineering applica-
tions [4]. Poly(caprolactone) (PCL) or poly(lactic acid)
(PLA) was used to fabricate 3D-printed tissue engi-
neering scaffolds with uniformly distributed, well-
formed interconnected porous structures with high
bracket strength [5]. Although synthetic biodegrad-
able polymers have good mechanical strength, thereby
overcoming previous limitations on shape, size, and
structural integrity, they have low biocompatibility
[3]. For this reason, synthetic polymer hydrogels for
3D printing have been combined with bioactives such
as nanohydroxyapatite, bioglasses [6, 7], and biologi-
cal agents, as well as natural polymers like chitosan
(CS) [8], collagen [9], gelatin (Gel) [10], and alginate
[11] to improve the cytocompatibility, biocompat-
ibility, biodegradability, and bioactivity of scaffolds.
Among these, CS is widely used for wound healing
and tissue engineering since it can promote hemostasis
by clotting blood, supporting cell proliferation, and
inhibiting bacterial growth [12]. Gel is a thermosensi-
tive natural polymer that has a composition almost
identical to collagen, with high biocompatibility and
provides a suitable environment for cell attachment
and growth [13]. However, the immiscibility among
the polymers for the preparation of a hydrogel suit-
able for 3D printing may lead to inadequate structural
integrity, mechanical stability and printability, and as
a result, the damaged tissues cannot be fully regener-
ated [2].

In this study, we are proposing a 3D printing
method supplemented with adaptable material to
obtain structures with high accuracy. To achieve
uniform structures on 3D-printed materials (PCL,
PLA, CS, and Gel), we employed pluronic F-127 (P],



T,,=56 °C) as a compatibilizer, because of its amphi-
philic properties at high concentrations (> 10 wt%)
[14]. Pl is a poly(ethylene oxide)-poly(propylene
oxide)-poly(ethylene oxide) (PEO-PPO-PEO) tri-block
copolymer. It has the ability to homogenize hydro-
phobic and hydrophilic polymers due to its chemical
structure [15]. For this reason, Pl was used to improve
the compatibility between the hydrophobic and
hydrophilic polymers that were used.

Additionally, it has been studied as a potential base
for thermosensitive hydrogels. It has been reported
that aqueous solutions of P1 (20-30 % w/w) show
thermosensitive properties and can undergo a phase
transformation from low viscous transparent solution
at temperature (4-5 °C) to a solid—gel when heated to
body temperature (37 °C) [16]. The thermoreversible
Pl hydrogels are easily extruded from 3D printers, and
the 3D-printed structures maintain integrity due to its
sol-gel transition, but it is quite brittle and is not suit-
able for long-term cell viability [3]. Specifically, Lee
et al. blended Pl with synthetic polymers (PCL and
PLGA) and produced 3D well-formed scaffolds with
high accuracy. They also proved that 3D-printed scaf-
folds provided a contact guide for the cultured cells
[2]. Lee et al. [17] also developed 3D multilayered scaf-
folds consisting of collagen and 38 wt% PI for bone
tissue engineering. They proved that over the concen-
tration of 19 wt% Pl, the multilayered scaffolds were
printed well with a uniform structure.

The aim of this work is to take advantage of the syn-
ergistic properties of synthetic and naturally derived
polymers to prepare a thermosensitive hydrogel that
can be used for the production of 3D-printed scaffolds
for tissue regeneration. Specifically, different ratios of
PCL or PLA, Pl, CS, and Gel were examined, and the
optimal ratios for the best printability and uniformity
factors were identified. The 3D-printed scaffolds were
studied for their morphology and chemical structure
as well as their in vitro biological properties.

The innovation of this study lies in the development
of polymeric scaffolds with precise structure, advanc-
ing scaffold production through 3D printing for tis-
sue regeneration, as evidenced by in vitro biological
experiments. It proposes solutions for the preparation
of printable inks derived from immiscible polymers,
encompassing hydrophobic synthetic polymers and
hydrophilic naturally derived polymers, addressing
thus a current challenge in tissue engineering, which
is the optimization of bioinks and scaffolds. Addition-
ally, it introduces a safer, milder scaffold stabilization

method using the sol-gel process, circumventing cyto-
toxic risks associated with conventional crosslinking
agents [18]. This enhances scaffold biocompatibility
and efficacy for tissue regeneration.

Materials and methods
Materials

PCL (M,,=54000 g/mol) and PLA (M, =79000 g/mol)
were synthesized using the ring-opening polym-
erization of e-caprolactone and L-lactide, respec-
tively (details in the SI). Pl was kindly donated by
Pharmathen SA. CS of medium molecular weight
(190000-310000 Da) and a degree of deacetylation of
75-85% was supplied by Sigma-Aldrich Co. (St. Louis,
MO, USA). Gelatin from bovine skin (type B) was pur-
chased from Serva, and dichloromethane (DCM) from
Scharlab (Barcelona, Spain).

Preparation of hydrogel inks

First, Gel and CS were dissolved in 6 ml of acetic acid
2% v/v aqueous solution under magnetic stirring at
60 °C, until complete homogenization. At the same
time, PCL and Pl were dissolved in 4 mL of DCM
under magnetic stirring for 30 min at room tem-
perature. Then the two solutions were mixed under
mechanical stirring for 15 min at 25 °C. The composi-
tion of each polymer in the final PCL:P1:CS:Gel (PC-
PI-CG) hydrogels and their shortnames are presented
in Table 1. Similarly, PLA:P1:CS:Gel (PL-PI-CG) hydro-
gels were also prepared. Briefly, Gel and CS were
dissolved in an acetic acid 2% v/v aqueous solution,
while PLA and Pl were dissolved in DCM under mag-
netic stirring for 30 min. Then the two solutions were
mixed under mechanical stirring for 15 min at 25 °C.
The composition of each PL-PI-CG hydrogel is shown
in Table 1.

3D printing of constructs

The resulting hydrogels were transferred in extrusion
cartridges and centrifuged at 4000 rpm for 10 min
to remove air bubbles. An STL file of a mesh model
scaffold was utilized for the 3D printing, while the
slicing of the STL sample was performed with Slic3r
software. A pneumatic extrusion-based 3D bioprinter
(CELLINK® Inkredible, Gothenburg, Sweden) with
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Table 1 Composition and shortnames of the PC-P1-CG and PL-
PI-CG bioinks tested

Shortname Composition
PCL PLA Pl(wt%) CS Gel
Wt%)  (Wt%) Wt%)  (Wt%)

PC2.5-P12.5-CG 10 - 10 4 2
PC3.75-P12.5-CG 15 - 10 4 2
PC5-P12.5-CG 20 - 10 4 2
PC2.5-P13.75-CG 10 - 15 4 2
PC3.75-P13.75-CG 15 - 15 4 2
PC5-P13.75-CG 20 - 15 4 2
PC2.5-P15-CG 10 - 20 4 2
PC3.75-P15-CG 15 - 20 4 2
PC5-P15-CG 20 - 20 4 2
PL2.5-P12.5-CG - 10 10 4 2
PL3.75-P12.5-CG =~ - 15 10 4 2
PL5-P12.5-CG - 20 10 4 2
PL2.5-P13.75-CG =~ - 10 15 4 2
PL3.75-P13.75-CG - 15 15 4 2
PL5-P13.75-CG - 20 15 4 2
PL2.5-P15-CG - 10 20 4 2
PL3.75-P15-CG - 15 20 4 2
PL5-PI5-CG - 20 20 4 2

stainless steel nozzles (G20 and G22 with inner
diameters of 0.6 and 0.41 mm, respectively) was
used. For the printability study, cuboid mesh scaf-
folds with 10 mm length x 10 mm width x 1.00 mm
height were designed. Different layer numbers (2, 4,
8, 12, and 14 layers) with 70% infill density and an
angle of 0° were printed with 25 mm/s printing speed
at 25 °C and 37 °C printing temperatures. Printing
was performed on plastic Petri dishes which were
maintained at 37 °C. The printability and viscosity
assessments were conducted using wet samples (wet
structures and hydrogel inks, respectively), whereas
characterization and biological evaluations of the
3D-printed structures were carried out on dried
specimens. The drying protocol for the 3D-printed
scaffolds involved sequential steps: initial placement
at room temperature for 48 h to facilitate gradual sol-
vent evaporation, followed by oven drying at 40 °C
for 17 h. Subsequently, the samples were left at room
temperature for an additional 72 h to ensure com-
plete elimination of residual solvents.
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Printability analysis

Firstly, the printability of all hydrogels was inves-
tigated by printing one layer with square perime-
ter (10 mm length x 10 mm width) at two different
printing temperatures (25 °C and 37 °C), using G22
(internal diameter 0.41 mm) or G20 (internal diame-
ter 0.60 mm) nozzles with printing speed of 25 mm/s
for each hydrogel. The diameter of the printed fiber
was compared with the nozzle diameter (diameter of
theoretical straight fiber) using optical microscopy.

The formulations which allowed the printing
of fiber close to the theoretical dimensions were
selected and evaluated for their printability accord-
ing to four printing factors (Extrudability, Uniform-
ity, Pore, and Integrity Factors) to find the hydrogel
with the best 3D printing ability.

Extrudability

The minimum extrusion pressure required to print
material at an arbitrary mass flow rate is defined
as extrudability. One fiber of 10 mm in length was
printed at two different printing temperatures (25 °C
and 37 °C), using G20 or G22 nozzle with a printing
speed of 25 mm/s for each hydrogel composition.
The required pressure for the printing of fiber was
noted.

Uniformity factor, U

A uniformity factor was used to determine how uni-
form the printed fibers are in comparison with the
designed STL file. For each hydrogel sample, one
fiber of 10 mm length was printed at the minimum
extrusion pressure, with speed of 25 mm/s, and the
diameter of the printed fiber was immediately meas-
ured with optical microscopy. The U of hydrogels
was determined for wet (immediately after 3D print-
ing process) fibers. The uniformity factor of each
sample is calculated according to Eq. 1.

diameter of printed fiber

1)

internal diameter of nozzles



Pore factor, Pr

A pore factor was used to determine how well
the printed pores matched the designed square
pores. PC3.75-P15-CG and PL2.5-P15-CG hydro-
gels were used to print porous scaffolds (10 mm
length x 10 mm width, infill density 70%, and two
layers with angle of layers 0°), printed at the mini-
mum air pressure and speed of 25 mm/s, using G20
and G22 extrusion nozzles at 25 °C or 37 °C. The Pr
of hydrogels was determined for wet (immediately
after 3D printing process) structures. The pore area
of the 3D-printed structures was measured imme-
diately after printing with optical microscopy and
determined using Eq. 2.

pore area of printed scaffold

Pr=
f pore area of theoretical scaffold

(2)

Pore area of theoretical scaffolds is 6.76 mm? using
G20 nozzle and 8.5 mm? using G22 nozzle.

Integrity factor

An integrity factor was used to determine how well
the thickness of the printed scaffolds matched the
intended design. PC3.75-P15-CG and PL2.5-P15-CG
hydrogels were used to print scaffolds with 2, 4, 8,
12, and 14 layers at the minimum extrusion pres-
sure and speed of approximately 25 mm/s, using G20
extrusion nozzles at 25 °C, which was selected as the
suitable printing temperature. The printing process
of the hydrogel inks was realized on a heated work-
ing plate at 37 °C. The pore factor of printed scaf-
folds after the printing of every layer is calculated
according to Eq. 2. The integrity of scaffolds was
determined for wet (immediately after 3D printing
process) scaffolds.

The 3D printing of fibers and scaffolds was
repeated three times for the printability study. Three
different measurements were taken with a Jenoptik
(Jena, Germany) ProgRes GRYPHAX Altair camera
attached to a ZEISS (Oberkochen, Germany) SteREO
Discovery V20 microscope and Gryphax image cap-
turing software in randomly selected areas under
the same magnification. Specifically, the results were
quantified, and their mean values + standard devia-
tion are summarized after image processing with
Image] software.

Viscosity of the selected hydrogel inks

The viscosity values were evaluated from 20 to
200 rpm using a SC4-27 spindle in a BGD 157/TS
(Biuged Instruments, Guangzhou, China) rotational
viscometer with temperature control.

Characterization of the printed scaffolds

PC3.75-P15-CG and PL2.5-P15-CG hydrogels were
used to print porous scaffolds (10 mm length x 10 mm
width, infill density 90%, and 14 layers with angle of
layers 0°) in order to be characterized. The 3D printing
process was accomplished at the minimum air pres-
sure and speed of 25 mm/s, using G22 extrusion noz-
zle at 25 °C. The characterization of the samples was
performed using 3D-printed dried structures.

Structural characterization

FTIR spectra of the prepared scaffolds were recorded
with a FTIR-2000 (PerkinElmer, Dresden, Germany)
with KBr disks. All spectra were recorded in the
range of 4000-400 cm™ with 16 scans and a resolu-
tion of 2 cm™. X-ray powder diffraction patterns were
recorded using an XRD diffractometer (Rigaku Mini-
flex II) with a CuK radiation (0.15405 nm). The sam-
ples were scanned from 5 to 45°.

Study of swelling capacity

The swelling ratio of the prepared PC3.75-P15-CG and
PL2.5-P15-CG scaffolds was measured in simulated
body fluid (SBF) solution with pH=7.4 at different
temperatures (20, 25, 30, 35, and 40 °C). The SBF solu-
tion was prepared according to Kokubo and Takadama
[19], Table S2. The dimensions of each 3D-printed scaf-
fold were measured before (D,) and after (D,) incu-
bation in SBF for 12 h at controlled temperature. The
measurements were taken in triplicate. The excess
surface SBF was wiped from the scaffolds using filter
paper, and their dimensions (D,) were measured. The
swelling ratios (SR) of the tested scaffolds are calcu-
lated from the following expression (Eq. 3) [20]:

. . D; — Dy
Swelling ratio(%) = 5 * 100 (3)

0
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where D, denotes the dimensions of each 3D-printed
scaffold after the incubation in SBF, and D, denotes the
initial dimensions of the scaffold.

In vitro hydrolysis

Three-dimensional-printed PC3.75-P15-CG and
PL2.5-P15-CG scaffolds were incubated at pH=7.4
in SBF at 25 and 37 °C. The samples were taken out,
washed with deionized water, and weighted at prede-
termined time intervals (1, 5, 9, 13, 19, 25, and 30 days).
The remaining mass (MR) was calculated by compar-
ing the mass after the incubation in SBF (M,) with the
initial mass (M,) according to the following equation
[21]:

M,
M ining(%) = — * 100
ass remaining(%) My * (4)

Biological studies

PC3.75-P15-CG had the best printability, so it was
selected for the fabrication of 3D-printed scaffold to
perform biological studies. Specifically, a circular
scaffold with 10 mm diameter, infill density 90%, and
14 layers was printed at the minimum air pressure
and speed of 25 mm/s, using G22 extrusion nozzle at
selected printing temperature, 37 °C (Fig. 9a). The bio-
logical studies of the PC3.75-P15-CG were performed
using dried 3D-printed structures.

Cell cultures

The cells used for the cytocompatibility and cell
adhesion experiments of the materials constructed in
this study were early-passage (passage 2-3), human
adipose-derived mesenchymal stem cells (hAMSCs)
derived from liposuction. hRAMSCs were kindly pro-
vided by BIOHELLENIKA SA (Thessaloniki, Greece).
The hAMSCs were cultured in Dulbecco’s modified
Eagle’s Medium (DMEM) (BIOWEST, Nuaillé, France)
supplemented with 10% fetal bovine serum (FBS)
(BIOWEST, Nuaillé, France), plated onto cell culture
plates at 37 °C, 5% CO,. The cell culture medium was
replaced every other day until 70% confluency, and
cell detachment for cell passage was performed using
0.05% trypsin in PBS (BIOWEST, Nuaillé, France).
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Cytocompatibility

Cytocompatibility of the PC3.75-P15-CG scaffold was
assayed by performing the MTT (3-(4,5-dimethyl-
2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide)
assay as described in detail elsewhere. Briefly, equal-
circle pieces (5 mm) of the materials were used. The
materials were subjected to disinfection by incuba-
tion in 70% ethanol overnight, rinsed in a sterile PBS
solution, and equilibrated for another 24 h in supple-
mented DMEM w/L-glutamine (BIOWEST, #L0104-
500). In parallel, hAMSCs were seeded onto 24-well
plates (CELLSTAR®, Greiner Bio-One, # 662,160) and
left to grow until they reached 80% confluency. This
was considered as time point zero of the experiment,
and an MTT assay was performed. At that time, a piece
of the PC3.75-P15-CG scaffold was placed on top of
the cells (in contact), and the MTT assay was per-
formed after 24 h of exposure. For the MTT method,
the cells were incubated with 0.5 mL of 0.1 mg/mL
MTT in DMEM complete culture medium at 37 °C
in a humidified atmosphere containing 5% CO, for
4 h or until intra-cellular purple formazan crystals
were visible under microscope. Then, the MTT was
removed, and solubilizing DMSO solution was added
for 30 min, until cells were lysed, and purple crystals
were resolved. The supernatants were transferred to
a new plate for the reading of the optical density at
the spectrophotometer (PerkinElmer) at 570/630 nm.
Equal numbers of hAMSCs cultured in plastic and
assayed similarly were considered as positive control
of proliferation.

Crystal violet cell adhesion assay

To evaluate the capacity of the PC3.75-PI5-CG scaffold
to promote cell adhesion, the crystal violet cell adhe-
sion assay was performed. This is a colorimetric assay
used to measure the attachment of cells. Briefly, equal
pieces of the scaffolds were placed at the bottom of
24-well plates, and hAMSCs cells were seeded onto the
surface of the materials at 50000 cells/cm? in DMEM
culture medium. After 20 min of incubation at 37 °C,
5% CO,, the cell culture supernatant was removed,
and the remaining cells were fixed using 4% paraform-
aldehyde (PFA) for 10 min. Then, the fixing solution
was removed, and the remaining cells were stained
with 1% crystal violet for 30 min at room temperature



(RT). After the removal of crystal violet, cells were
washed twice with PBS, and the plates were left to
dry at RT. Finally, 100 pL of 0.5% Triton X-100 in PBS
was added to dissolve the attached cells, and optical
density was measured at 595 nm at the spectropho-
tometer (PerkinElmer). Two controls were used for
this experiment. The first one included equal amount
of hAMSC:s cells seeded onto the plastic bottom of cell
culture plates, and the second included cells seeded
onto plastic coated with a widely studied adhesive
peptide, the tri-amino acid sequence, arginine-glycine-
aspartate (RGD) (Sigma-Aldrich, # A8052) at a con-
centration of 10 ug/mL. Our system was beforehand
validated for the RGD-induced cell attachment capac-
ity by performing dose-response experiment using
successive increasing concentrations of RGD (data not
presented here). Peptide coating was performed on the
surface of the PC3.75-P15-CG porous scaffold as well as
PC3.75-P15-CG non-porous scaffold in order to evalu-
ate whether the porosity enhances cell adhesion. The
PC3.75-P15-CG non-porous scaffold was fabricated in
a similar way to the porous PC3.75-P15-CG scaffold
with the only difference being that the infill density
was 100%. For the coating, the day before the onset of
the experiment and before cell seeding, 10 pg/mL of
RGD in PBS was added onto the desired surfaces and
left at 4 °C overnight.

Cell differentiation assay

Cells reaching sub-confluency were seeded onto the
plastic surface of 12-well culture plates or onto the
surface of PC3.75-P15-CG scaffold (pieces of equal
diameters) at 50,000. Cell culture media used for the
differentiation procedures were purchased: StemPro
Chondrogenesis Differentiation Kit (Gibco, # A1001-
01), CELL Applications Human Differentiation
medium (Sigma-Aldrich, # 811D-250), and StemPro
Osteogenesis Differentiation Kit (Gibco, # A10072-01).
Media were changed every two days for 28 days and
then stained. For every staining procedure, cells on
each group were firstly fixed using 10% formaldehyde
(Sigma-Aldrich) for 15 at room temperature (RT) and
washed gently twice with PBS. Alizarin red staining
(ARS) is a dye that binds selectively to calcium salts,
and it was used to analyze the matrix mineralization
in osteogenic tissue. Incubation with 60% isopro-
panol was performed for 5 min at RT, and fixed cells
were stained for 1 h with 2% ARS (Sigma-Aldrich).

To visualize proteoglycan synthesis by chondrogenic
cells, alcian blue staining was performed. Alcian blue
stain was prepared at 1% in 0.1-N HCl, and staining
was performed for 30 min at room temperature. The
accumulation of neutral lipids in adipogenic-induced
cells was assayed by using a solution of 0.5% Oil Red
O and incubation at room temperature for 60 min.

Statistical analysis

All data were generated in triplicate and were ana-
lyzed with either one-way, two-way, or three-way
ANOVA with Tukey multicomparison tests for post-
hoc testing using IBM SPSS Statistics 27. Data are pre-
sented as mean + SD, and p < 0.05 was considered to be
statistically significant.

Results and discussion
Preprinting studies

Printability is a term that usually refers to the extrud-
ability, fiber formation, porosity, and shape fidelity of
biomaterial inks. While the term is not strictly defined,
it is used to describe, among other things, screening
processes from macroscopic and microscopic images
of 3D-printed constructs with the goal of choosing
printing parameters and comparing different bio-
materials inks [22]. In this paper, we opted to use a
simple and fast approach in order to optimize the ink
composition and the printing parameters, i.e., printing
pressure, nozzle diameter, and temperature by inves-
tigating the quality of the printed constructs.

Table 2 shows the qualitative results of the printing
tests for the different ink compositions and shows that
the PC2.5-P12.5-CG, PC3.75-P12.5-CG, PC5-P12.5-CG,
PL2.5-P12.5-CG, PL3.75-P12.5-CG, and PL5-P12.5-CG
hydrogels were overextruded forming a 3D-printed
amorphous mass of material which makes them
unsuitable for printing inks. This is due to the low
concentrations of PI (10 wt%) in the compositions lead-
ing to hydrogels with high fluidity (low viscosity) that
could not mantain their shape during the 3D printing
process. Although by increasing the concentrations
of PI (15 wt%), this phenomenon was reduced, and
the printed fiber was quite different from the theo-
retical. However, the dimensions of the square perim-
eter, which were printed using hydrogels with a high
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Table 2 Printing quality of inks with different nozzle diameters
and temperatures

Shortname 25°C 37°C
Nozzle gauge
G22 G20 G22 G20

PC2.5-P12.5-CG X X X X
PC3.75-P12.5-CG X X X X
PC5-P12.5-CG X X X X
PC2.5-P13.75-CG ~ ~ ~ ~
PC3.75-P13.75-CG ~ ~ ~ ~
PC5-P13.75-CG ~ ~ ~ ~
PC2.5-P15-CG v v v v
PC3.75-P15-CG v v v v
PC5-P15-CG v v v v
PL2.5-P12.5-CG X X X X
PL3.75-P12.5-CG X X X X
PL5-P12.5-CG X X X X
PL2.5-P13.75-CG ~ ~ ~ ~
PL3.75-P13.75-CG ~ ~ ~ ~
PL5-P13.75-CG ~ ~ ~ ~
PL2.5-P15-CG v v v v
PL3.75-PI5-CG v v v v
PL5-PI5-CG v v v v

v/: good printing quality, ~: medium printing quality (heterogene-
ous struts), and X: cannot be extruded

amount of P1 (20 wt%), were close to the theoretical
dimensions (Fig. 1).

Viscosity of the selected hydrogel inks

The hydrogels with 20 wt% of P1 (PC2.5-PI5-
CG, PC3.75-P15-CG, PC5-P15-CG, PL2.5-P15-CG,
PL3.75-P15-CG, and PL5-P15-CG) were selected for
further printability and viscosity evaluation.

The rheological properties of a hydrogel deter-
mine its ability to be 3D-printed and allow it to out-
flow through a small nozzle head [23]. For extru-
sion-based bioprinters, bioinks with viscosities from
300 to 30000 mPa-s are preferred. Hydrogels with a
viscosity lower than 300 mPa-s are more suitable for
smearing instead of printing. When the viscosity is
higher than 30000 mPa-s, high pressure is required
to extrude the bioink out of the nozzle, and what
is more, the extrusion process will become unsta-
ble [24]. In the present work, it was found that the
viscosities of the thermosensitive hydrogels were
determined by two factors: their composition, and
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mainly by the ratio of PCL:P1 or PLA:P], since their
combined concentration was higher than CS and Gel,
and the temperature at which they were extruded
(Fig. 2).

As expected, the viscosity increased with increas-
ing either the PCL or PLA contents in the PC-PI-CG
and PL-PI-CG hydrogels. The PLA-containing hydro-
gels had larger viscosity than the PCL-containing
ones [25]. This is due to the fact that the PLA used
had a higher M, and [n] than PCL. More specifi-
cally, PCL had M, =54000 g/mol and [n] =1.23 dL/g,
while PLA had M, =79000 g/mol and [1] =1.51 dL/g
(Table S1). Additionally, by raising the tempera-
ture from 25 to 37 °C, the viscosity of the hydrogels
increased due to the presence of PJ, as it undergoes a
phase transition from liquid to gel at 37 °C [26]. The
sol-gel transition while increasing the temperature
is attributed to the micellization phenomenon. P1 has
a central hydrophobic PPO block and two hydro-
philic PEO on both sides. The hydrophobic PPO
block dehydrates increasing the temperature from
25 to 37 °C as a result of the formation of spheri-
cal micelles. The formatted micelles are made of a
dehydrated PPO core and an outer shell of hydrated
swollen PEO chains. This micellization is followed
by the gelation process, leading to concentrated gels.
As a result, the prepared hydrogels with high PI con-
centration (20 wt%) had slightly lower viscosity at
room temperature (25 °C) than at body temperature
(37 °C), where a gel was formed [27]. This small dif-
ference in viscosity strongly affects the printability of
the hydrogels as discussed below. This is confirmed
by the literature, where it was reported that formula-
tions with 15-30 wt% concentration of Pl are liquid
at room temperature, whereas transforming into a
gel form at body temperature [28]. However, in this
work, PC-PI-CG and PL-PI-CG hydrogels could not
be liquid at room temperature due to the presence
of CS and Gel polymers which act co-operatively
in hydrogel formation, specifically the macromol-
ecules of CS form gels when in acidic media due to
the electrostatic repulsions of its positively charged
amino groups. Additionally, the negatively charged
groups of the Gel macromolecules in the solutions
interact with the positively charged amino groups
of CS, forming a viscous hydrogel [29]. The viscosity
assessment results suggest that all PC-P1-CG and PL-
PI-CG hydrogels are suitable for printing complex
3D structures.
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Printability studies

After the measurement of the viscosity, the printabil-
ity of the PC2.5-P15-CG, PC3.75-P15-CG, PC5-P15-CG,
PL2.5-P15-CG, PL3.75-P13.75-CG, and PL5-P13.75-CG
hydrogels were investigated, and specifically, the
extrudability, uniformity, pore, and integrity factors
were calculated.

First, the necessary pressure to achieve extrudabil-
ity was determined. Extrudability is the capability to
extrude bioink through a nozzle to form a continuous
and controllable fiber. Table 3 shows the minimum
air pressure required for the extrusion of the studied
hydrogels. Table 3 and Fig. 3 show that the required air
pressure (P) for extrusion was affected by the viscosity
of the hydrogels. Specifically, the decrease in either
PCL or PLA concentrations or temperature (from 37
to 25 °C) reduced the required air pressure, which was
expected since the viscosity was also smaller [30]. For
example, PC2.5-P15-CG hydrogel (10 wt% PCL con-
tent) required 185 kPa to be extruded at 25 °C, while
PC5-PI5-CG with increased PCL content (20 wt%) at
25 °C required 300 kPa (using the G22 nozzle in both
cases). Additionally, PC5-P15-CG required 244 kPa
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to be extruded at 25 °C while higher pressure was
needed, 289 kPa at 37 °C. Furthermore, the PL-PI-CG
hydrogels require higher air pressure to be extruded
(230-378 kPa) than PC-PI-CG (169-344 kPa) hydrogels
which is consistent with the viscosity results as PL-
PI-CG presented higher viscosity (Fig. 3). Nozzle size
also affected the P, since a decrease in the diameter of
the nozzle size from 0.60 mm (G20) to 0.41 mm (G22)
resulted in an increase in the P (Fig. 3) [24].

The viscosity of the thermosensitive hydrogels also
affects the printing accuracy of the structures. The
printing accuracy of the selected hydrogels was inves-
tigated by calculating the fiber uniformity factor (U),
and the results are illustrated in Fig. 4. The hydrogels
with low viscosity expanded after the extrusion, caus-
ing the lateral collapse of the printed material and the
deformation of the printed fiber, with U>1. On the
other hand, the highly viscous hydrogels could not
be extruded smoothly from the small needle, and as
a result, the fibers did not spread (U <1) (Fig. 4c) [31,
32].

The hydrogel composition significantly affected
the U. Multiple comparisons resulted in p <0.005
between all compositions except for PC5-P15-CG vs.
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Figure 2 Viscosity test of a PC-PI-CG and b PL-PI-CG hydro-
gels at 25 °C and 37 °C.

PL3.75-P15-CG which was insignificant (p >0.05).
PC2.5-P15-CG had the lowest viscosity of all hydro-
gels and a U =1.5, while PC5-PI5-CG with the highest
viscosity had U=0.6 when using G20 nozzle at 25 °C
(Fig. 4a). Overall, PC3.75-PI5-CG and PL2.5-P15-CG
had the best 3D printing results, as their Us were the
closest to the theoretical value (U =1). Specifically,
PC3.75-P15-CG and PL2.5-P15-CG had U=1.018 and
0.966 with G20 nozzle and U=0.9911 and 0.941 using
G22, respectively (at 25 °C), producing continuous fib-
ers (Fig. 4a) [17]. As shown in Fig. 4, the reduction in
nozzle diameter size caused a significant decrease in
U (p <0.005) due to the difficulty of the hydrogels to
flow throughout the smaller nozzle (G22). Moreover,
the increase in the temperature (from 25 to 37 °C) had
an overall effect on U (p <0.005) as it increased the
hydrogel’s viscosity which does not allow the homog-
enous extrusion and thus the uniform printing of the
hydrogel, leading to uncompleted structures (Fig. 4d).
For example, PL2.5-P15-CG presented U =0.94 at 25 °C
with G22 (Fig. 4a), proving that the printed fiber was
very close to the theoretical fiber (U =1). On the other
hand, PL2.5-P15-CG printed dotted fiber at 37 °C
(Fig. 4b) with G22, presenting U considerably less than
unity (U=0.63) due to its increased viscosity.

Pr of PC3.75-P15-CG and PL2.5-P15-CG hydro-
gels, which had the best U of all studied hydrogels,
was evaluated and confirmed that the hydrogel inks
presented significantly better printability at 25 °C
than 37 °C (p <0.005). The pores structures that were
printed at 37 °C had irregular-shaped pores instead
of square pores, due to a non-continuous flow of the
material through the nozzle, resulting in a relatively

Table 3 The minimum air

. Hydrogel Nozzle size Air pressure (kPa) required Air pressure (kPa)
pressure required for the . o . .
. for extrusion at 25 °C required for extrusion
extrusion of all hydrogels at 37 °C
PC2.5-P15-CG G22 185 199
G20 169 173
PC3.75-P15-CG G22 218 232
G20 190 202
PC5-P15-CG G22 300 344
G20 244 289
PL2.5-P15-CG G22 279 302
G20 230 253
PL3.75-PI5-CG G22 356 369
G20 294 322
PL5-PI5-CG G22 352 378
G20 351 367
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Figure 3 The effect of PCL (a and b) and PLA (c and d) concentration as well as the diameter of nozzle size on the applied pressure

during the printing process.

high mean Pr (Fig. 5). In contrast, the pores printed
at 25 °C had square shapes and better reproducibility
(Pr values being nearly the optimum value of 1), inde-
pendently of the nozzle size. Specifically, PC3.75-P15-
CG had perfect pore printability and accuracy, with
Pr=1.031 at 25 °C, while the pore factor was 1.226 at
37 °C, using G22 nozzle size (Fig. 5a and b). The vis-
cosity increase at 37 °C is attributed to the high content
of Pl in hydrogels and results in the low penetration
of the inks through the nozzle. Despite the better Pr
values obtained with G20, the statistical effect of noz-
zle diameter is insignificant, likely due to small sample
size. Although PL2.5-P15-CG had a good uniformity
factor, the pore factor showed a higher deviation than
the theoretical (Pr=1), being Pr=1.06 and Pr=1.21 at

25 °C and 37 °C, respectively, when using G22 nozzle
(Fig. 5a), but the difference is still statistically insig-
nificant (p > 0.05) proving that the quality between the
two compositions is negligible. The high M, value of
PLA resulted in the formation of a compact hydrogel
that exhibited an excellent printing ability for short,
simple arrangements, such as fiber structures, but a
poorer performance for complex structures with fab-
ricating requirements, such as pore scaffolds. Pore
size, shape accuracy, and integrity are critical param-
eters that define a scaffold’s performance. At an early
stage, tissue regeneration happens at the periphery of
scaffolds with a negative gradient in mineralization
toward the inner structure. For cell adhesion, con-
tinuous ingrowth of tissue, and synthesis of uniform
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Figure 4 The investigation of uniformity factor of the thermo-
sensitive hydrogels at a 25 °C and b 37 °C. Three-way ANOVA
showed a significant effect of temperature, hydrogel sample type,
and nozzle diameter on the uniformity factor (p <0.005). ¢ Sche-

tissue, the interconnected porosity with high shape
accuracy is necessary [33].

Thus, based on the results, 25 °C was selected as
the appropriate temperature in the extrusion cartridge
to successfully achieve a smooth and uniform well-
formed mesh structure.

The printing process of the thermosensitive hydro-
gels was realized on a heated working plate at 37 °C
to ensure the integrity of the printed pore structures
due to the sol-gel nature of Pl. Figure 6 illustrates the
Pr values of the printed mesh with different numbers
of layers, using PC3.75-P15-CG and PL2.5-PI15-CG
hydrogels at 25 °C with G20. The shape of PC3.75-P15-
CG was retained regardless of the number of lay-
ers. Increasing the layers from 2 to 4 did not cause a
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significant difference in Pr; rather than further increas-
ing it caused a reduction in Pr, but still within accept-
able values close to 1. This is due to the fact that PI-
based hydrogel inks give thermoresponsive structures
which are well-formed and stable at 37 °C, avoiding
the radial diffusion of the layers toward the center of
the structure. On the other hand, PL2.5-P15-CG pre-
sented diffusion and fusion phenomena during the
printing of a 14-layer structure. The printed pores
narrowed radially, and the sidewalls of the printed
structures presented layer misalignment and deforma-
tion during printing (Fig. 6) [24]. This might be due
to the lower amount of PLA (10 wt%) that was used
in comparison with PCO0.75-P1C0.2G0.1 which con-
tained 15 wt% PCL, and as a result, more inconstant



] Mater Sci

(a) 1.6- § 25°C § 37°¢
1 [Joe22
141 # S =

] T

=k
o
L
I

Pore Factor, Pr
o
(o]
1

0.6
04] /
0.4
0.0 Z

2] ’LF’R\(DL
C A
(b)

'
g
!

mm 1 mm

Figure 5 a Pore factor of the hydrogels printed at 25 °C and
37 °C. Three-way ANOVA showed a significant effect of temper-
ature on the uniformity factor (p <0.005). b Optical microscopy
images used to determine the pore factor: a non-uniform pore
with Pr#1 and a uniform pore with Pr=1.

structures were formed. This was reflected by the sta-
tistically significant reduction of Pr when increasing
the layers from 2, 4, or 8 to 14.

Hence, it was concluded that multiple layers of
PC3.75-P15-CG hydrogel can be printed with high
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Figure 6 Pore factor of the a PC3.75-PI5-CG and b PL2.5-P15-
CG printed porous structures with different layers. One-way
ANOVA, *p <0.005.

precision at 25 °C due to their liquid-hydrogel form,
and the 14-layer printed mesh model showed good
shape retention at 37 °C, avoiding the use of pho-
toinitiators or chemical crosslinking agents that may
cause toxic effects [17]. The PL2.5-P15-CG hydro-
gel showed similar thermosensitive behavior as
PC3.75-P15-CG but lower printability and printing
accuracy.

Structural characterization

In Fig. 7a, the FTIR spectra of P1, PCL, PLA, CS, and
Gel are presented. The spectrum of Pl is characterized
by the CH, stretching vibrations around 2878 cm™
and C-O-C stretching signals in the 1008 cm™ [31].
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Figure 7 FTIR spectra of a Pl, PCL, PLA, CS, and Gel and b
3D-printed scaffolds PC3.75-P15-CG and PL2.5-P15-CG.

The spectrum of PCL shows the characteristic peaks
of CH, (2943 and 2862 cm™) and C=O stretching vibra-
tions (1720 cm™). The C-O and C-C stretchings are
centered at 1296 cm™, while symmetric and asymmet-
ric C-O-C stretchings at 1247 and 1190 cm™}, respec-
tively. PLA shows characteristic stretching frequen-
cies for C=0, -CH; asymmetric, -CH; symmetric,
and C-O, at 1759, 2999, 2949, and 1080 cm™, respec-
tively. Bending frequencies for -CH; asymmetric and
—-CHj; symmetric have been identified at 1455 and
1381 cm ™!, respectively [34]. Additionally, the typical
bands of the CS polysaccharide structure are present
at 3326 cm™!, due to the O-H vibrations, at 1643 cm™!
(amide 1), 1565 cm™ (NH, bending), and 1378 cm™!
(CH, bending) [35]. The characteristic absorption
bands of Gel in the spectra are situated at 1233 cm™
due to C-N and N-H vibrations in amide III, whereas
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Figure 8 XRD pattern of a PCL, PLA, CS, Gel, and PI b
3D-printed scaffolds PC3.75-P15-CG and PL2.5-P15-CG.

1533 cm™, 3302 cm™}, and 1663 cm™ are the peaks cor-
responding to C-N and N-H vibrations in amide II,
to O-H stretching vibration and C=O and N-H vibra-
tions in amide I, respectively [36]. The spectra of the
PC3.75-P15-CG and PL2.5-P15-CG (Fig. 7b) exhibit the
characteristic peaks of all polymers and the shift of
two characteristic bands which correspond to O-H
stretching vibration and N-H vibrations, confirming
the interactions of the polymers through hydrogen
bonding between the amino and hydroxyl moieties
[37].

The XRD patterns of P, PCL, PLA, CS, and Gel as
well as PC3.75-P15-CG and PL2.5-P15-CG scaffolds are
illustrated in Fig. 8. The presence of the sharp peaks
at 18.8° and 23° is characteristic of the structure of P,
with crystalline domains embedded within the amor-
phous regions [38]. The diffraction pattern of the crys-
talline PCL reveals the presence of crystallinity with
peaks at 20 =22.5° and 24.7° corresponding to the



(110) and (200) crystal planes [39]. PLA showed only
a broad diffraction peak centered at 20 = 16.8°, indicat-
ing its semi-crystalline structure [40]. The XRD pat-
terns of CS and Gel confirmed the amorphous struc-
ture of these polymers [41]. PC3.75-P15-CG printed
structures exhibited only the characteristic peaks of
Pl with low intensity, while the PL2.5-P15-CG scaffold
did not have any crystalline peaks (Fig. 8b). The reduc-
tion of the intensity and the disappearance of some
peaks indicate a decrease in the degree of crystallinity
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Figure 9 a Swelling capacity of PC3.75-P15-CG and PL2.5-P15-
CG scaffolds at different temperatures at pH=7.4. One-way
ANOVA showed insignificant effect of hydrogel composition
(p>0.05). Significant differences were detected with chang-
ing the temperature, *p <0.005. b MR of PC3.75-P15-CG and
PL2.5-P15-CG scaffolds at 25 °C and 37 °C at pH=7.4. One-way
ANOVA with repeated measurements showed a significant over-
all effect of temperature on MR.

of the scaffold due to the interactions among the poly-
mers [42].

Study of swelling and hydrolysis capacity

Figure 9a shows the swelling ratios of 3D-printed
PC3.75-P15-CG and PL2.5-P15-CG scaffolds. The results
showed that PC3.75-P15-CG and PL2.5-P15-CG do not
behave different from one another. More specifically,
PC3.75-P15-CG showed a swelling capacity of 234% at
30 °C, and PL2.5-P15-CG presented similar percent-
ages of 251%. Additionally, the 3D-printed PC3.75-P15-
CG and PL2.5-P15-CG scaffolds showed similar tem-
perature sensitivities due to the high amount of Pl
(20 wt%) that they contained. The swelling ratio of
the scaffolds continuously decreased with increasing
temperature, and a significant effect of temperature
was observed when increasing it from 20 °C or 25 °C
to either 35 °C or 40 °C and from 30 to 40 °C. However,
there is no significant difference of swelling between
the groups measured at 35 °C and at 30 °C as p > 0.05.
The deswelling behavior of the scaffolds was due
to the micellization of the Pl component, which was
induced by raising the temperature. Pl tri-block copol-
ymers crosslinked CS inter- and intra-molecularly, and
the thermally induced Pl micellization restricted the
swelling tendency of CS chains [43]. The crosslinking
of the hydrogel reduced the mesh size of the scaffolds
at higher temperatures, thereby decreasing the overall
swelling ratio.

The temperature also affected the MR of PC3.75-PI5-
CG and PL2.5-P15-CG scaffolds due to the hydrolysis
of the ester linkage of Pl (Fig. 9). Both types of hydro-
gels had a significantly faster degradation rate com-
pared to 37 °C than 25 °C, even though they were less
hydrated with increasing temperature. At 37 °C, the
remaining mass of the PC3.75-P15-CG and PL2.5-PI5-
CG scaffolds was 54% and 43% after 30 days, respec-
tively. In contrast, at 25 °C, no extensive degradation
occurred since the mass loss of the prepared scaffolds
was less than 30% during the incubation period of
30 days. This occurred due to the thermally induced
formation of Pl micelle domains in the hydrogel that
is likely to contract a CS chain network. Therefore,
increased junction tension between the Pl and CS
chains decreased the swelling capacity of the scaffolds
and allowed the ester linkage to be cleaved more read-
ily, leading to the structure’s hydrolysis [43].

Additionally, the hydrolysis of PL2.5-P15-CG was
faster than PC3.75-P15-CG. In particular, the RM of

@ Springer



PL2.5-P15-CG was 71% and 43% at 25 °C and 37 °C,
respectively, while the RM of PC3.75-P15-CG was 79%
and 54% at 25 °C and 37 °C, respectively, after 30 days.
This might be due to easier penetration of water mol-
ecules in the PL2.5-P15-CG hydrogel network, caus-
ing more extensive and faster hydrolysis. This is
also supported by the swelling studies where more
water molecules penetrated the polymer matrix of the
PL2.5-P15-CG scaffold than the PC3.75-P15-CG scaffold
due to the lower content of hydrophobic polymer in
PL2.5-P15-CG (10 wt% PLA) than PC3.75-P15-CG (15
wt% PCL) [44].

In the literature, it was shown that a scaffold
should have a hydrolysis time of 25 days to be suit-
able for skin regeneration applications, proving that
PC3.75-P15-CG and PL2.5-P15-CG could be appropriate
for skin tissue regeneration [45].

In vitro cell studies

A scaffold must have a suitable pore size with high
pore accuracy for continuous ingrowth of tissue [46].

Figure 10 a Three-dimen-
sional-printed PC3.75-P15-
CG porous scaffolds used for
biological studies. b Cytotox-
icity/cytocompatibility of the
PC3.75-P15-CG printed scaf-
fold. The cell proliferation
rate after 24 h of exposure
estimated via MTT analysis.
Comparisons were made by
measuring optical densities
at the time 0 and 24 h after
exposure to the materials or
culture onto plastic. ¢ Adhe-
sive properties of the printed
materials. One-way ANOVA
(#p <0.05, *p <0.005).

& o ¢ O
' 4 - € *
v & & 0

| o % 4
v 385.11pm |¢
b e .2

@ Springer

Open and interconnected pores allow nutrients and
molecules to diffuse within the inner parts of a scaf-
fold to facilitate cell growth, vascularization, as well
as waste material removal. An ideal scaffold for induc-
ing skin regeneration should possess a suitable micro-
structure with a pore size of 100-200 mm and >90%
porosity [47]. However, Ewa Dzierzkowska et al.
proved that PLA porous scaffolds with pore size of
40400 pm facilitated high keratinocytes viability [48].
In the present work, porous scaffolds with pore size of
380-400 um were manufactured, and their biological
properties were evaluated (Fig. 10a).

Since all materials utilized as scaffolds must have
low cytotoxicity, it was critical to investigate the toxic-
ity/compatibility of the newly synthesized 3D-printed
scaffolds [49, 50]. For this reason, the possible cyto-
toxic effect of the new scaffolds on hAMSCs cells after
24 h of exposure was evaluated via the MTT assay.
MTT can be used as a tool for the relative estimation
of cell growth rate. The addition of a material to a cell
culture can have a temporary impact on cell growth,
and cells may need time to adjust to the new culture
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condition. In order to avoid false responses due to
experimental artifacts, cell growth was measured at
two time points per condition, one soon after adding
the materials into the cell cultures (time point 0) and
one at 24 h of exposure. According to the obtained
results (Fig. 10b, c), no significant difference between
control and the samples was observed, with a small
decreasing trend in OD, but the % cell viability on
PC3.75-P15-CG scaffold is ~ 75%, which is within the
acceptable range for non-cytotoxicity. No significant
difference was found between the timepoints 0 h and
24 h either. Thus, the cell viability on the scaffold was
comparable to that of the control. Nevertheless, after
72 h, a notable increase in cell count was observed,
indicating the potential of the scaffold to serve as a
substrate for cell proliferation and tissue regeneration.

The capacity of a material to support cell adhesion
is a rather critical property for promoting tissue devel-
opment at the sites of implantation and also for the
delivery of reparative cells at wound sites for the mate-
rials that serve as cell-carriers [51]. In order to evaluate
the capacity of PC3.75-P15-CG scaffold to support cell
attachment, the crystal violet cell adhesion assay was
performed [52]. The PC3.75-P15-CG scaffold appeared
to have excellent adhesive properties since cell adhe-
sion to the scaffold was significantly greater as com-
pared to the plastic surface of the cell culture plate.
Having obtained this important result and in order to
confirm and further evaluate the adhesive capacity of
the scaffold, a comparison was also performed after
coating the plastic surface of the culture plate with a
widely studied adhesive peptide, the tri-amino acid
sequence, arginine-glycine-aspartate (RGD). Interest-
ingly, cell adhesion onto the surface of the PC3.75-P15-
CG scaffolds was significantly higher than on the RGD
adhesive peptide. Interactions between the cell sur-
face and the cytoskeleton appears to play an impor-
tant role in the regulation of cell function through the
production of signals transmitted via the integrins to
the cytoskeleton. Through the procedure of cell adhe-
sion, the cells can “sense” their surrounding environ-
ment and respond to biochemical and mechanical
changes [53]. Several glycoproteins are known to be
involved in the binding of cells to the extracellu-
lar matrix (ECM), such as collagen, fibronectin, and
laminin. Some of the adhesion-promoting ECM pro-
teins contain specific peptide sequences such as RGD
through which they bind to transmembrane receptors
named integrins [54]. Based on the observations men-
tioned above several groups have tried to incorporate

or coat RGD onto new materials intended for tissue
engineering purposes [55]. To that end, a coating was
performed onto two types of the PC3.75-P15-CG scaf-
folds with and without pores, and the cells adhesion
properties were re-evaluated. Our preliminary results
demonstrated that coating the scaffolds with the RGD
peptide further enhanced the cell adhesion capacity
suggesting a biological relevance. These data, on one
hand, provided solid proof of the PC3.75-P15-CG scaf-
folds with porous structure adhesive properties and,
on the other hand, constituted preliminary evidence of
the benefits of functionalizing this scaffold with RGD
in the future for tissue engineering applications.

Finally, preliminary experiments were performed
with the aim to assess the maintenance of the well-doc-
umented capacity of hASCs for tri-lineage differentia-
tion, when they are cultured onto the PC3.75-P15-CG
scaffolds (Fig. 11). The obtained data confirmed the
latter notion, suggesting that the PC3.75-P15-CG scaf-
folds possess a number of properties that collectively
will allow their use for tissue engineering applications
in the future.

Conclusions

In this work, new hydrogel inks consisting of synthetic
(PCL and PLA) and naturally derived Gel and CS pol-
ymers were prepared. Furthermore, Pl was utilized to
mix the hydrophobic and hydrophilic polymers, due
to its amphiphilic character, as well as for its good
printability. Specifically, PCL-PI-CS-Gel and PLA-PI-
CS-Gel hydrogels were prepared with nine different
compositions. The printability of the hydrogels was
investigated by changing the extrusion nozzle size
(G20 and G22) and temperature (25 °C and 37 °C),
and it was found that PCL-PI-chitosan-gelatin/15-20-
4-2%wt (PC3.75-P15-CG) and PLA-PI-CS-Gel/ 10-20-4-
2%wt (PL2.5-P15-CG) had the best printability, yield-
ing uniform scaffolds. However, it was proved that the
sol-gel nature of Pl played a decisive role in the print-
ing process, as hydrogels were printed with high pre-
cision at 25 °C due to their liquid-hydrogel form, but
the printed mesh model showed good shape retention
at 37 °C due to their gel form. FTIR analysis showed
interactions among the hydrogel’s components
through hydrogen bonding. In addition, the hydro-
gels exhibited temperature-dependent swelling and
hydrolysis behaviors in aqueous media, which was
presumably caused by the local micellization of the
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3D-printed scaffold

Figure 11 Differentiation capacity of hAMSCs cultured in 3D
conditions using the PC3.75-PI15-CG scaffold. Column A, pre-
sents induced differentiation capacity of hASCs to chondrocytes,
column B represents osteogenesis, and column C represents
adipogenesis, using a standard differentiation protocol. hASCs
cultured onto plastic were used as a control of the induction and

Pl with increasing temperature. The swelling capacity
decreased as well, and mass loss occurred much faster
at a higher temperature. In vitro cell studies proved
that the prepared 3D-printed porous scaffolds were
non-cytotoxic and promoted cell adhesion and differ-
entiation. Such thermoresponsive and degradable Pl
hydrogels can be potentially used for tissue engineer-
ing applications.
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