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ABSTRACT

Recent progresses in tissue engineering are directed towards the development of technologies able to
provide personalized scaffolds recreating the defect shape in a patient specific manner. To achieve
this ambitious goal, 3D bioprinting can be combined with a suitable bioink, able to create a
physiological milieu for cell growth. In this work, a novel chitosan-based hydrogel was developed
combining photocrosslinking and thermo-sensitive properties. Commercial chitosan (CS) was first
methacrylated and then mixed with B glycerol phosphate salt (B-GP) to impart a thermally induced
phase transition. The absence of cytotoxic degradation products and the excellent biocompatibility of
the developed hydrogel was confirmed through in vitro tests using different cell lines (NIH/3T3, Saos-
2, SH-SY5Y). Cellularized 3D structures were obtained though 3D bioprinting technologies

confirming the processability of the developed hydrogels and its unique biological properties.
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INTRODUCTION

The new paradigm of tissue engineering and regenerative medicine (TERM) is grounded on
personalized approaches to restore tissue defects by custom-made scaffolds that accurately reproduce
the defect morphology and the complex organ structures.[1,2] Personalized custom-made scaffolds
should allow to perfectly fit patient defects as well as mimic the complex geometry of tissues and
organs.[3,4] The raise in new CAD/CAM technologies set up to process biomaterials and biological
compounds have driven the replacement of injured tissues applying both biology and engineering
principles.[5,6] For instance, modern rapid prototyping technologies have been applied to produce
custom-made scaffolds to restore normal anatomy in bone defects,[1] maxillofacial defects,[7] skin
grafts[8] as well as components of the human heart.[9] Furthermore, 3D printing technologies have
found application in the development of organ-like platform for in vitro studies of diseases.[10] The
implementation of 3D printing in the biomedical field has grown over the past few years and at the
same time the number of novel biomaterial formulations to be processed through 3D printing has
constantly increased. Successful printing can be achieved only by applying materials with high
printability, printing fidelity and suitable mechanical properties. The implementation of bioprinting
technologies that combine biomaterials, living cells and 3D printing technologies[3] to build
cellularized scaffolds requires the development of cell-laden biomaterials able to simultaneously be
printed, host cells in a proper environment, and accurately be deposited without causing cellular
damages.[11] Despite its lower resolution compared to laser or inkjet-based cell printing technologies
the micro-extrusion approach is widely employed for bioprinting as it is a simple and cost-effective
method.[6] Micro-extrusion-based printers are composed of a bioink loaded syringe equipped with a
mechanical actuator (screw or piston) which applies a physical force or a pressure on the syringe to
dispense the bioink in controlled manner.[12] The printing head movement towards X,y,z axes is

coordinated by a computer following a pre-defined architecture.



Several bioinks which fulfil printability requirements for micro-extrusion printing are currently
available both for cell-laden and cell-free scaffold fabrication [13,14]. Among others, adjustable
viscosity is a key feature as the bioink needs to be liquid in the syringe to avoid nozzle clogging and
then it has to quickly become a hydrogel after deposition to maintain the 3D shape[12]. Phase changes
during the printing process can occur in the bioink as a result of chemical or physical crosslinking
inducing an increase of the viscosity as a function of crosslinking degree. Temperature or pH changes
within the physiological range have been widely applied for this purpose.[15,16] However, the
stability of the obtained hydrogels is often poor. lonic crosslinking permits to achieve a higher
stability in aqueous environment,[17,18,19] but it is limited to a restricted number of materials (e.g.
alginate) and requires the continuous supply of ions in the agueous environment to avoid dissolution.
Photocrosslinking has emerged as a promising alternative since methacrylate-groups can be easily
added to many biocompatible polymers without affecting their biocompatibility.[20] The presence of
methacrylate groups enables the bioink to rapidly crosslink upon light irradiation (photocrosslinking)
which enables printing of high resolution structures.[21,22]

To date, poly(ethylene glycol) diacrylate (PEGDA) and gelatin methacrylate (GelMa) are the most
studied photocrosslinkable bioinks.[23]'[24]'[25]'[26] Chitosan (CS) hydrogels are highly interesting
materials for biomedical applications thanks to their generally good biocompatibility and excellent
biological properties [27-29]. Several authors have proposed chitosan based solution blended with
photocurable polymers (e.g. PEGDA) to impart photocrosslinkable features to bioartificial solutions
[30,31]. However, recent protocols have reported the synthesis of methacrylated CS and its
photocuring in aqueous solutions to produce hydrogels was also demonstrated [32,33].
Photocrosslinkable CS hydrogels have been applied as bioadhesives for soft and hard tissues,[34]
transmucosal drug delivery systems,[35] scaffold for tissue regeneration[36] and cell-laden hydrogels
for cell encapsulation.[37]. It is, therefore, of high interest to investigate the processability, curing
properties and biocompatibility of photocrosslinkable CS as well as its potential as a bioink for cell

encapsulation and 3D bioprinting of well-defined scaffold architectures. Here, we develop a novel
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CS bioink with a dual crosslinking mechanism combining thermally induced gelation and
photocrosslinking to enhance the stability and functional properties of the bioink. A dual crosslinking
mechanism is a key requirement in bioprinting as the first crosslinking, mediated by temperature,
guarantees the maintenance of the printed architecture while the second crosslinking, induced by UV
irradiation, enhances the stability of the hydrogel in physiological environments. Commercial
chitosan (CS) was methacrylated to enable dissolution in water and to impart photocrosslinking
ability. The photocrosslinkable CS solution was further mixed with B glycerol phosphate salt (-GP)
to provide thermo-sensitive behaviour [38] and to adjust the pH around 7.4 to maximize the similarity
with the physiological milieu. The photocuring properties, 3D bioprinting properties, cell viability

and cell encapsulation ability of the CS based formulation were then examined.

EXPERIMENTAL SECTION
Synthesis and characterization of methacrylated CS

Methacrylated CS was prepared following the protocol reported by Feng et al[32]. Briefly, CS
(medium molecular weight, Sigma-Aldrich) was dissolved at 1.5% w/v in acetic acid solution (2%
w/v from glacial acetic acid, Sigma-Aldrich) at room temperature. Subsequently, CS solution
temperature was set to 50°C, methacrylic anhydride (Sigma-Aldrich, 3.73 g) was slowly added and
the reaction was carried out for 4 hours. The solution was then neutralized by adding 55.2 g of NaCOs
5 % w/w. The solution with methacrylated CS was dialyzed (Biotech Cellulose Ester Dialysis
Membrane, MWCO =1 kDa) in bi-distilled water for 4 days and then lyophilized. The methacrylation
of chitosan was evaluated by ATR-FTIR. Infrared spectroscopy was performed using a PerkinElmer
Spectrum 2000 FTIR spectrometer (Norwalk, CT) equipped with an attenuated total reflectance
crystal accessory (Golden Gate). Spectra were obtained in the 4000 and 600 cm™ wavenumber range

at a resolution of 4 cm™ and averaged over 32 scans. Spectra were analyzed by Spectrum software.



Preparation of photo and thermo crosslinked CS hydrogels

Methacrylated CS was dissolved in milli-Q water at a concentration of 1.5% w/v, stirred overnight
and stored at 4°C. A B-glycerophosphate disodium salt hydrate (B-GP - Mw=306.123 g/mol, Santa
Cruz Biotechnology) was prepared in culture medium (DMEM - Dulbecco's Modified Eagle Medium,
Carlo Erba, Italy) by dissolving 500 mg of -GP in 1 mL of media. Then, the f-GP solution was
added drop-by-drop to 5ml of the methacrylated CS solution under continuous stirring in an ice-bath.
Methacrylated CS/B-GP solution was stirred for 15 minutes and then 0.05% w/v of lithium phenyl-
2,4,6-trimethylbenzoylphosphinate (LAP) was added as photoinitiator and stirred for 15 minutes. The
final solution containing methacrylated CS, B-GP and LAP prior to temperature induced phase
transition and UV irradiation was coded as ptCS solution. The pH of ptCS solution was 7.3+ 0.1,
measured using a pH meter (Hanna Instruments). All the described preparation steps were performed
in a dark environment to protect the solutions from light. The ptCS solution was poured in petri dish
and exposed to 37°C and UV light at 365 nm wavelength (Hamamatsu LC8 lamp emitting in the UV
range, bulb type 365 nm, intensity 30 m\W/cm?) for 2 minutes to obtain a crosslinked hydrogel coded
as ptCS hydrogel (figure 1). The thermo-sensitive behaviour of ptCS solution was qualitatively

confirmed through tube inverting test which allows to determine the sol-gel transition rate[39] .
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Figure 1. Scheme of the crosslinking hydrogel formation mechanism, red dots schematized the

formation of hydrophobic interactions among CS chains [40,41].



Rheological tests

The thermo-sensitive behaviour as well as the photocrosslinking of the ptCS solution were monitored
through rheological measurements using a stress-controlled rheometer (MCR302, AntonPaar GmbH,
Graz, Austria) equipped with 25 mm parallel plate geometry. For each test, temperature was
controlled with a Peltier system while de-hydration was prevented by a water trap.

A time sweep test was performed to measure the thermosensitive behaviour of ptCS solution applying
a rotational oscillation at frequency of 1 Hz and a shear strain amplitude of 1%. The ptCS solution
was poured on the refrigerated lower plate (0°C) and then the temperature was set at 37°C
immediately after starting the test.

In order to evaluate the photocrosslinking Kinetics, the instrument was set up with a bottom quartz
plate and connected to a Hamamatsu LC8 lamp emitting in the UV range (bulb type 365 nm,
maximum intensity 30 mW/cm?) equipped with a flexible light guide. The gap between the two plates
was set to 0.4 mm and the sample was kept at a constant temperature (37°C). Light was turned on
after 1 min in order to stabilize the system. All the measurements were carried out in the linear

viscoelastic region (strain amplitude 1%) and under rotational oscillation at frequency of 1Hz.

Quartz crystal microbalance with dissipation monitoring device (QCM-D) to monitor the

crosslinking process

To further confirm the crosslinking mechanism of the ptCS solution, a quartz crystal microbalance
with dissipation monitoring device (QCM-D -QSense Explorer) equipped with an open module was
used to monitor changes in mass or viscosity after crosslinking. A Gold (Au) coated sensor (QSX301,
Q-Sense, Sweden) was cleaned following manufacture’s instruction prior to use and then 300 pL of
ptCS solution was poured on the sensor. PtCS solution was heated at 37°C or exposed to UV light
using a Hamamatsu LC8 lamp emitting in the UV range (bulb type 365 nm, maximum intensity 30
mW/cm?) and odd overtones (3, 5, 7, 9, 11, 13) were monitored to evaluate changes in frequency (Af)

and energy dissipation factor (AD) at crystal fundamental resonance frequency (5 MHz).



Stability of ptCS hydrogel in aqueous environment

Stability tests were carried out on ptCS hydrogels. 1 mL of ptCS solution was poured into glass vials
irradiated for 2 minutes and then immersed into 2 mL of culture medium that had been pre-warmed
at 37°C. At defined time points (1 day, 3, 7, 14 and 28 days), culture medium was removed. The
samples were weighted (Wuwet i), freeze-dried and weighted (Wary i) again. The weight loss (WL) were

calculated as (1).

WL(%) = Waryreor-Wary i 100 (1)

WdryTeor

where Wanyteor 1S the theoretically calculated weight of the dried sample at t=0. The changes in
composition of ptCS hydrogel during the stability test was monitored through thermogravimetric
analysis (TGA) using a TGA/DSC 1 Star System (METTLER TOLEDO) equipment. Samples were
heated from 25°C to 600°C at a rate of 10°C/min in nitrogen atmosphere. After the different time
points, the pH of the removed PBS was measured to confirm the maintenance of a physiological pH
(7.2-7.4).

Assessment of ROS scavenging activity

The antioxidant properties of the ptCS hydrogel were assessed though an antioxidant assay (Total
Antioxidant Capacity Assay Kit, MAK187 from Sigma), that measures the efficacy of antioxidant
materials by quantifying the reduction of Cu?* to Cu*. The reduced Cu" ions react with a colorimetric
probe present in the assay solution and the absorbance peak of the probe is proportionally related to
the antioxidant features of the tested material. 100 pL of ptCS solution was poured in each plate of a
24-well multiwall plate and exposed to UV light to induce photocrosslinking as previously described.
Following the manufacturer's instructions, vitamin E analog (Trolox) solutions at different
concentrations were used as a standard antioxidant to generate a calibration curve. Cu?* working

solution was added to the ptCS hydrogels and to the Trolox samples, incubated for 90 minutes at



room temperature and then, the absorbance was measured at 570 nm through a microplate reader
(Victor3, PerkinElmer). All the values were corrected by subtracting the blank and the background
(ptCS hydrogel soaked in water) and the experiment was repeated in triplicate. A CS-based hydrogel

obtained using the same amount of non-methacrylated CS and B-GP was obtained and used as control.
CS-based solution as bioink for 3D bioprinting

Experiments on bioprinting of ptCS solution were done using a 3D bioprinter (Rokit Invivo 3D
Bioprinter, RokitHealthcare). The bioprinter was equipped with a bio-dispenser to extrude bioinks in
a temperature-controlled environment. Five mL of ptCS solution was loaded in a 12 mL plastic
syringe and then placed in the printhead. Printhead temperature was set at 4°C while the printbed was
heated at 37°C to induce the temperature-mediated phase transition of the ptCS solution. Before
printing, calibration in the x and y axes was done automatically and calibration in the z axis was done
manually. A multi-layer grid structure was realized using the NewCreatorK software
(RokitHealthcare) and a 1 minute-stop was added between each layer to permit photopolymerization
by manually turning on the UV-led (wavelength 365 nm) available below the printhead. Three tips
were used having different diameters of 22G, 25G and 27G. The ptCS solution was printed on a Petri
dish and then morphologically analyzed (Leica Z16 APOA). Printed grids were frozen at -20°C for

24 hours and then freeze-dried (Scanvac, CoolSafe).
Cell viability assay: indirect tests

Cell viability assay was performed to evaluate the biocompatibility of the photocrosslinked hydrogels.
NIH/3T3 cells (ATCC® CRL-1658™), Saos-2 (ATCC® HTB-85™) and SH-SY5Y (ATCC® CRL-
2266™) were cultured on three different 96 multiwell plates at a cell density of 2x10* cells/well for
24 h to reach confluence using DMEM - Dulbecco's Modified Eagle Medium (Carlo Erba, Italy) for
NIH/3T3 and SH-SY5Y, and McCoy's 5A Modified Medium (Thermo Fisher Scientific, Italy) for

Saos-2. Simultaneously, ptCS hydrogels were soaked for 24 h in 1 mL of DMEM or McCoy's 5A



(Modified) Media each 0.1 g of ptCS hydrogel. After 24 h, media were collected and filtered through

0.22 um filters to guarantee sterility.

Then, the culture medium was removed from each well of confluent cells and substituted with the
supernatant collected from the ptCS hydrogels. Controls (CTRL) were obtained using normal
medium. After 24 h incubation, the supernatant was carefully removed and the cell viability assay
was performed using non-fluorescent resazurin, which is converted into a highly red fluorescent dye
(resorufin) by cell metabolism. Briefly, a volume of 100 pL of 0.1 mg/mL resazurin solution was
added in each well and the cultures incubated for 1 h at 37°C. The 0.1 mg/mL resazurin solution was
obtained by diluting a resazurin working solution (1 mg/mL in phosphate buffered saline-PBS, Sigma
Aldrich, Milan) into DMEM. Then, the fluorescent signal was monitored using a plate reader (Victor
X3, Perkin Elmer) at 530 nm excitation wavelength and 590 nm emission wavelength. Cell viability
was calculated as a percentage value compared to CTRL. Three samples for each condition were used
and experiments were performed three times. GraphPad Prism® software was used for one or two
way analysis of variance (ANOVA). Values * p < 0.05, ** p < 0.01, *** p < 0.001 were considered

statistically significant.

Cell encapsulation and feasibility of cell loading bioprinting

NIH/3T3 cells were mixed to ptCS solution at a concentration of 100.000 cell/mL and then loaded
into the syringe to be printed as previously described to preliminary evaluate the feasibility of the cell
bioprinting and to qualitatively analyse the cell survival after processing. In order to prepare sterile
ptCS solution the methacrylated CS powder was UV-sterilized for 15 min while the solutions were
0.22 um-filtered prior to use.

PtCS solution mixed with cells was loaded into a 12 mL syringe stored into a 4°C printhead and then
printed on 37°C-bed following two methods: 100 pL were poured to form drops or grid-shaped 1
layer structures. Immediately after printing, UV led was turned on for 1 minute to perform

photocrosslinking. Live/dead staining (LIVE/DEAD®mcell Imaging Kit, Life Technologies, Thermo
9



Scientific, USA) was used to assess cell viability at 24, 48 and 120 h. Encapsulated cells were stained
with 150 pL solution of 4 uM Ethidium homodimer-1 and 2 uM calcein in PBS and incubated for 40
minutes at room temperature. After staining, cells were imaged with a fluorescence microscope (Leica
DMIL Led) to detect calcein (ex/em 488 nm/515 nm) and Ethidium homodimer-1 (ex/em 570 nm/602

nm), respectively.

RESULTS AND DISCUSSION

Chitosan was methacrylated with methacrylic anhydride to explore and exploit chitosan’s good
biocompatibility and excellent biological properties in photocurable bioinks for preparation of

hydrogels for cellularized therapies.
Characterization of methacrylated CS

The successful of the methacrylation reaction was confirmed by infrared spectroscopy. ATR-FITR
spectrum (figure 2) of CS powder and methacrylated CS (figure 2A,C) shows the characteristic
absorption bands of chitosan[42] at 3300 cm™ attributable to O-H and N-H stretching, at 1634 and
1548 cm™ due to C=0 stretching and N-H bending, respectively and at 1410 cm? due to C-N
stretching. In addition, the FTIR spectrum showed the absorption bands diagnostic of methacrylic
groups[32]. In particular, the peaks centered at 845 cm™ and at 1617 cm™ are characteristic of the
C=C double bonds (figure 2C). The same analysis was repeated after UV-irradiation to monitor the
success of the crosslinking reaction; the significant reduction of the C=C absorption bands intensity
demonstrated the efficacy of the UV-curing process (figure 2B). Moreover, the absorption bands at
1052 and 961 cm™ due to phosphate groups[43] revealed the presence of B-TCP in the photocured

hydrogel (figure 2B).
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Figure 2. ATR-FTIR spectra of chitosan powder (A), freeze-dried ptCS hydrogel (B),

methacrylated CS (C).

Rheological properties

Rheological measurements were performed to evaluate the thermosensitive behaviour of the ptCS as
well as its reactivity towards photopolymerization. First of all, the thermosensitive behaviour of the
ptCS solution was confirmed by time sweep test (figure 3A). The ptCS solution was poured on the
rheometer plate at 0°C and the temperature was quickly increased up to 37°C. The G’ and G”’
modulus both increased reaching a plateau value after 40 seconds, confirming the effect of the
temperature on the hydrogel mechanical properties.[15]'[40] The subsequent photorheological study
showed the high reactivity of the material with the fast increase of the G’ modulus upon
irradiation.[44,45]

Two different values of light intensity (3 and 30 mW/cm?). were tested in order to simulate different
curing conditions, taking into consideration that the UV LED apparatus set on the bioplotter reaches
a rather low intensity The comparison of the two experiments result shows that the light dose has only

a small influence on the curing kinetic of the polymer in the considered range (figure 3B). When the
11



intensity decreased (10% of the total intensity 3 mW/cm?) the crosslinking rate decreased accordingly
reaching a plateau in less than 40 sec. Furthermore, it can be observed that the final values of the
elastic modulus G’ (~6 kPa) obtained after 40 sec of irradiation, are in line with those reported in
literature for other bio-printable 3D hydrogels, indicating the suitability of the proposed material for

this kind of manufacturing technique[46].
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Figure 3. Time sweep tests on ptCS solution. A) time sweep test was performed to measure the
thermo-sensitivity of the ptCS solution and G” and G’ were recorded increasing the temperature from
0° to 37°C immediately after test started. B) time sweep test was performed to evaluate the kinetics
of the photocrosslinking using 10 % (grey) and 100 % (black) intensity. UV lamp at 365nm was

turned on after 60 seconds.
Crosslinking process monitoring

The photocrosslinking process was also followed by quartz crystal microbalance with a dissipation
monitoring device (QCM-D). Figure 4 reports the Af and AD versus time plots. Event 1 and event 2
correspond to pouring of 400 pl of ptCS solution on the Au crystal and to UV irradiation of the ptCS
solution, respectively. A high drop of frequency was recorded when the solution was placed on the
sensor associated to the mass increased, at the same time the dissipation factor increased due to the
low rigidity of the ptCS solutions.[47,48] The photocrosslinking process revealed a small reduction
in the weight of the hydrogel (less than 10%) ascribed to water release during crosslinking (syneresis),

while the rigidity of the hydrogel increased reducing the dissipation factor value.
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Figure 4. QCM-D plot of the third overtone of Afand AD versus time. An Au sensor was coated with

ptCS solution (event 1) and then the UV lamp was turned on to activate photocrosslinking (event 2).
Dissolution tests

The stability of the hydrogel in aqueous environment is a key feature to guarantee the formation of
complex 3D cellularized structures. In the short period, the hydrogel should act as a support to allow
for cell proliferation and maturation which, in the long term, should lead to the complete cell
colonization of the 3D architecture while the hydrogel is dissolving.[49] The developed ptCS
hydrogel showed fast dissolution characterized by weight loss in the first days and a less pronounced
dissolution after 7 days (figure 5A) reaching a complete dissolution after 28 days. TGA analysis
(figure 5B and C) revealed a compositional change of the ptCS hydrogel after 7 days in PBS ascribed
to the release of the B-GP salt during the first steps of dissolution. Before the dissolution tests (ptCS
hydrogel time 0 — figure 5 sample I1), the TGA thermogram showed a first weight loss (around 20%)
from 80°C to 100°C due to the presence of water. This strong water effect was mainly due to the
hygroscopic behaviour of B-GP. Then, the degradation of CS occurred in the range from 230°C to
450°C as confirmed by the TGA thermogram of methacrylated CS powder (figure 5 sample 1).[50]
The weight loss during this step was around 30%. After 1 day in PBS; the TGA thermogram of the

ptCS hydrogel (figure 5-sample 111) did not show any significant differences compared to the ptCS
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hydrogel at time 0. However, starting from 3 days in PBS the TGA thermogram of the ptCS hydrogel
(figure 5, sample IV and V) illustrated a gradually decreasing weight loss due to the presence of water
molecules linked to the -GP. A curve trend similar to methacrylated CS powder was reached after 7
days in PBS. The stability of CS in physiological environment was confirmed by the slow dissolution

rate after 7 days with no further changes detected by TGA. The TGA curve at 14 days (not shown)

overlapped the TGA curve at 7 days.
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Figure 5.A) Weight loss of ptCS-hydrogels at different time points. B) representative curves of TGA
analysis (temperature range from room temperature to 600°C) on ptCS hydrogels after dissolution
tests and C) representative curves of TGA analysis (temperature range from room temperature to
400°C) on ptCS hydrogels after dissolution tests. Samples code: 1) Methacrylated CS powder, 1)

ptCS hydrogel at time 0, I11) ptCS hydrogel after 1 day, 1V) ptCS hydrogel after 3 days, V) ptCS

hydrogel after 7 days.
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Assessment of ROS scavenging activity

CS is known for its antioxidant properties which are highly interesting in tissue regenration[51] as it
can counteract detrimental effects of reactive oxygen species (ROS). CS can thus have many
beneficial effects on cells such as promoting neurite development and alignment[52], enhancing
vessel regeneration[53] and increasing stem cells homing after transplantation[54]. It was therefore
of interest to evaluate the potential effect of methacrylation on the antioxidant properties. ptCS
hydrogels and CS hydrogels showed a value of 18.8+1.8 and 20.0+3.4 in troxol equivalent,
respectively. This shows that antioxidant capacity of CS was not significantly affected by the
methacrylation process. The ability of reducing oxidative stress in cells is a crucial feature of
hydrogels with encapsulated cells, as the encapsulated cells reveal an abnormal accumulation of ROS

which could negatively affect cell activities[55].

CS-based solution as bioink for 3D bioprinting

PtCS solution was successfully extruded to continuous and homogeneous strands using a 25G tip. A
four-layer grid was obtained (figure 6A) by a layer by layer process. After printing one layer, the
printing process was stopped for one minute to permit photopolymerization. However, the stability
of the strand after printing was guaranteed thanks to the rise in temperature from printhead (4°C) to
printbed (37°C) exerting the thermosensitive behaviour of the ptCS solution.[56] 3D structures
without defects were obtained with a strain size around 500 um (figure 6 B and C) with a high
reliability compared to the CAD designed structure. The adhesion among different layers was
qualitatively observed by immersion of the multilayers structures in aqueous solution and no
delamination was observed after one day confirming a good adhesion of the printed layers and the

stability of the 3D printed constructs in physiological environments.
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Figure 6. Representative images of 4-layer bioprinted grid immediately after printing (A,B) or after

freeze-drying (C). Scale bars: 1 mm.
Cell viability assay: indirect tests

The biocompatibility of the developed hydrogel formulation was confirmed through indirect
tests.[57] Three different cell lines were used to assess the applicability of this formulation in different
biological environments. The viability of fibroblasts (NIH/3T3), osteoblast-like cells (Saos-2) and
neuronal-like cells (SH-SY5Y) was not affected by ptCS hydrogels degradation products confirming

the biocompatibility of the hydrogel (figure 7).
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Figure 7. Cell viability of NIH/3T3, Saos-2, SH-SY5Y (black bars) compared to control conditions

(grey bars).
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Cell encapsulation and feasibility of cell loading bioprinting

Hydrogels represent the ideal candidate to house cells as their physico-chemical features allow
mimicking of the key elements of the native extracellular matrix (ECM)[58] as they are highly
swollen networks and they possess mechanical properties matching those of many soft tissues.
Furthermore, the hydrogel composition can be easily tuned exposing biological functionality to the
polymer backbone to provide a functional environment for cell adhesion and proliferation.[59] The
novel pTCS hydrogel developed in this work combined mechanical properties in the range of few
kPa similar to soft tissues[60,61] and a chemical composition which is expected to lead to excellent
biological response[62]. The ability of this new formulation to encapsulate cells was proved by
assessing the cell survival after encapsulation up to 7 days. NIH/3T3 were mixed into ptCS solution
and then loaded into a 12 ml syringe to be placed into a 3D bioprinter. 100 ul drops or one-layer grips
were printed using a 25G tips which have a size of 0.455 um showing a good printing resolution
without strongly affecting cell survival.[63] Immediately after printing, cells were well dispersed into
the bioink and showed a rounded shape suggesting the adhesion process had not occurred yet (figure
8). However, after 24 hours cell shape revealed cell spreading (figure 9A, figure 10A) within the
bioinks confirming the excellent biological properties of the developed CS-based hydrogel. On the
other hand, at 48 hours cell proliferation was observed with a high increase of cells within both the
printed drop and the printed grid (figure 9B, figure 10B). Furthermore, cell migration out of the
hydrogels was observed confirming the high permeability of the bioink to cells as well as to nutrients
and waste products. After 7 days, the whole printed structures were colonized by cells (figure 9C,
figure 10C). Very few apoptotic cells (red dots in figure 9 C,D,E, figure 10 C,D,E) were observed at
each time point highlighting the high biocompatibility of the developed hydrogel as well as of the
processing technology. These results confirmed the ability of the developed ptCS solution to be
processed through bioprinting into complex 3D structure as well as the potential to induce cell growth

into the printed structure.
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Figure 8. Light microscope images of NIH/3T3 cells encapsulated into drops (A, B) and lines (C,

D) immediately after bioprinting. Scale bars 100 pum.

Figure 9. Live/dead assay of NIH/3T3 cells encapsulated into 100 pl-drop of ptCS hydrogels at 24h
(A,D), 48h (B,E) and 120 h (C,F). Live cells are reported in green (A,B,C) while dead cells are in

red (D,E, F). Scale bars: 100 um (A,B,D,E) and 250 um (C,F).
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Figure 10. Live/dead assay of NIH/3T3 cells encapsulated into printed one-layer grid of ptCS
hydrogels at 24 h (A,D), 48 h (B,E) and 120 h (C,F). Live cells are reported in green (A,B,C) while

dead cells are in red (D,E, F). Scale bars: 100 um (A,B,D,E) and 250 um (C,F).

CONCLUSION

A photocurable chitosan formulation, fulfilling all the requirements for a successful bioink, was
prepared. The designed composite CS bioink allowed bioprinting of high resolution structures thanks
to the double crosslinking mechanism. It could be mixed with cells, it gelled upon temperature
increase and UV irradiation (wavelength 365 nm) and it exhibited no cytotoxic effects on fibroblasts,
osteoblast-like and neuronal-like cells. The developed bioink did not adversely affect the hosting cells
and allowed cell proliferation and organization towards tissue formation. The cell-laden ability of the
developed CS-based hydrogel and its’ processability thought 3D bioprinting without causing cell
damage was confirmed. Accurate 3D structures with good biocompatibility were successfully
fabricated, giving promising prospects for the applicability of the developed bioink for recreation of

complex living tissues.
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