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3D-reactive printing of engineered alginate inks
Lorenzo Sardelli?, Marta Tunesi?, Francesco Briatico-Vangosa® and Paola Petrini*?

Alginate is a common component of bioinks due to its well-described ionic crosslinking mechanism and its tunable
viscoelastic properties. The extrusion-based 3D-printing of alginate inks requires additives, such as gelatin and Pluronic, pre-
or post- printing crosslinking processes and/or coextrusion with crosslinkers. In this work, we aim to provide a diffent printing
approach of alginate-based inks, introducing the 3D-reactive printing. Indeed, the control over the crosslinking kinetics and
the printing time allowed printing different inks while maintaining unaltered their final composition to identify a suitable
formulation in terms of printability. Alginate solutions were crosslinked with insoluble calcium salts (CaCOs) inducing
dynamic modification of their microstructure and viscoelastic properties in time. The monitoring of fibers printability and
internal microstructure, at the different time points of the ink gelation, was performed by means of a well-defined set of
rheological tests to engineer a priori inks properties for the a posteriori 3D-printing process. This new perspective allowed
3D reactive printing of alginate fibers with predermined properties, without involving post-extrusion crosslinking steps and

additives.

Introduction

3D-printing technologies are spreading around the world,
accelerating the development of various engineering sectors,
such as artificial intelligence 1, building construction 23, food
industry 4 and electrochemical applications >¢. The possibility to
print complex geometries with high precision has made 3D-
printing a particularly attractive tool in the field of
bioengineering, leading to an enormous progress in the
development of patient-specific prostheses 7-19, jn vitro models
of complex biological systems 1113 and constructs for tissue
regeneration 1418, In these last fields, hydrogels of different
origins are usually extruded from a needle or nozzle, thus
forming fibers of variable size (from milli to micro) with the
designed geometry 1°.

The capability of a material to be extruded in self-standing fibers
with dimensions suitable for a specific application is defined
“printability” 20-22, The development of new inks for 3D-printing
is a complex challenge as different parameters, such the
polymer type, concentration and degree of crosslinking, require
efforts and time to be optimized in terms of printability %23, To
speed up this process, advanced rheological characterization
techniques can be used to predict a priori the ink printability by
analysing few key features 22. For instance, the viscosity profiles
as a function of the applied shear rate and shear stress are the
main properties interpreted, by means of theoretical models, in
terms of useful post printing features such as extrudability,
stress distribution and capability to form self-standing fibers
22,2425 These techniques were used for a wide range of
materials of artificial origin, such as PEG 26 and Pluronic F127 27,
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but also of natural origin hydrogels like chitosan 28, gelatin 2930,
collagen 31, alginate, 32 and composites 3334,

Among the different inks that were proposed for 3D-printing,
alginate assumes a position of relevance for different reasons.
This polysaccharide is well appreciated for the easily tunable
properties, the cost effectiveness and the compatibility with
cells and bacteria encapsulation/loading 2232, However, alginate
solutions are not able to form stable 3D structures, due to the
viscous behavior that induces spreading of the printed
structures?2.

Possible methods to improve their printability are the use of
support materials (e.g., gelatin, Pluronic F127 and agar) or fillers
(e.g., ceramic fibers and nanoparticles). These supports are
needed to obtain shape fidelity of alginate, which cannot
produce self-standing fibers alone and without a crosslinkg
process post-extrusion. Moreover, these approaches rely on the
concept that the composition of the hydrogels should be
adapted to fit the needs of the 3D-printing process. This results
in the production and characterisation of a range of candidate
compositions to be compared and tested in quest of the optimal
formulation34-36,

The 3D-printing of alginate solutions consists, typically, in ionic
crosslinking the polysaccharidic chains by the presence of
divalent cations in solution 3237739 In the majority of the
applications, the ionic crosslinking is obtained by extruding the
alginate in Ca**-enriched baths. In this case, the gelation
(commonly defined as external gelation) of the polymeric chains
is fast and confined at the interface between the alginate fibers
and the crosslinking solution, drastically limiting fiber spreading
but inducing a not homogeneous gelation32. Calcium salts such
as calcium chloride (CaCl,) or calcium sulfate (CaSOg4) can also be
used as pre-printing crosslinkers of the ink (i.e. pre-crosslinking)
to enhance the hydrogel toughness during extrusion and,
hence, to print fibers with higher shape maintenance 404142, As
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an alternative to soluble calcium salts as pre-printing
crosslinkers, it is possible to induce an extremely homogeneous
gelation by using insoluble calcium salts. In this case, crystals of
calcium carbonate (CaCOs) or calcium phosphate (CaP) are
homogeneously suspended into the alginate solution and then
solubilized by the addition of acidifying agents, usually glucono-
6-lactone (GDL) 43-%6, The gradual dissolution of the calcium
salts results in a progressive release of free Ca** ions in the
whole bulk of the solution upon time. In this way, the formation
of crosslinking sites among the polymeric chains is uniformly
distributed, leading to the formation of an extremely
homogenous 3D network. Although the homogeneous gelation
of alginate, defined as internal gelation, was actively exploited
for microsphere formation, insulin encapsulation and drug
delivery systems 47-9, it is still poorly assessed for 3D-printing
purposes, limiting its few applications as pre-crosslinking
treatment as an alternative to CaCl, or CaSO,4 414450,

The current strategies for alginate 3D-printing shared common
limitations independently from the specific application. For
example, the interfacial ionic crosslinking induced by soluble
calcium salts led to homogeneous fibers only with complex and
not-user-friendly setups and long optimization processes 224251~
55, This inhomogeneity produced effects on the cells both
directly and indirectly. Directly, because the microstructural
gradient due to the external gelation generated a non-uniform
distribution of cells along the fiber section 224256:57_ Although it
may not be considered a disadvantage per se, inhomogeneity is
not tunable a priori when state-of-the-art 3D-printing
approaches are used, where it can only be considered as an
experimental evidence to be observed after the ink
optimization steps. In addition, the higher ionic-crosslinking
degree on the external surface of the fiber indirectly influences
the cellular behavior by limiting the diffusion of molecules, such
as oxygen and nutrients 22°8

The internal microstructure of the fiber, which can be
characterized by the dimension of the polymeric network
constituting the ink, is surprisingly poorly investigated in the
field of 3D-printing. To the authors knowledge, no studies were
developed in the definition of the internal microstructure of the
fibers, although this knowledge could support the development
of models to predict the diffusion of molecules, such as oxygen
and glucose, but also specific cellular parameters, such as their
mobility, as already reported in works with other purposes %~
61

Regardless of the type of gelation, at date, alginate 3D-printing,
is obtained after a long optimization process gained
downstream of a complex trial and error approach. An initial
composition needs to be modified until optimized printability-
related parameters are obtained. This approach implies two
main consequences. First, the "process" is dependent on the
"result" and, hence, it deviates from the standardization scope
that is a priority in the engineering perspective. Indeed, when
an engineered approach is assessed, the control over the
process should guarantee results that are dependent on the
parameters of the process itself, and not vice versa. Second,
printability is considered as a fixed property over time, uniquely
associated with a defined ink composition that does not change.

2| J. Name., 2012, 00, 1-3

Consequently, if a certain composition is not cgnsidered,as
printable, it is necessary to change the inl&Vel tAEUBAEHIOPRAY
mean to recede from the optimal composition for the specific
application.

This work intends to push further these well-characterized
methods of printing alginate in 3D. In particular, the main
characteristics of internal gelation, which are the dynamic
variation of the viscoelastic properties and the homogeneous
network formation, will be exploited to engineer the ink
optimization. We named this new approach as “3D-reactive
printing” to underline the transient nature of the reacting
mixture during the printing process, which is the peculiar
feature of the proposed approach. We selected “reactive” as
“the term expresses a kinetic property”%2. The control over the
printing time will be assessed as a new key factor to be
considered when optimizing the ink printability. For these
reasons, rheological characterization will be performed during
the dynamics of internal gelation and used to tune the
viscoelastic features related to printability (i.e., shear tinning
behavior, yield stress and recovery). The approach discussed in
this work, defined as reactive printing, is investigated as a new
strategy to modify the printability of alginate hydrogels without
varying their composition.

Materials and methods

Materials

The different inks were produced with alginic acid sodium salt
(Sigma-Aldrich 180947; Lot MKBZ9710V), sodium chloride 99.0-
100.5% (NaCl) (Sigma-Aldrich; Lot 13423), calcium carbonate 2
99.0% (CaCO3) (Sigma-Aldrich C4830; Lot SLBL4279V) and D-(+)-
gluconic acid 6&-lactone (GDL) (Sigma-Aldrich G4760; Lot
SLBM7762V). For the complete DMEM formulation, Dulbecco’s
Modified Eagle Medium, foetal bovine serum (FBS), L-glutamine
and penicillin-streptomycin solution were purchased from
Sigma-Aldrich.

Ink preparation

Alginate inks were prepared by using either saline solution
(0.057% w/v NaCl concentration) (S-ink) or complete DMEM
medium (enriched with 10% FBS, 2 mM L-glutamine, 100 U/ml
penicillin and 100 pg/ml streptomycin) (D-ink). Alginate powder
was dissolved in the solvents by gently stirring for at least 12 h
at room temperature. The solutions were mixed in a volume
ratio of 1:5 and 1:6 with, respectively, 2% (w/v) CaCO3
suspension and 7 or 20% (w/v) GDL solution (in the case of
saline solution or complete DMEM, respectively). The mass of
alginate was set to reach a final concentration of 4.5% (w/v). For
the rheological characterization, alginate hydrogels (2 ml) were
poured into petri dishes (diameter of 35 mm) to obtain samples
with thickness of ~ 2 mm. For the printing process, the alginate
hydrogels (3 ml) were immediately poured into Cellink
cartridges (Cellink, Gothenburg, Sweden).

Rheological characterisation

Time sweep scans in oscillations, steady state rotational
rheometry under shear rate and recovery tests were performed
with a rotational rheometer (Anton Paar, Modular Compact
Rheometer MCR 502) in a parallel plate configuration with 25
mm diameter plates (Anton Paar, serial number: 52890). Tests

This journal is © The Royal Society of Chemistry 20xx
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were carried out at 25 °C, controlling temperature with a Peltier
system.

After checking that no slip was occurring, the gap was always
setat 0.5 mm.

The time sweep test was performed immediately after the ink
preparation. The test duration was 3 h, during which a
sinusoidal shear strain history, with 0.5% amplitude and a
frequency of 1.0 Hz, was applied.

In consequence of the results of the time sweep test, the flow
behavior of the inks was investigated immediately (O min) and
30 min after preparation by applying a shear rate ranging from
0.01 s1to 2000 s,

Furthermore, the presence of a yield stress of the inks at 0, 30,
60 min and 24 h after preparation was investigated by means of
shear stress amplitude sweep in oscillation with amplitude
ranging from 0.1 to 100 Pa at a constant frequency of 1 Hz.
The viscosity recovery measurements were performed at 0 min
and 30 min by applying a low shear rate of 0.01 s~ for 200 s,
followed by a high shear rate window (100 s) at 895 s~! and a
final low shear rate window of 0.01 s™1 (starting at 200 s).
Similarly, the recovery in the oscillatory regime was obtained by
measuring the storage (G’) and loss (G”’) moduli, for all the time
points considered, with a series of three strain amplitudes
(0.5%, 100% and again 0.5%), maintained for 100, 100 and 200
s respectively, and a constant frequency of 1 Hz.

The G’ and G” of the inks at 0 min, 30 min, 60 min and 24 h were
measured in the frequency range of 0.1 - 20 Hz with an applied
shear strain of 0.5% (frequency sweep test).

Microstructural characterization of the inks

The frequency response of the viscoelastic properties was
considered in the view of the generalized Maxwell Model
(GMM) to estimate the microstructure evolution of the inks
during the gelation process.

The microstructure was described in terms of the mesh size, ¢,
corresponding to the distance between two crosslinking sites on
the same alginate chain. In a bioengineering application this
parameter is useful both to compare the structure of the
hydrogel with the tissue to be modeled and to predict the
diffusivity through the hydrogel (considering only the steric
interaction)®3-65,

The data were obtained in the linear viscoelastic regime and
could be interpreted by applying the generalized GMM, which
is made up of a parallel of n Maxwell elements. Each element is
formed by the series of one spring (elastic component) and one
dashpot (viscous component) characterized, respectively, by a
specific relaxation time, A;i, and viscosity, ;. The series are
then in parallel one with respect to the other. Similarly to other
works, the relaxation times of the springs were considered
scaled each other by a factor of 10 (i.e., A; = 10-1;,41) and a
pure elastic element (spring with relaxation time G.) was added
in parallel to the other Maxwell elements 63,64,66,67,

From the GMM,, it is possible to predict the dependence of G’
and G” from frequency (equations 1 and 2):

_ ; (Aiw)? (i
= Ge +Z 1+(}\u))2'G_?\_i @
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where w is the angular frequency, 1; and A; the viscosity and
relaxation time associated to the i-esimal Maxwell element.
These equations were not applied for the time points of the
crosslinking kinetics that preceded the gel point, as no network
is present, but only for those that satisfied the condition G’ > G”
(i.e., solid-like behavior).

To estimate the microstructure of the inks, the GMM was used
to fit the frequency sweep curves by minimizing the error,
defined accordingly to equation 3, between theoretical results
and experimental data.

error = (n+ 2) - x? (3)

where x? is the chi-squared error, n is the number of Maxwell
elements that varies from 1 to 10, n+2 is the number of
parameters describing the GMM.

The theoretical Ge and Gi obtained by the fitting (equations 1
and 2) can be combined to obtain the fully relaxed shear
modulus (G-) in the form of equation 4:

" i
w0=Get D GiiG=7 (@)
i A

where n is the optimized number of Maxwell elements fitting
the frequency curves. The shear modulus can be further related
to the microstructure of the material by the Rubber Elasticity
Theory according to equation 5:

3| 6RT
= |—7r (5)
7TNAG00

where R being the universal gas constant, T the absolute
temperature, Na the Avogadro constant and ¢ the estimated
mesh size, corresponding to the mean distance between two
crosslinking sites on the same polymer chain.

Printing process and Printability Evaluation

The inks were printed at different time points using a Cellink
Inkredible+ bioprinter, an extrusion-based bioprinter with a
driving force provided by air compression. The structure to be
printed was first described in the predefined code of the
Repetier-Host (Hot-World GmbH & Co. KG, Willich, Germany).
The code was operated by Slic3r to create the geometry-code
(G-code) file containing the specific fill density, fill pattern, layer
dimension, as well as other printing parameters. For the
evaluation of the fiber dimension, a 130 x 130 mm squared grid
(infill 10%) was selected as printing geometry with fiber
distancing of 40 mm. After loading the cartridge with the ink
(2.5 mlin 5 ml syringes), the minimal pressure for extrusion was
identified as the pressure at which a continuous flow of material
started to be observed from the nozzle tip (nominal internal
diameter 0.250 mm). This pressure was also increased in steps
of 2 kPa to investigate, in the same printing process, the
variation of the fiber diameters as a function of the applied
pressure.

J. Name., 2013, 00, 1-3 | 3
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gig(ure 1 The kinetics of the homogeneous crosslinking of the inks in saline (A, black lines) and DMEM (B, red lines) was expressed by measuring G”” (dashed line) and

continuous line) or considering their ratio tan(8) (C) over time.

The uniformity factor of the fibers (U) was determined by
computing the ratio between the length of the fiber profile and
the length of an ideal fiber with perfectly strait profile (for the
parameters interpretation, see also Figure 9). For fibers printed
at the minimal pressure, the coefficient U was hence
determined by the formula (equation 6):
Lreal

v Ligear (6]
The Pore coefficient (Pr) and the perimeter coefficient (Pe) were
computed by analyzing the pores and the perimeter of a bi-
layered geometry of 20 x 20 x 0.5 mm (infill 25%) accordingly to
equations 7 and 8:

_ (Pore perimeter)?

(7)

16 - (pore area)

1

1 (L, Ly, [ 1(0 ay)] (8)

s |+~ —-1{+1-[14+5-(F+7+~

{[2 (Lx L, 2 \Ly L,
where Kand Eare the mean length of the printed edges along
the horizontal and vertical axis, 0y and o, their standard
deviations and L, and L, the theoretical lengths of the
geometry (i.e., 20 mm). All the dimensional investigations were
made by an optical microscope (Leica DMil model) in inverted
light mode with a 5X magnification. Data were analyzed with the

Imagel free software.
Statistical analysis

Pe =

All the experiments were repeated at least in triplicate, with
data expressed as mean + standard deviation. For comparisons,
the normality test (D’Agostino-Pearson test) was performed to
investigate gaussian distribution. As a consequence of the
results, ANOVA or Kruskal-Wallis and t-test or Mann-Whitney
tests were used to compare groups or a couple of data. The
statistical analysis was performed using Graphpad Prism
(GraphPad Software, Inc., CA, US), release 8.0.1.

Results
Rheological characterization

4| J. Name., 2012, 00, 1-3

The time sweep test was performed to estimate the gel point of
the 4.5% alginate inks by plotting the curves of the G”, G’ and
their ratio (i.e., loss factor, tan(8)) over time (Figure 1). The gel
point was defined as the moment when the storage modulus is
equal to the loss modulus (i.e., when tan(§) = 1) at the
considered frequency. In the case of the inks in saline solution
(S-ink) (Figure 1 A), the gel-point was reached 37 + 4 min after
the addition of the GDL solution to the alginate-CaCO3 mixture,
considered as the starting moment of the internal ionic-
crosslinking (t = 0; pH 6.9). Similarly, the gel-point of the inks in
complete DMEM (D-ink) was reached after 45 + 3 min at pH 6.7
(Figure 1 B). Similar gel points for S-ink and D-ink were reached
by increasing GDL concentration to compensate for the
differences in composition, including 1% w/v in D-ink (saline
concentration in DMEM) and 0.057% w/v NaCl in S-ink (an
arbitrarily selected physiological condition, i.e. the physiological
concentration of NaCl in intestinal mucus). The other
rheological tests were performed considering four different
time points during the dynamics of the internal gelation:
immediately after the preparation (0 min), before the gel-point
(30 min, pH 6.4 for S-ink and pH 5.9 for D-ink), after the gel-
point (60 min, pH 6.3 for S-ink and pH 5.8 for D-ink) and at
complete gelation (24 h pH 6.1 for S-ink and pH 4.1 for D-ink).
The definition of the gel point allowed recognizing the
timeframes when the inks behaved more like a liquid or a solid
material (before and after the gel point, respectively).

Table 1 Flow behavior of the S-ink and D-ink at 30 min interpreted in terms of the Power
Law equation parameters.

Best fit parameters S-ink D-ink
n 0.12 0.51
K [Pa-s"] 59710 9695

This journal is © The Royal Society of Chemistry 20xx
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Table 2 Yield stress of the S-ink and D-ink. The yield point was defined as the value of
shear stress where the inks passed form a solid-like behavior (G’ > G”, tan(§) < 1) to a
liquid like one ((G’ < G”, tan(8) > 1)

Yield stress [Pa]

Time . .
S-ink D-ink
0 min n.d. n.d.
30 min n.d. n.d.
60 min 52+6 87+12
24 h 142 +10 226 + 32
A T B
T 103 el
© ©
2 102 o
= Fry
I i ]
g 1o 3
£ &
> 1p° 0 00000 o g >
o)
10

102 102 10 10° 10" 102 103 10°

Shear rate [5'1]
¢ Omin @ 30min

ARTICLE

The estimation of the shear thinning behavior at;30minonas
obtained by fitting the curves with the POWEr108W FegHELsidA
(equation 7):

n=K@" )

where n is the viscosity, Y the shear rate, K the flow consistency
index and n the flow behavior index (Table 1).

A shear stress amplitude sweep in oscillation was run to get the
shear stress at which the material started flowing, i.e. That
causing the transition from a solid-like condition to a liquid-like

10
103 102 10" 10° 10" 102 10° 10+

Shear rate [s™']
@ Omin @ 30min

Figure 2 Viscosity curve as a function of the shear rate for S-ink and D-ink (A and B, respectively) at the time points of liquid-like behavior, i.e. 0 and 30 min (clearer and

darker colors, respectively).
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Figure 3 Shear recovery test. A high shear rate is imposed in between of two low shear rate windows to simulate the extrusion process from the needle and investigate

the rheological recovery of inks. In this case, the test was performed to S-ink (A)
The shear viscosity was acquired for inks in liquid-like state by
the flow measurements at a variable shear rate (Figure 2).
Immediately after preparation (t = 0 min), the S-ink showed an
almost constant viscosity as a function of the shear rate, which
corresponds approximately to an ideal Newtonian fluid.
Differently, the viscosity of just prepared D-ink slightly
decreased while increasing the shear rate, displaying a slight
shear thinning behavior. After 30 min, the inks displayed a shear
thinning behavior independently on the solutions used for the
preparation. At lower shear rates, the differences in viscosity
between the S-ink and D-ink were more evident with time, with
S-ink showing higher values. These differences reduced at
higher shear rates, when the shear thinning behavior implied a
viscosity decay reaching values similar to those measured
immediately after GDL addition.

This journal is © The Royal Society of Chemistry 20xx

and D-ink (B) in the time points of their liquid-like state.

one (from tan(8) <1 to tan(8) > 1). The S-ink and D-ink exhibited
similar trend in time, with no yield found at 0 and 30 min as no
solid-like behaviour (tan(8) < 1) was observed. For the other
time points, the yield-stress of D-ink and S-ink increased with
the crosslinking time, being minimum at 60 min and maximum
after 24 h (Table 2). The yield stress of D-ink after 60 min and 24
h were comparable to yield stress found for S-ink.

The S-ink and D-ink in their liquid-like state (0 and 30 min) were
subjected to a shear rate history comprising a lower shear rate
followed by a step increase in this variable followed by a
decrease to the initial value. The first step aims at simulating the
low shear experienced by the ink before extrusion, while the
second and third steps modelled the flow condition in the
nozzle tip during extrusion and the post-printing state,
respectively (Figure 3). Immediately after preparation, either

J. Name., 2013, 00, 1-3 | 5
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the S-ink or D-ink were not able to completely recover the View Article Online
original viscosity after the simulated extrusion condition, as the DOI: 10.1039/D1SM0O0604E

curves described a viscosity decrease of 25% (S-ink) and 18% (D-
ink). Differently, the viscosity loss measured after the higher
shear rate window was drastically reduced 30 min after
preparation (5 and 6% for the S-ink and D-ink, respectively).
However, the recovery was not immediate, but required a
recovery phase for both inks to reach 95% of their initial
viscosity value (~ 140 and 90 s for S-ink and D-ink,

6 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx
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of S-ink and D-ink. Optical microscopy of representative fibers and 3D geometry of S-ink and D-ink printed at different time points after

preparation, with a nozzle of 250 um of internal diameter and a set velocity of 15 mm's-1. The scale bar is equal to 500 um for the fibers and 10 mm for the bi-layered

geometries.

investigating the recovery in oscillatory regime (Figure 4). The
S-ink and D-ink were able to recover their viscoelastic
properties only after 24 h from preparation. Indeed, the G’
measured at 24 h decreased by 31%(S-ink) and 25% (D-ink),
while the mean G”’ loss was of

56% and 22%, respectively. It is also worthy to notice that in
between the time points of 30 and 60 min, G’ becomes higher
than G” in the two low shear amplitude windows, indicating the

properties were influenced by the crosslinking kinetics (Figure
5). Indeed, the storage moduli of the S- and D-inks were lower
than the loss moduli (tan(8) > 1, liquid-/ike condition) at 30 min
after preparation, but the sol-gel transition (G’ = G”, tan(6) = 1)
was reached between 30 min and 60 min. The viscoelastic
properties of the inks were directly correlated to elapsing time,
with the minimum and maximum values of G’ and G” registered
at the beginning (0 min) and completion of gelation (24 h),

passage from a liquid-like to a solid-like behavior for both inks. respectively, independently from the medium for the
The frequency spectra of the S-ink and D-ink viscoelastic preparation.
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1250 1250 24h 12504 °™"
'E' E 0 min 'E'j‘
= 1000 = 1000 = 1000}
[ = | =
% g 30 mi g 30 min
min
E 750 $ 750 — S 750 o 2k
5 E E
2] T -
a 500 5 500 5 500
2 2 2
T8 w ('
20111~ T 201+ T T T T T T T 1~ T T 1 250 | e s e e e e T T 1
0 30 60 90 1440 1015202530354045505560 90 100110 10152025303540455055660 90 100110

time [min]

Pressure [kPa]

Pressure [kPa]
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Microstructural characterisation of the inks

The frequency response of the viscoelastic properties was
considered in the view of the GMM to estimate the
microstructure evolution of the inks during the gelation
process.

Independently from the ink type, the estimated shear modulus
and mesh size increased and decreased, respectively, with the
time after the gel point (Figure 6). Indeed, for either S- or D-inks
the shear modulus and the mesh size were maximum and
minimum, respectively, at 60 min and 24 h after preparation.
Moreover, both G.. and § were not influenced by the medium
used at a fixed time point.

Printability Evaluation

The 3D-reactive printing of the S-ink and D-ink, which is
obtained by printing the same ink at different printing times,
generated fibers with features that were strongly affected by
the time in between the loading into the cartridge and printing
(Figure 7). For both the ink types, the fibers were continuous for
the printing processes performed in the first hour after gelation
(i.e., 0, 30 and 60 min), while some inhomogeneities were
observed at complete gelation (t = 24 h). In this last case, the
extrusion on the printing plate was characterized by the
deposition of small clots of the materials.

The microscopical analysis revealed that fiber diameter
changed as a function of both time (Figure 8 A) and printing
pressure (Figures 8 B and C). The 3D-reactive printing of the S-
ink and D-ink showed a general decrease of the mean diameters
in the first hour after preparation. Indeed, the fiber dimension
was maximum immediately after printing and minimum after 60
min, independently from the pressure used for the printing
procedure. For example, the fibers of the S-ink and the D-ink
were, respectively, 958 + 128 um and 805 + 176 um at 0 min,
and 613 + 85 pum and 462 + 42 um at 60 min after preparation.
The indirect relationship between fiber diameter and time was
not observed after 24 h, when thicker fibers were observed with

This journal is © The Royal Society of Chemistry 20xx

respect to the other time points. Oppositely, a positive
correlation was found between the dimension of the fibers and
the pressure used for printing, independently from the time
point and the ink. A higher pressure was required to print fibers
at longer time points. For instance, the minimum pressure for
S-ink was 18 kPa (20 for D-ink) at 0 min and 96 kPa (for both
inks) at 24 h.

The variations of U (uniformity factor) over time confirmed the
dimensional evaluation (Figure 9 A). Indeed, U was near the
ideal condition (U = 1) for all the time points considered before
the complete gelation, with the maximum displacement from
the ideal condition for the freshly prepared inks (9% and 10%
for the S-ink and the D-ink, respectively). The maximum
uniformity was reached after 60 min, when the real and ideal U
differed only for the 1% (S-ink) and 3% (D-ink). At completed
gelation, the fibers were not uniform, as the irregular
deposition of the inks resulted in mean values of U that were ~
66% higher than the ideal reference (maximum values over the
100% in some samples, independently from the ink type).

The results of the characterization of the 3D structures, printed
at different time points of alginate gelation process, were
similar to those for the single fibers: both the Pore and
Perimeter coefficients were strongly time dependent (Figures 9
B and C). Indeed, Pr increased for both the S-ink and D-ink from
values lower than 1, in the first 30 min, to values higher than
the unit at complete gelation. At 60 min after preparation, Pr
was computed to be near the ideal condition, describing
perfectly squared pores (Pr = 1), with Pr equal to 1.0 £ 0.1 in
both the S-ink and D-ink. Similarly, Pe showed the lowest
displacement from the ideal condition (Pe = 1) after 60 min (1%
and 3% for the S-ink and D-ink, respectively), as shown in the
insets of Figure 9. The highest displacement from the unit was
found for the freshly prepared inks: Pe = 0.95 for S-ink, and Pe
=0.86 for D-ink. The means of the three parameters considered
(U, Pr and Pe) were further combined in a new coefficient,

J. Name., 2013, 00, 1-3 | 9
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defined as Printability coefficient (P). As Pe is a pure number,
computed by including in the equation (8) the mean and the
standard deviation of a series of printed samples>°, P weighs as
equals the means of U and Pr with the pure value of Pe. The
ideal condition of reference was fixed, as reported in the
equation (10), at the unit value (Figure 9 D):

3
P=1—7—7 (10)
U pPr Pe

P approximated the ideal value of 1 after 60 min from S-ink and
D-ink preparation (0.99 and 0.97, respectively), with the
maximum displacement found for the freshly prepared inks (10
and 20%, respectively).

Discussion

A rich state-of-the-art was developed in the last years for the
3D-printing of alginate hydrogels. The different techniques
proposed for printing alginate inks led to many advances, such
as the definition of rheological tests to investigate the ink
printability and parameters for its quantification 3242, Recently,
researchers have committed increasingly efforts to overcome
one of the historical limitations observed when printing
alginate, i.e. inhomogeneous structure of the printed fibers, by
assessing new crosslinker-free inks or alternative crosslinking
methods5%68-71  In this view, internal gelation was able to
improve the homogeneity and printability of the alginate inks,
while preserving some aspects of the state-of-the-art methods.
For examples, CaCl,-baths were still used to improve the shape-
fidelity post extrusion even though a homogeneous crosslinking
was obtained pre-printing with CaCO3 and GDL 4450, Similarly, if
CaCOs is added to the GDL solution before alginate, there is a
subsequent release of free Ca** prior to mixing with the
polymer, recreating a condition comparable to the external
gelation obtained with soluble calcium salts*l. However, to
date, the maintenance of the pre- and/or post-crosslinking as a
strategy to print did not allowed, overcoming other limitations
rather than homogeneity, such as the long optimization process
due to its trial-and-error nature and the necessity to adapt the
process (i.e. printing) as a consequence of the results obtained
(i.e. printability). In this work, we focused on changing the
approach behind the whole alginate printing process by
proposing the 3D-reactive printing of alginate. In this new
approach, the smooth variation of the viscoelastic properties
during the internal gelation process (Figure 1) was used to tune
the printability of the same ink — prepared in the same cartridge
— by controlling the printing time. The acidification agent (GDL)
was used to achieve comparable gel points for alginate
solutions in DMEM and 0.057% NaCl by compensating for the
different contribution of the components in each medium. The
higher amount of GDL in the D-ink preparation slightly reduced
the pH at each time point (the max difference between the pHs
of the two inks is equal to 8%, corresponding up to 0.5 pH units
of difference). The different medium composition in S-ink and
D-ink may have influenced the crosslinking kinetics.

10 | J. Name., 2012, 00, 1-3

Indeed, time was the parameter that mainly influencesothe
(reactive) process, as observed during@itReP3eHelSHORFHBF
rheological characterization or the 3D-printing procedure. This
observation resulted independent of the medium for the ink
preparation, i.e. a saline solution (0.057% w/v) (S-link) and
complete DMEM (D-ink).

From a rheological point of view, the solid-like condition G’ > G”
(tan(6) < 1) was found to be a key feature to be monitored in
time to select the optimized printing time. Indeed, the viscosity
recovery was null for the freshly prepared S-ink and D-ink
(tan(8) > 1) and within a transitory phase of 30 min (Figure 3).
However, the solid-like state is not a sufficient condition for a
fast recovery, as the optimized viscoelastic recovery observed
in the S-ink and the D-ink after 60 min from preparation (tan(6)
< 1) was not maintained after 24 h (again, tan(6) < 1). At this last
time point, the increased solid-like behavior was experimentally
associated to an increase in ink brittleness, which caused an
irreversible damage during extrusion from the nozzle (Figure 4).
Remarkably, the mean value of tan(8) for which the S-ink and
the D-ink were found to be optimally printable (60 min, tan(d)
equal to 0.3 and 0.5, respectively) were also in good accordance
with the results showed in other works 2530,

The main aspects of the 3D-reactive printing process (e.g.,
extrudability and self-standing fiber formation) were correctly
predicted by rheological tests similarly to what was previously
described for the state-of-the-art approaches for 3D-printing of
alginate 2272, Printability quantification was performed by
considering three parameters investigating the uniformity of
the fibers (U), shape fidelity of the 3D structure (Pr) and
accordance with the theoretical perimeter (Pe) 5%73. This work
proposes an additional parameter, the Printability coefficient
(P), thus combining in a single number the information obtained
by the mean values of the previous parameters, as described by
equation 10. Similarly to the other parameters already reported
in literature, the P coefficient is equal to 1 for printed constructs
that precisely resemble the CAD perimeter (Pe = 1) in well-
structured 3D layers (Pr = 1) made up of perfectly straight fibers
(U = 1). The printing conditions were correctly correlated with
the flow behavior of the ink. Indeed, the freshly prepared S-ink
and D-ink were not-printable (P < 1). They were immediately
extruded through the nozzle when the pressure valve was
moved from the minimal pressure of 18 or 20 kPa (for the S-ink
and the D-ink, respectively) (Figures 7 and 9), spreading onto
the printing-plane and confirming the Newtonian behavior as
well as the null recovery (Figure 3). After 30 min, the fibers of S-
ink and D-ink deposited at a velocity of 15 mm/s appeared like
viscous wires and they required a higher pressure than freshly
prepared inks to be extruded. The increased viscosity resulted
in an improved capability to macroscopically reproduce the
CAD-designed perimeter (as indicated by the Pe parameter).
Although P was improved with respect to the freshly prepared
inks, the slow shear recovery after the extrusion-simulated
condition confirmed that the inks lacked in self-standing
capability during the immediate post printing, which resulted in
poor structured 3D networks (Figure 9).

The high recovery (~ 94%) and the low yield stress of the S-ink
and the D-ink, printed 60 min after preparation, described a

This journal is © The Royal Society of Chemistry 20xx
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rheological analogue of the ink behavior ongoing during 3D-
printing. Indeed, they were extruded in a wire-like shape and
deposited in well-structured fibers on the support glass (P ~ 1).
In this condition, the fibers were thinner and more continuous
than after 24 h (Figures 7 and 9), because of the greater viscous
contribution of G”, which allowed the inks being extruded from
the nozzle without breaking. Instead, after 24 h, the material
laid in discontinuous blocks, resulting in not uniform fibers (U
>> 1) due to hydrogel fragmentation during the extrusion. This
fact was correctly indicated by the ink breakage during the high
shear strain window of the viscoelastic recovery test and the
resulting G’ decay.

The 3D-reactive printing approach brought at least two
advantages. First, it produced structures more adherent to the
designed geometry than those obtained by internal gelation
without monitoring the time properties of the ink. For example,
the spreading ratio (i.e., fiber diameter/nozzle diameter) of the
S-ink and the D-ink, at the optimized time point of 60 min, was
found to be 44 - 62% lower than other inks with comparable
composition but printed without investigating the optimal
printing time 41. Second, the 3D-reactive printing of alginate
showed the potential to engineer in one single step what was
typically produced with the pre- and/or post- crosslinking
approach in terms of fiber diameter, uniformity and printability
44,50_

The well-assessed rheological characterization used to simplify
the optimization process of the ink is not able, alone, to allow
for a deep investigation of the microstructure of the ink itself.
However, this parameter affects the diffusion of molecules,
such as oxygen, nutrients and other molecules, and their
availability for the cells in the fibers, modulating in this way their
growth 637475 |t is, hence, of primary importance to combine
the dimensional characterization of the printing fibers with the
estimation of their microstructure in the perspective of cellular
studies. For this reason, the characterization for the printability
investigation was enriched with the rheological approach
already exploited to estimate hydrogel microstructure in other
applications 63,76,

In this work, the GMM was used to fit the frequency spectra of
the S-ink and the D-ink, thus estimating the shear modulus (G-)
and mesh size (), which are indicators of their resistance to
shear deformation and the distance between two crosslinking
sites on the same alginate chain, respectively 6.

The possibility of characterizing a priori the internal
microstructure of the fibers could allow, for example,
investigating cell behavior a posteriori of the printing process by
defining suitable computational models, as already proposed in
other works not focused 3D-printing®®. Similarly, microstructure
characterization could also be exploited to preliminarily
investigate the suitability of the ink for cellular study by
comparing the estimated mesh size with literature data. For
example, the mesh size of S-ink and D-ink were comparable to
those found to facilitate oxygen and glucose diffusion in
hydrogels seeded with human adipose-derived stem cells, with
a cellular availability of ~ 80% 74. This would boost towards the
minimization of the waste of resources, by facilitating a priori

This journal is © The Royal Society of Chemistry 20xx
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the recognition of critical cellular applications or, canversel..of
optimal culture parameters when availabl&inlfit€qthral00604E
Thanks to the mesh size estimation, it was further possible to
monitor the hydrogel networks after the gel point. Following
the theory (equation 5), the mesh size was inversely
proportional to the shear modulus and coherent with the
gelation process pictured during the time sweep test. Indeed,
the number of crosslinking sites increased in time due to the
increasing availability of calcium ions after GDL addiction,
leading to a reduction of the network
microstructure 6. The mesh size reduction (7+2and 8 1 nm
for S- ink and D-ink respectively) ended after 24 h, when
gelation was completed, and was found to be comparable (3 -
10 nm) with other alginate hydrogels with similar polymer
concentrations 6476,

It is also worth to notice that the method proposed for the
microstructure estimation may not be similarly suitable neither
for externally crosslinked inks nor internally pre-crosslinked and
externally post-crosslinked hydrogels. Indeed, the estimation
obtained by combining the GMM with the rubber elasticity
theory assumes a homogeneous network formation, condition
which is hardly met for the well-assessed CaCl,-mediated
printing methods 3766,

continuous

Conclusions

The 3D-reactive printing of alginate produced self-standing
fibers with a defined shape after extrusion, without the addition
of additives. All the controlling parameters affecting the
reaction kinetics should be carefully considered. For example, it
was demonstrated that medium composition plays a role in the
ionic crosslinking kinetics of alginate. On the other flip side of
the coin, the controlling factors are important tools that can be
exploited to optimize the reactive inks. In our specific case, 3D-
reactive printing of both S-ink and D-ink showed the highest
printability coefficient after 60 min from preparation.

The proposed method allows for the engineering of the
mechanism of alginate gelation, moving from an immediate
crosslinking to a progressive one. This is a considerable shift of
the state-of-art of 3D-printed alginate hydrogels, which implies
pre-crosslinked or post-crosslinked alginate solutions. In line of
principle, the approach of 3D-reactive printing can be extended
to other crosslinking reactions whose kinetics can be
predetermined and controlled. This opens to the possibility to
switch the typical approach of adapting the hydrogels to the
process, to the adaptation of the process to the hydrogels.
Coupled with ad hoc rheological characterization, the 3D-
reactive printing opens to the possibility to identify a time
window to make printable a previously unprintable ink. This
influences its uses in the thriving field of 3D-printing for cell-
based bioengineering applications.
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