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Abstract
~

For extrusion-based bioprinting, the inks must be printable and rapidly present sufficient mechanical properties to support
additional layers and provide a cohesive, manipulable structure. Thermosensitive “hydrogels may therefore be interesting
candidates. However, the use of these materials is particularly challenging since. their rhealogical properties evolve with time
and temperature. In this work, a rheological approach to characterize the printability of chitosan-based thermosensitive inks
was developed. The method consists of evaluating:1) the gelation kinetic/at room,temperature and at 37C; 2) shear thinning
behavior to estimate the shear rate applied during printing as a function of printing parameters; 3) the viscosity after shear
removal (recovery test) to simulate behaviour after biomaterial depesition. Hydrogels containing 2 and 3%wi/vol chitosan,
combined with different gelling agents (Sodium-hydrogen-carbonate (SHC), Phosphate-buffer, Beta-glycerophosphate (BGP))
were tested, and compared with alginate/Gelatin bioink as controls. To correlate the rheological studies with real printing
conditions, 3D-Discovery bioprinter was used to print hydrogels and the visual aspect of the printed structure was observed.
Unconfined compressive tests were carried out to study the\impact of applied shear rate during printing on the mechanical
properties of printed structures. All pre-hydrogel solutions presented shear thinning properties. The recovery of viscosity was
found to depend on the hydrogel formulation, as wellias;the level of shear rate and the state of gelation at the time of printing.
Formulations made with SHC and phosphate buffer presented toa rapid gelation and phase separation,leading to poor printing
results. One particularly promising formulation composed of SHC and BGP, when printed at a shear rate of 140s?, before its
gelation time (t<15min), resulted in good printability and 3D structures with rigidity comparable with the Alginate/Gelatin
bioink. The methodology introduced in this paper could be used to evaluate the printability of other time- and temperature
dependent biomaterial inks in the future.

Keywords: biomaterial inks, chitosan thermose}sitive hydrogel, printability, extrusion-based bioprinting, rheology

) Moreover, standard methods to characterize and optimize
L. Introduction biomaterial inks and bioinks have yet to be developed [4-7].

Among the various challenges of .extrusion-based bioprinting, Among the biomaterials that could be used for bioprinting,
one is to design biomaterial/inks.and, bioinks that fulfill the  chjtosan-based hydrogels are attractive candidates due to their
numerous requirements. /The ink must be extrudable e.g. biocompatibility, ~ biodegradability, ~low  cost and
injectable through'a'small needle to reach high resolution but  {nermosensitive properties. Chitosan, a natural biopolymer
rapidly possess sufficient{mechanical properties to keep the  gerived from chitin, can be dissolved in acidic solution. When
structure intact,  support /additional layers and provide a combined with a weak base such as beta-glycerophosphate
cohesive, manipulable structure [1]. Moreover, for bioinks, (BGP), it can form a solution with physiological pH that
the material and the printing process must be cell friendly [2, rapidly gels with increasing temperature [8-10]. However, the
3]. It should ideally also be biodegradable to be gradually nechanical properties of such gel are quite poor. Our team
replaced by extracellular matrix. All these requirements ghowed that using new combinations of gelling agents
explain why the-search for ideal biomaterials is still ongoing. (namely a mixture of sodium hydrogen carbonate (SHC) with
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phosphate buffer (PB) or BGP), we can strongly enhance the
mechanical properties of the hydrogels, while ensuring
physiological osmolality and rapid gelation at 37°C [11, 12].
These gels allow excellent cell survival and growth and were
demonstrated as very interesting candidates for injectable
cell-loaded scaffolds for cell therapy and tissue engineering
[12, 13].

Chitosan thermosensitive properties also make them potential
candidates for bioprinting, as the gel is in the form of a viscous
solution at room temperature prior to its gelation through
increasing temperature, which can be achieved using a warm
substrate or incubator. Rapid physical crosslinking can help to
keep the post-printed structure mechanically intact and
prevent hydrogel dispersion, without the addition of a
crosslinker or photopolymerization step; A few teams have
already shown the potential of such thermosensitive hydrogels
for bioprinting, alone or mixed with gelatin or hydroxyapatite
[14, 15]. However, the use of these materials for bioprinting is
particularly challenging since their rheological properties
evolve with time and temperature. While most teams perform
temperature ramps and time sweep to follow the gelation
kinetics at body temperature, there has been to date no
complete rheological study to characterize and optimize their
printability. More generally, there is presently a lack of
appropriate methods to study the printability of time- and
temperature evolving materials like those.

The general aim of the present work is to propose a rheological
approach to study the printability of thermosensitive
hydrogels, which takes into account the time and temperature-
induced gelation process. We then used this‘methodology to
assess the potential of the chitosan thermosensitive hydrogels
as biomaterial inks, in comparison with alginate/gelatin bieink
which has been already demonstrated foKits excellent
printability [6].

In order to be used in extrusion-based deposition process a
biomaterial ink must present @ viscosity that allows its
extrusion. It also must present:shear.recovery (rapid recovery
of the initial viscosity once shear has stopped). An important
parameter to calculate is therefore the shear rate applied
during extrusion. During extrusion;‘the ink flows through a
capillary and is subjected/to a shear.rate (yw) given by
equation 1 [16]:

. 40 3 1
(1) Yy = ot

mR3 4n

Where Q (mm?3s) is the flow rate; R (mm) is the inner radius
of the needle; and (n-1) is the slope of the viscosity versus
shear rate graph on a log log plot.

Indeed, most materials are shear thinning, i.e./their,viscosity
decreases with increasing shear rate. Therefore, toevaluate the
shear rate a bioink undergoes during bioprinting, it is first
necessary to measure the viscosity as a function of shear rate
[17-19]. However, carrying out rheological characterization of
hydrogels can be difficult when their rheclogical ‘preperties
are time-dependent. A simple shear rate ramp (viscosity as a
function of varying shear rate) [16]isnot appropriate. In those
cases, since the viscosity alsa changes withitime, the tests must
be adapted in consequence.

Once a layer is printed, it<heeds to rapidly reach enough
mechanical properties ta'support gravity and keep its form as
well as to support otherlayerszIn some cases, such as alginate-
based bioinks;, ionic crosslinking can be performed by
immersion in a calcium ion rich solution after printing. Other
materials can be photopolymerized layer by layer. In the case
of thermosensitive hydrogels such as chitosan, rapid shear
recovery.is particularly important since no rapid crosslinking
method can be applied between layers.

Thesecharacteristics can be evaluated using rheological tests,
consisting of evaluating the biomaterial ink viscosity as a
function of time once the shear rate encountered by the ink
duringextrusion has been applied and removed. This test is
called the recovery test [19]. Performing recovery tests at
different shear rates allows to estimate the maximum shear
rate that should be applied during printing, i.e. at which the
hydrogels return rapidly to their primary viscosity after shear
removal without breakage. A potential advantage of
thermosensitive hydrogels is that after printing the hydrogel
continues to gel at 37°C. The recovery test must therefore be
adapted to take this behaviour into account.

The hydrogel gelation Kinetic is also an important parameter
that determines the suitability of the hydrogel for extrusion-
based bioprinting [20]. Indeed, whether gelation has been
initiated at the time of printing probably has an impact on
recovery after shear removal, uniformity and resolution, as
well as mechanical properties. The gelation kinetics of
chitosan hydrogels therefore need to be assessed at various
temperatures reproducing the steps of the bioprinting process,
in particular at room (storage in the cartridge and extrusion)
and body temperature (substrate warming or incubator).

In this work, we show how this rheological approach can be
applied to assess the printability and the time frame optimal
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for bioprinting thermosensitive hydrogel. In particular, we
apply this approach on chitosan hydrogels of various
composition, in terms of chitosan concentration and the type
and concentration of gelling agents. Post-printed resolution,
integrity and mechanical properties were also characterized
and compared with values obtained for a previously published
bioink composed of alginate and gelatin [21].

2. Materials and methodology
2.1 Materials

Shrimp shell chitosan (ChitoClear, HQG110, Mw: 155 kDa,
DDA 83%) was purchased from Primex (Iceland). B-Glycerol
phosphate disodium salt pentahydrate (CsH;Na2OsP-5H0,
hereafter BGP), sodium phosphate monobasic NaHPO4
(SPM) and sodium phosphate dibasic Na;HPO, (SPD) were
purchased from Sigma-Aldrich (Oakville, ON, Canada).
Sodium hydrogen carbonate NaHCOs (sodium bicarbonate,
hereafter SHC) was purchased from MP Biomedicals (Solon,
OH, USA). Sodium alginate salt from brown algae, Type B
gelatin from bovine skin (G9391) and calcium chloride
(CaCly) were purchased from Sigma-Aldrich.  Other
chemicals were of reagent grade, and were used without
further purification.

2.2 Preparation of chitosan thermosensitive hydrogels
2.2.1 Chitosan solution

Chitosan powder was solubilized in hydrochloric acid,(HCI)
(0.09 M and 0.013M) at 3.33% wi/v (for final concentration
2%) or 5%wlv chitosan (final 3%), respectively, with
mechanical stirring for 2 hours. The solution was sterilized by
autoclaving (20 min, 121°C) and stored at 47C.

2.2.2  Gelling agent (GA) solutions N

Three different GAs were used in_ this study, namely BGP,
SHC, and PB at pH = 8. PB was prepared with a mixture of
sodium phosphate dibasic and sodium»phosphate monobasic
at ratio of ratios of 0.047/0.540 w/wrin milli-Q water. SHC
was combined with either PB or BGP as previously published
[11].

2.3 Preparation | of solutions ~ for

rheological characterization

pre-hydrogel

Chitosan pre-hydrogel solutions were prepared by mixing CH
solution with'one of the GA solutions at a volume ratio of 3:2,
respectively. The two solutions were introduced in separate
syringes, joined by a Luer lock connector. The content of the
GA syringe was'pushed into the CH syringe and the mixture

was pushed from side to side for 15 repeats immediately prior
to use. Pre-hydrogel solutions were then centrifuged to
remove air bubbles and used immediately. Table 1
summarizes all formulations tested. Hydrogelsiformed with a
mixture of SHC and BGP as gelling agents are identified as A,
and those formed with SHC and PB as B.«Hydrogels had a
final chitosan concentration of 2% (w/v) or 3% (w/v). All had
a physiological pH.

Table 1: Concentration of chitosan and gelling agents of the
various tested hydrogels (CH: Chitosan;, BGP: Beta-
glycerophosphate, SHC: Sodium hydrogen carbonate, PB:
Phosphate buffer at pH=8).

Hydrogel 16 compnent 0 conc';rl?;tion

name SHC | BGP~| PB of CHY% (Wiv)
A2 00751 0.10 - 2
A3 0.113 |, 015 - 3
B2 0.075 = 0.02 2
B3 0.113 - 0.03 3

2.4 Preparation of alginate/gelatin hydrogel (control group)

Sodium alginate;and Type B gelatin powders were dissolved
in'milli-Q water, and stirred using a magnetic hotplate for 1
hour at 60°C and 2 hours at room temperature to achieve a
hemogeneous composite precursor comprised of 3 w/v%
alginate and 7 w/v% gelatin as explained in detail by
Kinsella’s group [21]. The Alginate/Gelatin solution was then
kept 2 hours at room temperature to remove air bubbles and
later stored at 4°C. Before use, the solution was warmed at
22°C for 30 min [21] and centrifuged to remove air bubbles.
A 1%w/v CaCl, solution for crosslinking the alginate was also
prepared by dissolving CaCl; into milli-Q water.

2.5 Rheological tests

Rheological properties were carried out using an Anton Paar
instrument (Physica MCR 301, Germany) with a cylinder
geometry (CC10/T200), (Imm gap) or plate-plate geometry
(PP25) of 25 mm diameter. Linear viscoelastic (LVE) range
was first determined through amplitude sweep test using
PP25. The following tests were then performed:

1) Time sweeps at 22 & 37°C for 1 hour were performed using
the oscillatory mode in the LVE range, at a constant shear
strain (1%) and constant frequency (1Hz). They allowed the
study of gelation kinetic at both temperatures, as a function of
gel composition, by following values of complex viscosity,
the storage and loss modulus (G’ and G’*) and loss factor tan
8= G"/ G’ as a function of time.
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2) Viscosity behavior of the pre-hydrogel solutions at 22°C
was assessed using rotational rheometry tests. In contrast to
conventional shear thinning tests, where the viscosity change
is reported with varying shear rate, here the viscosity was
studied as a function of time at different shear rates (0.01, 0.1,
1, 10, 100 s1). This was done to take into account the possible
variation of pre-hydrogel properties with time. To express the
shear thinning behavior, the viscosity values at one particular
time point were then plotted as a function of shear rate. Atime
point of 10 min was chosen assuming this corresponds to the
time required for hydrogel preparation and printing (including
mixing of chitosan solution and gelling agent, centrifugation
of the solution and loading on the print head).

3) Shear recovery after different levels of shear rate (low to
high-10 to 1000 s) was evaluated using rotational rheometry.
The viscosity was measured during the consecutive steps
which mimic the printing process: (1) Pre-printing (shear rate
of 0.001 s for 10 min at 22°C); (2) Printing (sudden increase
of shear rate at 10, 100, 500 or 1000 s for 1 min at 22°C); (3)
Post printing (shear rate of 0.001 s** for 10 min at 22°C and
then increasing the temperature to 37°C to take advantage of
the hydrogel thermosensitivity) (Figure 1).

formation, and were kept constant throughout the study. The
shear rate applied during printing was calculated according to
Equation 1, using the slope of the viscosity versus shear rate
graph (n-1) on a log log plot, and reported in Table 2.

2.7 Printing resolution, hydrogel uniformityrand structural
integrity

Each biomaterial ink formulation was printed_using two
different needle sizes (22G/25G) according to the conditions
in Table 2. Images were taken from each print and analyzed
using the freeware ImageJ (Fiji.sc) according to the approach
studied by Gillispie et al. [22] and Webb et al. [23]. The
average width of printed filaments was determined, for each
printing setting, by manpually selecting 6 random points. We
also evaluated the quality of the'@angle printed (sharp (1) versus
curvy (0)) and the continuity of the lines ((1) versus (0) if more
than one break observed). ,The width of the line was also
compared to, the internal diameter of the needle
(width/diameter). A high ratio means that the gel spreads a lot
after printing, decreasing the printing resolution.

Table 2. Printing parameters used on the 3D Discovery
bioprinter:.needle size, n-1 slope according to viscosity vs
shear rate graphﬁnd corresponding shear rate as a function of

needle size jaccording to equation 1. Constant parameters
1000 ] 1 4@ were: Flow'rate = 1.25 pL/s (mm?/s); feed rate = 6 mm/s; layer
100 = thickness = 0.3 mm.
. ——shearrate10 1 30 &
ﬁ 10 ] ——shear rateé 100 ?E
1 2 Needle size Slope of viscosit
g 1 shear rate 500 | 20 % Pre- P y Shear
= 2 hvdrogel Inner vs shear rate rate
20t ~ghearrate1000| 5 ydrog Gauge | diameter | (see Equation 1) .
v solutions (sh)
0.01 } Temperature (mm) (n-1)
0.001 0 Ao 22 0.41 03 203
0 10 time (min) 20 30 25 0.25 897
. . . 22 0.41 230
Figure 1. Schematic of the applied shearsates and temperature A3 55 005 -0.5 1017
as a function of time during recovery tests. ” 7 01 o 250
2.6 Printing procedure 25 0.25 . e
B3 Not printable (lack of homogeneity and
A 3D-Discovery (RegenHU)bioprinter was used to print the continuity)

hydrogels via a plunger dispenser which enables to keep the
dispensing rate constant during printing (volume/min) even if
the hydrogel properties change with.time. The cartridge was
kept at room temperature, while “the heated substrate
temperature was kepticonstant at 37°C. Different steel needles
(sizes 22G/25G, length:20.25 inch) were used to print
hydrogels. Printing parameters are presented in Table 2. The
flow rate .0f the bioink, the layer thickness (h) and the
translational speed of the printing head (feed rate) (Vi) were
chosen to ensure that we have proper and continuous filament

To assess structural integrity, the best printable formulation
was printed in 10-layer and 20-layer honeycomb structures
and the theoretical height (layer thickness multiplied by
number of layers) was compared to real height after 1hour
incubation at 37°C (to assure solidification).
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2.8 Post-printed mechanical properties

Unconfined compression tests were performed on 5-layer
printed honeycomb structures using the MACH-1 testing
device (Biomomentum, Canada). A velocity equal to 100% of
the sample’s height/min was used. The compressive strength
and the secant Young modulus at 15% and 30% of
deformation were calculated from the stress-strain curves.
ImageJ software was used to calculate the real surface area of
the printed structure (without the holes in the structure) for
measurement of applied stress. Mechanical properties were
compared with those of structures fabricated with
Alginate/Gelatin bioink. Tests were performed at room
temperature after 24 hours of sample gelation at 37°C.

2.9 Statistical analyses

All experiments were performed at least in triplicate. Results
were expressed as mean + SD. Statistical analysis was
performed using GraphPad Prism 7.04 software. One-way
ANOVA and Tukey’s multiple comparison tests were used to
compare multiple groups. P<0.05 was considered to be
statistically significant.

3. Results

3.1 Time sweep at 22 and 37°C

Time sweeps were performed in the LVE region, first at room
temperature (22°C) to estimate the stability of the ‘pre-
hydrogel solutions in the printing cartridge as a function, of
their composition (Figure 2a) but also at 37°C.to estimate their
kinetic of gelation (solidification) once on the heated substrate
(Figure 2b). Both figures present the evolution of the'storage
(G”) and loss (G’”) moduli. The viscous pre-hydrogel solution
is considered to become a viscoelasticegel\when G*>G™.
According to the approach of Winter and Chamban [24], we
considered the gelation time as the time where G’ = G”", or the
loss factor tand=G’’/G’=1. Figure 2(c) summarizes the mean
G’ value after 10 min at 22°C (considered as the printing time)
and after 1 hour at 37°C (to mimic 2-hour after printing). At
22 °C (Figure 2(a)), the gelation time is less than 15 s (G’>G™’
already at the first measurement) and 30 s for B2 and B3
hydrogels respectively. For A2.and A3, it takes several
minutes to begin gelation (tge = 534 and 15+7.5 min
respectively). B formulations<also show higher values of
storage modulus comparedi\to A formulations. As expected,
A3 gel (CH3%) presents higher storage moduli right after
preparation than its A2 counterpart (CH2%). In contrast, B2
and B3 show similar storage modulus as a function of time.

The evolution of the storage (G’) and loss (G’’) moduli at
37°C as a function of time is presented in Figure 2(b). Drastic
increase of G’ value during isotherms at 37°C is indicative of
the gel thermosensitivity. Thermosensitivity 4s.more evident
with CH 2% formulations rather than 3%. While A2 and B2
present the lowest modulus at 22°C, they rapidlysincrease at
37°C, leading to the highest values after 1hour gelation, B2
being significantly higher than all others (p<0.001, Figure
2(c)). In contrast, A3 and B3 present:higher initial viscosity
(not shown here) and slowly gel at 37°C. Their properties after
1-hour gelation are relatively similar.

At printing time (after 10 min at 22°C), B3 formulation
presents the highest storage'modulus values (p<0.0001), while
the difference among<the thr@ other formulations is not
significant (Figure 2(c), leftjpanel). As will be discussed later,
this leads to difficult,control of printing and reproducibility.

3.2 Shear thinning behavior

The shear thinning property of the solution is a critical
property. for bioprinting. Figure 3 presents the shear thinning
behavior “of, A2 and A3 formulations. Results of B
formulations ang Alginate/Gelatin are shown in supporting
information ‘(Figure S2). As explained in the materials and
methods section, since the viscosity is changing as a function
of time, shear thinning properties were evaluated by
measuring the viscosity over time at 5 different applied shear
rates (from 0.01 to 100 s%). Figure 3(a) presents the 5 viscosity
curves as a function of time for sample A3. Then, the values
at one particular time point (here 10 min) were plotted to form
the curve of viscosity versus shear (Figure 3(b)). Results
showed that both chitosan A2 and A3 pre-hydrogel solutions
present shear thinning properties, characterised by a sharp
decrease in viscosity value with increasing shear rate, with
some differences between the gel formulations. Shear thinning
was also observed for B formulations, as well as for the
alginate/ gelatin (control group), although to a lesser extent
(viscosity decrease from 10000 to 100 Pa.s only)
(Supplemental data_Figure S2).

Surprisingly, a variation of the viscosity as a function of time
was seen only at the lowest shear rate (0.01 s%) (Figure 3(a)).
Since the solutions are not completely stable at room
temperature (as just shown), we were expecting the viscosity
to increase with time at all shear rates. This suggests that shear
rates equal or above 0.1 s prevent the physical gelation of the
chitosan bioinks, and demonstrates the importance of testing
conditions on rheological results.
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Figure 2. Gelation kinetics of A and/B chitosan-based hydrogels: a) Evolution of the storage (G’) and loss (G’’)
moduli of hydrogels as a function of time at 22°C (mean +/-SD; n>3). b) Evolution of the storage (G’) and loss (G*”)
moduli as a function of time at 37°C. €)G*value after 10 min at 22°C and 1h at 37°C, respectively (mean +/-SD;
n>3); (** p<0.01, *** p<0.001, **** p<0:0001). Gels were made with SHC+BGP as gelling agents, while B gels

were prepared with SHC+PB, as described in Table 1.

We used the slope of the shear thinning test at shear rate
between 10 and 100 s* to calculate the shear stress during
printing using equation as presentedin the introduction and
reported on Table 2.

3.3 Shear recovery

We concentrated on A formulations due to their slower
gelation Kinetics at room temperature and more homogenous
fiber formation at extrusion (shown later in the manuscript).
In accordance to,the schematic presented in Figure 1, shear

recovery tests followed the evolution of the viscosity during
rest (shear rate = 0.001 s2), followed by applying shear for 1
min and let recover after shear removal at 22°C (to simulating
the printing procedure), followed by temperature increase
from 22 to 37°C. To study the influence of the extent of shear
rate on recovery, four different applied shear rates were
compared, from 10 to 1000 s

Figures 4(a) and (c) present the results for A2 and A3
formulations respectively. In accordance with the previous
results, the viscosity increased with time at rest, followed by
sudden drop during shear due to shear thinning. Viscosity
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33

34 Figure 3. Shear thinning behavior of: a) viscosity of A3

35 formulations at various shear rates (0.01, 0.1, 1, 10 and

36 100 s) as a function of time at 22°C; b) Viscosity as a

37 function of shear rate for both A2 and A3 formulations

gg after 10 min at 22°C (mean; n>3). The slopebetween,10

40 and 100 s-1 was used to evaluate the shear stress during

41 printing using equation 1. N

g Recovery immediately after shear removal ' was only partial,
44 especially for high shear rates, but/curves show-that viscosity
45 continues to recover with time, and further increased when the
46 temperature was increased to’37°Csy For A2, the immediate
47 recovery was much better for shear rate of 10 s-1 compared to
48 100 and 1000 s-1 (501 + 127 Pa.s versus 66 + 15 Pa.s and 2 +
49 1 Pa.s respectively (see the .complete data in Supplemental
g (1) materials section Table S1){ The difference was less drastic for
55 A3 (10 and 100 s-Iscurves, aredsuperposed, and viscosity at
53 shear removal décreased from ~ 600 to 130 Pa.s depending on
54 the shear rate value). Thus the viscosity values immediately
55 after 100 s* shear removal was about 10 fold higher for A3
56 compared with A2 hydrogels (663 = 95 Pa.s and 66 +15 Pa.s,
57 respectively):

58

59

Similar tests were performed on A3 solutions left for 20 min
(instead of 10 min) at 22°C to mimic longer pre-printing times
(Figure 4d). At these time points, even at 22°C, the solution
has already begun to gel (t > tg). However, n@xdrastic impact
was observed on recovery properties. Immediate recovery is
slightly reduced, but viscosity then increases»with time,
reaching similar final values.

To confirm the importance of printingibefore gelation, we also
performed recovery tests after 20 min»gelation-at, 37°C.
Results for A2 are presented in Figure 4(b), results for A3 in
the supporting information (Figure S3).. As expected, viscosity
increased more during the rest period, due to hydrogel gelation
at 37°C. Following shear, only partial immediate recovery was
observed, without anyfurther @rease of the viscosity with
time for A2 (Figure 4(b)), some increase for A3. The
difference between*A2and A3.can be explained by the fact
that A3 gelation is muchislower than A2 gelation, as shown in
Figure 2.

As a comparison;shear recovery tests were also performed on
the control bioink cansisting of 3%w/v alginate with 7% w/v
gelating[21] (Figure 5, and supplementary Table S2 for more
complete data). Alginate/gelatin present a different behavior
compared to chitosan hydrogels, with better immediate
recovery.of the viscosity, but no further increase with time. As
for chitosan hydrogels, the extent of recovery decreased with
increasing shear rates. Interestingly, the viscosity at rest, prior
to shear, was found to increase with time. This could be
explained by the change of temperature of the solution (which
was poured in the rheometer at 25°C since it is too not liquid
enough at 22°C due to the presence of gelatin). Another
possible explanation is alginate-gelatin interactions after
mixing the solution. In contrast, similar tests performed on
pure alginate didn’t show any variation of the viscosity at rest
(data not shown).
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3.5 3D printing of pre-hydrogel solutions

To confirm the correlation between rheological data and
printability in real printing conditions, the biomaterial inks
were also printed using a 3D Discovery printer as described in
the experimental section and in Table 2. The size of the needle
(22G needle) and the flow rate (1.25 mm3/min) were chosen
in order to keep the shear rate applied on the gel during the
extrusion close to 100 s, according to equation 1. This value
was chosen based on the results of the recovery tests, showing
better recovery at such a low shear rate (Figure 4). The
printing resolution was studied as a function of the feed rate
(speed of needle above the substrate during deposition) and
gel formulation. We analysed the width of the filaments after
extrusion, the uniformity of the printed lines, their continuity
and their integrity, which can be defined as the comparison of
the theoretical and measured height of the printed filaments
[22, 23].

B2 and B3 showed phase separation after centrifuge, even
before printing (Figure S1(a)). Printing led to a heterogeneous
mix of gel and liquid regions, with non-repeatable and broken
filaments. In particular, B2 led to non-uniform filaments,
broken lines and curvy angles (see the example in Figure
S1(b)), which made it impossible to print multiple layer
structures. Double phasing was even clearer for B3, leading to
needle clogging and preventing good extrusion. Therefore, we
do not present the complete data for B2 and B3 here.

Figure 6 presents data and typical images of printed lines for
A2 and A3 formulations at various feed»rates. Both
formulations led to uniform filaments. As shown in_Figure
6(a), A2 was able to print continuous lines with relatively
sharp angles, but the filament width was_large (1.2-1.5 mm)
compared to the needle internal / diameter (ratio of
width/diameter = 3.5). This leads to low.resolution.

A3 led to uniform, sharp angled»and thinner filaments
(minimum width of 0.57 mm £0.04. mm (ratio=1.4) at a feed
rate of 11 mm/s (Figure 6b). However, at this feed rate, the
lines were easily breaking, making it challenging to print
multiple layer structures. Reducing the feed rate to 10 mm/s
led to continuous lines with‘@ mean width of 0.75 mm + 0.07,
making it a better option:

Printing multiple layer structures with A3 led to smooth
integration betweenlayers and cohesive structures (Fig 6(e)).
To observe the structural integrity of the gel, we analysed the

ALG/GEL recovery after 1 min at rest
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Figure 5.»Shear recovery tests of Alginate/gelatin
hydrogels after 1 or 10 min rest times (mimicking time in
the ‘cartridge before printing. Four different shear rates
(10, 100, 500, 1000 s-1) were applied (mean; n=6).

difference between the theoretical and the real height of 5- or
10-layer structures. The average height of the layers was found
to be between 0.33 and 0.27 mm, which is a variation of + 10%
from the theoretical height (0.3 mm). This shows that the
structure isn’t collapsing under the weight of the multiple
layers. The structure was also quite comparable to its
theoretical CAD design (Fig 6(d)).

Interestingly, structures printed at higher shear rates (higher
flow rates or similar flow rate but smaller needle diameter) led
to poor resolution and structural integrity, as shown in Figure
7(a). This is in agreement with recovery tests which show
better recovery at low shear rates.

Filament width with A3 was quite similar to that of
alginate/gelatin (0.68 £0.06 um) which showed very uniform
fiber formation (Figure 6 (b), (c)) and ability to print in a
cohesive layer-by-layer structure before post-crosslinking
(Figure 7a).
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Figure 6. a) Descriptive results and images of filaments printed with a 22 G needle (0.41 mm inner diameter) with feed rates
changing from 7 to 11 mm/s, for a) A2, b) A3 chitosan hydrogels and c) Alginate/gelatin filaments as comparison (mean +/-
SD; n>3).; d) 3D CAD honeycomb design model; €) picture of 10- and 20-layers printed structures made with A3 hydrogel.

3.6 Post printed mechanical strength

A good ink should provide tissue-mimicking rigidity and good
mechanical strength after printing. The mechanical properties
of printed structuresawere therefore tested in compression,
after 24h gelation at\37°C (Figure 7). A3 formulation was
chosen since.it presented the best rheological properties in
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terms of adequate gelation kinetic and recovery, and printing
behavior. Recovery tests suggested that A3 formulation
presents better recovery when the shear rate stays at or below
100 s (see Figure 4(c)). We hypothesized that the resolution
and mechanical properties would thus be increased when
printing the structure at low/medium shear rate (e.g. 230 s,
see Table 2) compared to high shear rate e.g. 507 s%,

Page 10 of 16
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(generated by increasing the flow rate to 2.75 mmd/s).
Compression tests were performed on 5-layer structures since
it is the best we could obtain when printing A3 at high flow
rate.

Pictures, compression curves and secant Young moduli at 15
and 30% deformation are reported in Figure 7 for structures
extruded at low and high shear, in comparison with structures
printed with the alginate/gelatin bioink at 200 s (flow rate of
1.25 mm?3.s?), soaked in CaCl; for 15 min to ensure that the
structure is completely crosslinked, then incubated at 37°C for
24 hours [25].

a Secant Young modulus

Young modulus

at 15% [E] (kPa)

E (kPa)
~
5]

¥ Young modulus
at 30% [E] (kPa)

N

ALG/GEL

A3 (high shear rate)

b Unconfined compression of A3 vs ALG/GEL

A3 (medium shear rate)

9 400
8 300
7 200
T 6 100
-
E’ 5 0
[ a 0% 50% 100%
&
3
2 === ALG/GEL
1 =A3 (medium shear rate)
0 + + t } 4
0% 5% 10% 15% 20% 25% 30%
(%)

Figure 7. Behavior under unconfinéd compression of
chitosan-based hydrogel and Alginate/Gelatini#.a) secant
Young modulus of A3 printed with high' (507 s*)/medium
(230 s2) shear rate and alginate/gelatin bioinksgpictures of the
5-layer honeycomb structures tested are also shown; b) stress-
strain curve in unconfined compression (mean + SD; n>3).

When printed at a low/medium shear-rate (230 s-1), the secant
Young modulus of A3 chitosan®structures at 15 and 30%
deformation was 12.3 & 0.5 /kPa and 24.4 + 0.7 kPa
respectively. This is similar'to or even more rigid than
alginate/gelatin'bioink (6.3% 0.2 kPa and 25.9 = 0.9 kPa at
15% and 30%y deformation respectively). Both structures
presented/good integrity and were easily handable, even if
alginate/gelatin structures presented significantly higher
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resistance to rupture (329 + 27 kPa vs 48 * 4 kPa for A3;
Figure 7b).

As expected, the mechanical properties of A3.hitosan gel
printed at high shear rate (e.g. 507 s') were lower. The secant
Young modulus at 15% and 30% deformation was,2.6 *,0.02
kPa and 4.3% 0.1 kPa, respectively. The printed structure had
a poor resolution. It was flatteped and“its, poor structural
integrity prevent it from being removed from-the“glass slide
after printing.

4, Discussion

Inks for bioprinting must fulfil a number of key requirements,
including printability and mechanical cohesion after printing
[17]. Chitosan thermgsensitive Rydrogels formed with BGP,
alone or combined, with”gelatin or hydroxyapatite have be
previously shown to presentinteresting characteristics for
bioprinting [15, 26] but they. face particular challenges since
they are time- and temperature-evolving materials.

While CH is normally soluble only in acidic media, the
addition of a.weak base such as BGP allow to form a solution
with neutral,pH gt room temperature. The negatively charged
molecules screen the chitosan positively charged ammonium
groups and prevents repulsive forces between chitosan chains.
When increasing temperature, heat-induced transfer of
protons from CH to glycerol phosphate takes place, allowing
strong interaction of CH chains, mainly through hydrophobic
and, hydrogen bonds [27, 28]. In the case of SHC+BGP or
SC+PB, the higher mechanical properties observed could be
explained by a more complete neutralization of chitosan
chains due to the small size of SHC molecule and stronger
interactions due to its decomposition into CO, [29]. While this
physical gelation mainly takes place at temperature close to
body temperature (due to the change of chitosan pKa), it
initiates at lower temperatures. Some ionic crosslinking can
also take place [28]. The lack of complete stability of the
solution at room temperature is a possible limitation of these
gels for bioprinting applications and must be taken into
account by a rigorous rheological approach.

Yet to date, only limited rheological characterization has been
performed [14, 15], which doesn’t take time into account and
doesn’t allow to understand the benefits and limitations and
optimize the printing process. In this work, we adapted
rheological tests to assess and predict the printability of
chitosan thermosensitive hydrogels, whose rheological
properties evolve with temperature but also with time.
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Gelation kinetics: We first performed time sweeps at 22°C to
compare the various gel formulations in terms of stability at
room temperature, i.e. how fast does the gelation start when
the solution is kept in a cartridge at room temperature. This
information is important since the time required to prepare the
set-up and print can change the bioink properties. Crosslinking
of the solution prior to extrusion could lead to needle clogging
[19, 30] or to decreased shear thinning or poor recovery after
shear removal.

Formulations made with a mixture of SHC+BGP (A)
presented better stability at room temperature than their
SHC+PB (B) counterparts, the latter presenting a gelation time
of less than 30 s according to the approach of Winter and
Chambon. This is in accordance with our previous data [11].
It is however important to mention that this approach
(assessing gelation time by G’ and G’ crossover) has
limitations.

The fast gelation of SHC-PB formulations (especially B3) at
room temperature can be correlated with the precipitation and
phase separation observed during the centrifugation process
prior to cartridge loading, as well as to the heterogeneous and
non-continuous structures at printing (Figure S1) at even room
temperature. These formulations were therefore rapidly
discarded.

Time sweeps at 37°C allowed us to evaluate the ability of the
material to rapidly gel at 37°C. One advantage. of
thermosensitive hydrogels for bioprinting is the increase of
their mechanical properties once incubated at 37°C, without
the need of a crosslinker. Results confirmed that increasing
the temperature to 37°C accelerates the gelation-process in all
chitosan-based bioinks, but the effect was more pronounced
for CH2%wi/v formulations (A2). The lower thermosensitivity
of CH3% compared to CH2% hydrogelis in ehordance with
literature data [31, 32] and could be explained by decreased
diffusion of bicarbonate molecules (SHC) .and reduced
movement of chitosan chains,  leading to less chain
interactions.

The more pronounced™ thermosensitivity of CH2%
formulations could be an advantage for bioprinting. However,
CH2% formulations also present lower, viscosity before and
after shear removal, which was later shown to be a more
decisive property.

Shear thinning: In'addition to adequate gelation time, shear-
thinning behavior, characterized by viscosity decrease when
the shear rate increases, is advantageous for bioprinting. This
property makesritspossible to reduce the pressure needed to
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extrude the material and therefore the potential damage to the
cells encapsulated in the hydrogel via plug flow behavior [33-
35]. More shear-thinning hydrogels present fewer cell
damages during extrusion. Our results showed/that all pre-
hydrogel solutions tested were non-Newtonian; andypresented
shear thinning behavior (Figure 3). At a shear rate.of 100's™,
the dynamic viscosity of A3 formulation was about 102 mPa.s,
which corresponds to shear stresses of 100 Pa.

Alginate-gelatin control hydrogels also, presented, shear
thinning properties but to a lowenextent (viscosity around 10°
mPa.s at 100 s*; Figure S2)..lt.suggests that applied shear
stress will be 10000 Pa on cells at e.g. shear rate of 100 s™.
Impact of shear stress on cell viability was studied by other
researchers [34, 35]. It‘'was re;&rted that shear stress above
5000 Pa influences cell survival adversely in both the short-
and long term [34,35]."However, further studies are required
to prove chitosan hydrogel’s advantages over alginate/gelatin
as bioink for cell encapsulation.

The information extracted from the shear viscosity results can
assist intgaining a better understanding of a biomaterial ink or
bioink’s;extrudability in printing. Moreover, its slope allows
to evaluate the shear stress during printing as a function of
flow rate and needle diameter. This approach can be applied
to any extrusion-based system. However, printability cannot
be.concluded from these results alone [17, 36]. Shear recovery
was therefore performed as a next test.

Shear recovery and printability: Since shear during printing
can alter the material’s properties, it is important to verify that
the biomaterial ink rapidly recovers after shear, to maintain
the printed structure. Therefore, shear recovery tests were
performed on formulations made with SHC+BGP (A2, A3).
An additional step was added to common recovery tests, i.e.
temperature increase at 37°C to mimic sample heating after
printing to take advantage of the gel thermosensitive
properties.

Data showed that the ability to recover after shear depends on
the formulation (A3 better than A2), the extent of shear rate
(better recovery for shear rate of 100 s or less), and the extent
of gelification of the hydrogel prior to shear. As expected,
shear recovery was very limited for the pre-gelled inks. These
results show the importance of the stability of the solution at
room temperature, when the solution is in the printing
cartridge, and to control the time during which the solution is
kept in the cartridge before printing. Change of viscosity and
beginning of gelation is a limitation of chitosan thermogels
compared to other bioinks. We therefore suggest to control the
flow rate using a plunger dispenser in contrast to pressure-
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driven extrusion, as we did in our study, to avoid flow
variability during printing. However, recovery after printing
can still vary as a function of time between hydrogel mixing
and printing. It is therefore important to evaluate the
acceptable time frame for extrusion.

Chitosan 3% (A3) presented better recovery compared to
chitosan 2% formulation (A2), especially at low and medium
shear rates. This suggests that A3 filaments present a better
ability to support upper layers, as it was indeed observed later
during printability tests. Indeed, A3 presented lower filament
width, and a better conformity of the printed structure to the
CAD design. The resolution could be further enhanced by
finding a bioink formulation showing fast and complete
recovery after shear removal, as was observed for
alginate/gelatin ink (Figure 5 and 6 (c)).

It is also important to note that in the case of A2, the filament
width was significantly larger than for A3, the filament
width/needle diameter ratio reaching up to 3.5, compared to
1.4 (Figure 6 (a) & (b)). This indicates that the gel is taken
expansion after extrusion, and could be related to the normal
force that impact extruded filament during extrusion process
[37].

These two reasons could explain the difficulty of bioprinting
solid 3D structures with A2 hydrogels, despite their more
interesting thermosensitive character.

In contrast, A3 presented high initial viscosity, goodsshear
thinning and good recovery when printed at a low shear rate,
leading to 3D structures with good integrityrand a rigidity
comparable to alginate/gelatin at the low deformation rate
generally encountered in biological tissues (£30%). Variation
between the theoretical and real height of the printed structure
was less than 10% and the printed structure was elosé to the
CAD model (Figure 6(d), (e)). This shows that'there is no
significant spreading of the printed filaments and that they
support the weight of the additional layers. Moreover, the
printed structure showed excellent,cohesion between layers
and was easy to handle This is an important result since
mechanical properties are“key. to ensure the fidelity of the
structure during printing, but also-later to ensure cohesion
during maturation, handling andpotential in vivo stresses. It
also influence cell response [33,38].

Recovery tests however emphasize the importance of the shear
rate during printings.Indeed, recovery was poorer after high
shear rates. Inability to return to the reference viscosity
implies loss, of chain interactions in the physical hydrogel.
This was reflected by the appearance and the mechanical
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properties of the printed structures, which were much poorer
for the 3D structure printed at a shear rate of 507 s* than at
230 s (Figure 7(a)). Evaluating the shear stress using shear
thinning tests and equation 1, and performing‘recovery test at
the corresponding shear stress would therefore be animportant
step to assess the printability or optimize the printing process
of biomaterial inks.

The cytocompatibility of chitosan-based hydrogels for cell
encapsulation has been already preven, by our team,among
others [11, 12, 14, 39, 40]. But for their use as bioinks, further
work is of course needed to,study. the influence of gel
formulation and shear rates on the survival of encapsulated
cells. Further optimization'could also be performed by the
addition of gelatin or collagen\which have been shown to
improve cell adhesion, survival and migration and could also
influence [14, 39-41] and improve their printability.

Another limitation of this\work is that while the substrate was
heated at 37°C, temperature can be lower on top layers.
Further work wilbbe required to better assess the effect of the
substrate’s. temperature and possible variability of the
temperature ;among the various layers to determine the
importance »of 4a well-controlled print bed to create
homogenous, structures. However, it is important to mention
that we didn’t observe heterogeneity in the structures created
by.10 or 20 layers after 24 hour gelation in an incubator.

Another potential limitation with chitosan as a bioink is that,
as all biopolymers, it presents high batch to batch variability.
This is why we couldn’t reproduce exactly the same
rheological properties and had to change the concentration of
gelling agent, compared to our previous publication [11, 42].
Characterization of chitosan molecular weight and
deacetylation degree to select the right batch is therefore is
important to decrease this wvariability. Moreover, the
variability of the results must be determined using sufficient
sample number and independent repetitions of each test.

As expected, alginate/gelatin hydrogels presented interesting
recovery properties, despite also dependant of the shear rate.
Such behavior is similar than for pure alginate bioink,
according to the literature data [19, 43]. In this study,
alginate/gelatin was studied as considered as a stable solution
since we kept the temperature constant at 22°C. We however
noted that the viscosity at rest increased with time. This is
probably due to the slight decrease of the temperature between
the moment the material was poured in the rheometer (at
25°C) and the time it stabilizes at 22°C. Indeed, the viscosity
of gelatin is strongly dependant on the temperature. It might
also be due to interactions between alginate and gelatin after
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mixing. This emphasizes the importance of evaluating the
effect of time and temperature during printability studies.
Thus, the present approach could be applied to other
temperature or time-evolving materials.

5. Conclusion

In this work, we propose a rheological approach to evaluate
the printability of biomaterials inks, in particular for the case
of time- and temperature-evolving materials such as chitosan
thermosensitive hydrogels. The method to calculate the shear
stress can be universally applied for any type of extrusion-
based system. We showed that gelation kinetic, shear thinning
and shear recovery tests where time and temperature is taken
into account, are essential to evaluate the printability of time-
evolving bioinks.

The gelation kinetics and the level of shear rate had a critical
effect on shear recovery. It strongly influenced the ability to
support layer-by-layer build-up, the fidelity of the printed
structure and its post-printing mechanical properties.

One formulation made with sodium bicarbonate and beta-
glycerophosphate as gelling agent (A3) appears a promising
bioink. After 24 hours gelation at 37°C, it presents similar
rigidity in compression at the low deformation (<30%;
generally encountered in biological tissues) than
alginate/gelatin bioink after crosslinking by calcium ions.
However, its mechanical resistance is lowers, Its
biodegradability is a clear advantage over alginate=based
bioinks which degradation is depending of many parameters
and is difficult to control [44]. However, further work is
needed to confirm cell viability and proliferation-in these new
chitosan-based bioinks.
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Figure captions

Figure 1. Schematic of the applied shear rates and temperature as a function of time during recovery tests.

Figure 2. Gelation kinetics of A and B chitosan-based hydrogels: a) Evolution of the storage (G’) and loss (G*’),moduli of
hydrogels as a function of time at 22°C (mean +/-SD; n>3). b) Evolution of the storage (G’) and loss (G’”) moduliras a function
of time at 37°C. ¢) G’ value after 10 min at 22°C and 1h at 37°C, respectively (mean +/-SD; n>3); (** p<0.01, *** p<0.001,
**** n<0.0001). Gels were made with SHC+BGP as gelling agents, while B gels were prepared with SHC+PB, as described
in Table 1.

Figure 3. Shear thinning behavior of: a) viscosity of A3 formulations at various shear rates (0.01,/0.1, 1, 10:and 100's™) as a
function of time at 22°C; b) Viscosity as a function of shear rate for both A2 and A3 formulations-after 10 min-at 22°C (mean;
n>3). The slope between 10 and 100 s-1 was used to evaluate the shear stress during printingusing equation 1.

Figure 4. Shear viscosity recovery under 4 different applied shear rates (10, 100, 500, 1000 s:Y). The graphs present the complete
cycle, namely at-rest state (shear at 0.001 s, generally for 10 min), printing step (shear rate at.one’of the 4 different tested
shear rates for 1 min), post printed rest state at 22°C and post-printed rest at 37°C (shear back at 0.001 s%): a) A2, b) Pre-gelled
A2 (shear after gelation for 20 min at 37C); ¢)A3, d) A3 with 20min at rest instead‘ef 10 min. The change of the shear rate is
indicated with the vertical lines; Temperature 37°C is highlighted, otherwise 22°C) (mean,+/-SD; n>3).

Figure 5. Shear recovery tests of Alginate/gelatin hydrogels after 1 or 10 min resttimes (mimicking time in the cartridge before
printing. Four different shear rates (10, 100, 500, 1000 s-1) were applied (mean;n=6).

Figure 6. a) Descriptive results and images of filaments printed with a22 G needle (0.41 mm inner diameter) with feed rates
changing from 7 to 11 mm/s, for a) A2, b) A3 chitosan hydrogels and ¢)*Alginate/gelatin filaments as comparison (mean +/-
SD; n>3).; d) 3D CAD honeycomb design model ; e) picture of 10+ and 20-layers printed structures made with A3 hydrogel.

Figure 7. Behavior under unconfined compression of chitosan=based hydregel and Alginate/Gelatin: a) secant Young modulus
of A3 printed with high (507 s)/medium (230 s*) shear rate.andralginate/gelatin bioinks; pictures of the 5-layer honeycomb
structures tested are also shown; b) stress-strain curve in unconfined compression (mean = SD; n>3).

Table captions

Table 1. Concentration of chitosan and gelling. agents of the various tested hydrogels (CH: Chitosan, BGP: Beta-
glycerophosphate, SHC: Sodium hydrogen carbonate, PB: Phosphate buffer at pH=8).

Table 2. Printing parameters used on the:3D’ Discovery bioprinter: needle size, n-1 slope according to viscosity vs shear rate
graph and corresponding shear rate as @ function of needle size according to equation 1. Constant parameters were: Flow rate
= 1.25 pL/s (mm3/s); feed rate = 6 mm/s;layer thickness = 0.3 mm.



