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3D-bioprinting requires bioinks with a set of mechanical and chemical characteristics, including biocompati-
bility, suitable flow, the preservation of cell viability during extrusion, and shape retention upon printing to
construct structures in 3D. Biopolymer-based hydrogels including mixtures of gelatin and alginate are ideal,

E:::;lit although their printability is challenging due to important thermoresponsive behavior, requiring expensive
Hydrogel Sy temperature-controlled printers.

Rheology Here, we present a methodological framework that predicts the printability of gelatin-alginate bioinks directly
Biocompatibility from rheological parameters. By quantitatively linking viscosity and storage/loss ratio to extrusion fidelity, and

by identifying gelation temperature and gelation speed as key windows for adjusting the printing process, we
establish actionable design rules that enable printing with non-temperature-controlled devices, resulting in shape
fidelity, spreading ratios, and printability ratios close to 1, while permitting a high cell viability after printing
(92.4 £ 2.2%) that can be maintained for up to 8 days (96.5 + 0.9%).

This predictive approach provides a practical pathway to design thermosensitive bioinks without relying on
trial-and-error or specialized equipment, broadening the accessibility of 3D bioprinting technologies for tissue
engineering.

1. Introduction

3D bioprinting is a key technique in tissue engineering, as it enables
the fabrication of biomimetic structures with high spatial resolution and
provides valuable insights into cell-cell interactions and drug screening
[1-4]. Its success depends on the use of bioinks that meet strict re-
quirements to ensure both printability and functionality of the printed
constructs. Bioinks must exhibit biocompatible chemistry; possess
viscoelastic properties that allow precise deposition while minimizing
shear stress-induced cell damage; stabilize upon deposition to form
complex 3D structures; maintain integrity under physiological culture
conditions; and permit efficient diffusion of nutrients and waste

products to sustain cell survival and function [5].

Hydrogels are especially suited for this purpose, as they behave as
solids despite containing more than 90% solvent [6,7].
Biopolymer-based hydrogels are particularly attractive candidates
because their water-rich structure and biochemical cues mimic the
extracellular matrix (ECM), supporting cell adhesion, proliferation, and
differentiation. Moreover, their physicochemical properties can be
tuned to influence cell behavior [8-10]. Among these, gelatin—derived
from collagen—offers biocompatibility and integrin-binding sites, and
undergoes reversible gelation near room temperature, providing struc-
tural integrity [9,11]. Alginate, a polysaccharide extracted from
seaweed, is also widely used due to its biocompatibility and ability to
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form ionically crosslinked networks in the presence of divalent cations
[8,12-15].

Combining alginate with gelatin has attracted considerable interest,
as the mixture combines the benefits of both polymers: high biocom-
patibility, tunable viscoelastic properties, and the possibility of ionic
crosslinking to stabilize constructs under physiological conditions
despite gelatin's thermoreversible nature [8,9,15-19]. However, gela-
tin's  gelation and  rheological  properties are  highly
temperature-dependent [11], requiring precise temperature control
during bioprinting [19-23]. This dependence poses a challenge, as
temperature-controlled printers are expensive, limiting the accessibility
of gelatin- and other thermosensitive-based bioinks. Most studies using
gelatin-alginate inks have relied on trial-and-error optimization of
printing conditions (e.g., speed, needle diameter, or pressure), and
assessed printability through indicators such as fiber continuity,
spreading ratio, layer stacking, shape fidelity, and printability ratios.
Giuseppe et al. [24] evaluated gelatin-alginate inks on a
non-temperature-controlled printer, but assumed constant bioink tem-
perature throughout the process, overlooking its impact on printability.

Few authors attempted to correlate rheological properties with
printability. Chung et al. [19] pointed the need of a solid-like behavior
(G’>G") for a good printability, whereas Paxton et al. [23] pointed yield
stress, shear thinning, and recovery tests qualitatively as tools to select a
bioink with better printability. Gao et al. [16] found that the extrusion
pressure depends on G' and G” collectively, and suggested that good
printability requires bioinks with loss factor values (G’*/G’) between
0.25 and 0.45. However, all these works used bioprinters with active
temperature control, keeping the bioink at a constant temperature, they
consider very few gelatin-alginate mixtures, and do not study in detail
the influence of temperature. Table 1 lists relevant works studying the
influence of rheological parameters on printability of gelatin-alginate
bioinks as well as the predictive/descriptive nature of the contribution.

Here, we address a critical gap in the field: despite the extensive
literature on gelatin-alginate bioinks—including influential studies that
relate rheological properties to printability—most approaches optimize
printing at a single, fixed temperature using printers with active thermal
control. Consequently, printability remains largely tuned by trial-and-
error within narrowly defined conditions, which limits reproducibility,
hampers transferability across laboratories, and constrains imple-
mentation on low-cost bioprinters lacking temperature regulation. In
contrast to prior work that correlates rheological parameters with
printability at one selected temperature, we introduce a predictive

Polymer Testing 157 (2026) 109138

framework that explicitly accounts for the temperature dependence of
viscoelastic behavior. By systematically mapping viscosity and the
elastic-to-viscous balance (G'/G") across temperature and linking these
variables to semi-quantitative printability metrics, we identify rheo-
logical windows that anticipate successful printing rather than retro-
spectively describing it (Fig. 1).

Importantly, our framework extends beyond static temperature set-
points by incorporating a temporal dimension: we define a room-
temperature printing time window governed by cooling and gelation
kinetics. This enables controlled and reproducible printing without
active thermal control, a condition not addressed in previous gelati-
n-alginate studies.

The framework is validated using quantitative printability metri-
cs—including spreading, printability ratio, shape fidelity, height fidel-
ity, and height stability—and through the fabrication of a composite 3D
structure assembled from two bioinks in three sequential printing stages.
These results demonstrate that temperature-dependent rheological
mapping can be translated into stable multilayer builds and geometri-
cally complex constructs under non-temperature-controlled conditions,
moving gelatin-alginate bioprinting from descriptive optimization to-
ward predictive design. Importantly, we demonstrate the construction of
breast cancer tissue models, which remain viable for several days. This
optimization could broaden the applicability of gelatin and other ther-
mosensitive bioinks in tissue engineering.

2. Results and discussion
2.1. Solubility and manual extrusion

As a first screening, alginate (0.1-10 % w/v), gelatin (0.1-10 % w/v)
and their mixtures were dissolved in PBS to mimic physiological pH and
ionic strength. Table S 1 in the Supporting Information summarises the
concentrations tested and whether they dissolved. Formulations were
named according to their alginate and gelatin contents (e.g., A1G3
contains 1 % alginate and 3 % gelatin). Alginate provides carboxylate
groups, while gelatin contains guanidine (arginine), amino (lysine) and
imidazole (histidine) groups. Although all these functional groups ionize
near neutral pH, gelatin dissolved readily (<1 h) throughout the tested
range, but alginate was insoluble above 5 % (A5G0 to A5G7), whereas
mixtures with >3 % alginate dissolved more slowly (>1 h) because of
the polymers’ high molecular weight (gelatin 50 000-100 000 g/mol;
alginate 10 000-600 000 g/mol).

Table 1
Gelatin-alginate printability: prior studies by temperature control, rheology, assessment, and predictive scope.
Study (year) Temperature control Alg-Gel compositions Rheology considered Printability assessment Predictive scope Ref
Chung et al., Yes (controlled Alg-Gel blends Viscosity, G'//G"; temperature Qualitative print quality; Descriptive [19]
2013 setpoints) effects qualitatively resolution/precision
Paxton et al., Yes Multiple inks incl. Alg-Gel Yield stress, shear-thinning, Filament formation - Heuristic/ [23]
2017 recovery (protocolized) rheology screen descriptive
Ouyang et al., Yes Gelatin/alginate variants None (focus on image metric)  Printability index on Metric only [20]
2016 lattices
Pr =L%/16A
Ribeiro et al., Yes Generic hydrogels G'/G" moduli and yield stress Filament collapse & fusion =~ Methodological [25]
2017 as a function of composition (quantitative image
analysis)
Gao et al., 2018  Yes (single T) Gelatin-alginate composites G, G; tan § ~ 0.25-0.45 Pressure/printability at Semi-predictive at [16]
fixed T one T
Di Giuseppe Usually controlled; no  Alg-Gel blends Viscosity & mechanics Lattice fidelity/accuracy; Descriptive [24]
et al., 2018 systematic T-mapping emphasis mechanical tests
Soltan et al., Yes ADA-Gel (Alg derivative) G'/G"; tan & Quantitative printability &  Semi-predictive [12]
2019 viability
Gregory et al., Yes One Alg-Gel composition (prepared  Viscoelasticity vs cell loading  Line spreading; viability; Descriptive with [26]
2022 with alginate of two MW); varying pressure biological factors
cell density
Ahmadi- Yes (pre-cooling; Alg-Gel Rheology-guided parameter Multilayer mesostructures Descriptive [27]
Soufivand setpoints) tuning optimization

et al., 2023
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Outcome

* Temperature-sensitive Rheology Predicted Printability tests *Printers without active
bioinks (gelatin-alginate) Viscoelastic properties ~ temperature-viscoelastic using metrics thermal control
* Printers without active vs. temperature window *Stable extrusion

thermal control
*Unpredictable printability

High fidelity
*High cell viability
Predictable scheduled
printability

Fig. 1. Rheology-based predictive framework for the printability of thermosensitive bioinks in non-temperature-controlled bioprinting systems. Schematic overview
of the methodology proposed. Thermosensitive gelatin-alginate bioinks printed using bioprinters without active temperature control often exhibit unpredictable
printability due to uncontrolled thermal variations. By characterizing the temperature-dependent viscoelastic properties of the bioinks and accounting for time-
dependent cooling kinetics, a predicted temperature-viscoelastic printability window can be defined, enabling the anticipation and scheduling of stable extru-
sion, high geometric fidelity, and preserved cell viability, without the need for active thermal regulation.

As a bioink requires to be extruded under a relatively low shear stress
to protect the cells from lysis [20,28], we manually extruded the solu-
tions through a syringe at 35, 30, 25 and 20 °C and assessed their
macroscopic phase and relative ease of extrusion (Table S 1). Repre-
sentative images are shown in Figure S 1. Higher polymer concentra-
tions yielded more solid materials; temperature had little effect on
alginate solutions but affected gelatin, which solidified as temperature
fell. Fluid compositions (e.g., most pure alginate solutions, gelatin <3 %
or low-concentration mixtures) were easy to extrude (level 1, similar to
water) but lost their shape and are unsuitable for 3D printing. Highly
concentrated formulations that were solid at > 25 °C maintained shape
but required high extrusion pressures (level 4, equivalent to a hard
toothpaste), which could potentially damage cells (e.g., A3G7). Suitable
bioinks extruded under low to medium pressure (levels 1-3) and kept
their shape (semi-solid and solid at < 25 °C); this occurred in gelatin
solutions >5 % and mixtures with <3 % alginate and 5-7 % gelatin.

Later, crosslinking is necessary to maintain structure of printed
constructs as they must be later incubated near 37 °C for cell survival,
and gelatin becomes fluid at this temperature [20]. Divalent cations
such as Ca?* bind adjacent alginate chains and form a solid shell [19,
29]. Accordingly, extruded hydrogels were immersed in 100 mM CaCl,
for 1 min. Crosslinking stiffened the surface without altering the shape
(Figure S 1).

On the basis of these results, formulations containing 0.66, 1 or 2 %
alginate and 5, 6 or 7 % gelatin were selected for rheological tests
(temperature and shear rate ramps) to study their viscoelastic behavior,
including the liquid-solid transition and stiffness.

2.2. Gelation and strength

Analogous to crystallization, gelation involves the arrangement of
gelator molecules into a network that entraps solvent, decreases entropy
and kinetic energy compared to the solution, and releases energy to the
surroundings (exothermic process) [6,30-32]. Cooling reduces molec-
ular mobility and promotes supramolecular interactions (e.g., hydrogen
bonds) between biopolymers and water, leading to a network with
higher resistance to deformation.

To study this transition, the storage modulus (G, elastic behavior)
and loss modulus (G’, viscous behavior) of gelatin (5-7%), alginate

(0.66-2%), and mixtures were measured during temperature ramps
from 40 to 20 °C at —1 °C/min, with a constant frequency of 1 Hz and
strain of 0.5% (within the linear viscoelastic region). Results for alginate
and gelatin are shown in Fig. 2 A, while the mixtures are shown in the
Supporting Information (Figure S 2).

Higher polymer concentrations increased both G’ and G” by several
orders of magnitude. Alginate solutions consistently exhibited viscous-
dominated behavior (G" > @), unaffected by temperature. In contrast,
gelatin solutions underwent gelation below ~27 °C, where G’ surpassed
G’, indicating a transition to solid-like behavior. The Storage/loss ratio
(G'/G") (inverse loss tangent) describes this predominance of elastic over
viscous response, and reflects the status of the gelation (Fig. 2 B). Its
slope versus temperature reflects gelation speed (Fig. 2C). The gelation
temperature (Tge) is defined as the point where G' = G" (G/G" = 1)
(Fig. 2 B), with values summarized in Fig. 2 D.

As observed, higher biopolymer concentrations led to a higher
resistance to deformation (G’ and G” values between 10 and 1000 Pa).
Nonetheless, alginate solutions always show a predominant viscous
component (fluid-like behavior) (G’>G'), which is not affected by
temperature. In contrast, gelatin solutions undergo gelation, as observed
by a crossover of the Storage over the Loss values (G’ >G") at lower
temperatures (<27 °C), leading to a predominant elastic component
(solid-like behavior).

Increasing gelatin concentration generally raised Tge, consistent
with the greater number of supramolecular interactions (hydrogen
bonds, electrostatic interactions) that stabilize the network and require
higher temperatures to disrupt. Adding alginate induced earlier gelation
at higher temperatures than gelatin alone, reflected in increased G’ and
G" values (Figure S 2) and higher G'/G” ratios above Tge; (Fig. 2 B). This
effect raised Tge at low alginate content (0.66%) but decreased it as
alginate increased to 2% (Fig. 2 D), likely due to steric hindrance. At any
given temperature, higher gelatin content yielded larger resistance to
deformation, although at the T of each composition (G’ = G"), values
were similar across gelatin concentrations. Similarly, increasing alginate
up to 2% also raised the resistance to deformation by several orders of
magnitude at any given temperature (Fig. 2C), highlighting the strong
influence of additional supramolecular interactions created by alginate
in the network.
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Fig. 2. A) T-ramps in oscillatory flow: Storage (G') (solid circles) and Loss (G") (empty circles) moduli of hydrogels of different concentrations of alginate or gelatin as
a function of temperature performed at a constant frequency of 1 Hz and at a constant strain of 0.5% and a temperature change of —1 °C/min. B) Storage/loss ratio
(G’/G") as a function of temperature. The legend includes the color code followed for different bioink compositions. C) Gelation speed of the different mixtures
studied, as calculated by the slope of Storage/loss respect to temperature (B). D) Gelation temperature (Tgep) of the different mixtures studied. Values represent

Mean £ SD (n = 3).
2.3. Viscosity and shear thinning

During printing, bioinks experience high shear stress as they pass
through a needle or nozzle, generating pressure that can compromise
cell viability [20]. Therefore, materials that reduce viscosity under shear
(shear-thinning behavior) are preferred. To evaluate this, viscosity flow
curves were recorded between 0.1 and 1000 s~ ! at 30 °C (above TgeD
and 20 °C (below Tge), as shown in Figure S 3 A-B. The degree of shear
thinning under these conditions is quantified in Fig. 3A and B. Statistical
comparisons were performed using one-way ANOVA with Tukey's test
(Supporting Information Table S 2, Table S 3).

As observed, viscosity increased with polymer concentration due to
more supramolecular interactions. At 30 °C, gelatin contributed little to
viscosity, while alginate and alginate-containing mixtures displayed
higher viscosity and shear thinning. At 20 °C, gelatin strongly influenced

10000000 A 10000000
1000000 30°C 1000000 20 o
100000 100000

10000 10000

1000 1000
- | ‘I “ “ I‘
1

Shear thinning
(Viscosity increase) (mPa s)

=

viscosity, with shear-thinning values up to four orders of magnitude
greater than alginate alone.

To further assess temperature effects, viscosity ramps from 20 to
30 °C were conducted (Figure S 3C), a range encompassing the T of all
gelatin-containing mixtures, and relevant for the printing process. Pre-
vious studies reported that gelation viscosity depends on gelatin con-
centration but not on temperature, while the role of alginate was not
investigated [20]. In our results, viscosity increased with both gelatin
and alginate concentrations. Alginate viscosity was
temperature-independent, but gelatin viscosity rose by more than three
orders of magnitude when cooled in this range. Consequently, mixtures
also increased in viscosity when temperature decreased. Fig. 3C shows
viscosity at 25 °C, near Tge], where printing typically occurs. Both higher
gelatin and alginate concentrations led to higher viscosity, consistent
with earlier gelation at higher biopolymer content (Fig. 2 B). Significant

A-C
Gelatin
u Gelatin+Alginate 0.66%
m Gelatin+Alginate 1%
m Gelatin+Alginate 2%

100000

10000 10:’ 25°C

1000 ‘ ‘
| ‘ |
1 ‘
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8

o
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Fig. 3. A,B) Shear thinning (change in viscosity) in the range 0.1-1000 s 1 at 30 °C (A) and 20 °C (B). C) Viscosity of alginate, gelatin, or gelatin alginate solutions at
25 °C, close to the gelation temperature. Values represent Mean + SD (n = 3). Significant differences (P < 0.05) were determined using one-way ANOVA with Tukey's

multiple comparison tests (Supporting Information Table S 2-Table S 4).
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differences (P < 0.05) were confirmed by ANOVA with Tukey's test
(Supporting Information Table S 4).

Overall, these results indicate that alginate interactions are primarily
concentration-dependent, whereas gelatin interactions are strongly
temperature-dependent, due to changes in molecular kinetic energy. At
30 °C, gelatin molecules possess too much kinetic energy to interact; at
20 °C, reduced energy allows supramolecular interactions and network
formation. In mixtures with alginate, the additional interactions created
(hydrogen bonds and electrostatic forces) promote the network assem-
bly even at higher temperatures (up to 40 °C). Among these, electrostatic
interactions between alginate carboxylates and gelatin's amino (lysine),
guanidine (arginine), and imidazole (histidine) groups likely play the
dominant role, as they provide higher binding energies than hydrogen
bonds [33,34]. This interpretation is consistent with spectroscopic evi-
dence of alginate-gelatin interactions (FTIR, UV-vis) [35].

2.4. Printability screening

An ideal bioink must have adequate viscosity at low shear (before
printing) to flow smoothly through the nozzle while preventing rapid
cell sedimentation. At high shear (during extrusion), viscosity should
decrease to minimize nozzle clogging and shear-induced cell death, but
remain high enough to maintain material placement after deposition.
Bioinks with shear-thinning behavior meet these requirements and can
adapt to smaller nozzle diameters by compensating for higher shear.
After deposition, the bioink should quickly increase its resistance to
deformation and adopt solid-like behavior to stabilize the printed
structure.

In alginate-gelatin bioinks, these requirements are achieved at
different stages. Above Tge (low shear), alginate provides sufficient
viscosity and stabilizes the solution, making it less sensitive to temper-
ature changes. At high shear (close to Tg), both alginate and gelatin
contribute to shear-thinning behavior. Below Ty (resting state), gelatin
network formation increases resistance to deformation and induces
solid-like behavior, which is further enhanced by interactions with
alginate.

Temperature plays a critical role in gelatin-containing mixtures and
limits their printability. Bioprinters with precise printhead or print-bed
temperature control are expensive, which restricts the use of gelatin
despite its biocompatibility. For this reason, we assessed the printability
of alginate-gelatin mixtures using a simpler bioprinter without tem-
perature control (TissueStart®, TissueLabs). Bioinks containing alginate
(1-2%) and gelatin (5-7%) were prepared at 37 °C (cell mixing tem-
perature) and loaded into 5 mL syringes.

To efficiently assess a wide range of bioinks, both the CAD model and
the printability evaluation strategy were optimized. A CAD design that
can be printed rapidly while challenging three-dimensional shape fi-
delity is required for screening purposes. Accordingly, a cubic design
(5 x 5 x 5 mm®) was selected and printed repeatedly under varying
printing temperatures and extrusion speeds. The syringe surface tem-
perature, measured immediately before printing using a wireless
infrared thermometer, was used as a proxy for the bioink temperature.

In parallel, we introduce the Printability score as a simple, semi-
quantitative parameter for rapid assessment of printability. Several
quantitative metrics have been previously described, including
spreading ratio (fiber thickness relative to nozzle diameter) [36], the
printability ratio (evaluating the squareness of a printed structure) [20],
or the shape fidelity (evaluating the area of the pores of a grid) [37,38].
While robust, these approaches require image acquisition and analysis,
which limits their efficiency when screening a large number of formu-
lations and printing conditions.

For this reason, the Printability score was defined as a four-level scale
ranging from 1 to 4. A score of 1 corresponds to liquid flow, resulting in
an inability to stack layers; 2 corresponds to a viscous material capable
of stacking multiple layers but producing poorly defined structures; 3
corresponds to a semisolid material capable of supporting all layers but
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with limited shape fidelity; and 4 corresponds to a semisolid or solid-like
material that supports all layers and closely reproduces the CAD ge-
ometry. This approach enables rapid classification of bioink printability
under defined temperature conditions without the need for quantitative
image-based measurements. Bioinks identified as promising through
this screening process were subsequently subjected to quantitative
printability analysis using established metrics.

Table 2 shows the bioinks printed, printing conditions (printing
temperature, difference between Tge| and printing temperature), visco-
elastic parameters (Tge, Storage/loss ratio, viscosity, shear stress, G’),
and printability. Representative images of printed structures with 1%
alginate and 5-7% gelatin are shown in Figure S 4.

Printability was strongly influenced by the composition and the
printing parameters. Among the printing parameters, Tprn had the
greatest impact: printability improved as printing temperature
approached Tge. Scores of 3-4 were only achieved slightly below T,
when materials transitioned to solid-like behavior. However, if tem-
perature dropped too far below Tg), viscosity became too high and flow
was hindered, reducing printability [8]. For instance, A1G6 scored 4 at
25 °C (0.6 °C below Tgp) but dropped to 3 at 22 °C (3.6 °C below Tge)).

Since non-temperature-controlled printers are limited to room tem-
perature, bioinks with higher Tge; broaden the printability window. In
this case, lower alginate and higher gelatin concentrations favored this
behavior. For example, A1G5 showed a printability score 3-4 below
24 °C, while A2G5 failed to reach good printability even at 23 °C.
Similarly, higher gelatin content improved printability at higher tem-
peratures, where A1G6 and A1G7 showed good printability below
25 °C, but A1G5 only showed good printability below 24 °C.

Print speed also influenced outcomes. Optimal performance requires
matching speed with gelation dynamics. At high viscosity and solid-like
behavior, excessive print speed caused clogging and nozzle retention.
Conversely, very low speeds prolonged printing, exposing bioinks to a
wider temperature range and inconsistent behavior, although this might
be noticeable in mixtures with rapid gelation (high gelatin, low algi-
nate). For instance, A1G7 printed between 25 and 23.5 °C scored 4 at
1 mmy/s, but only 3 at 0.5 mm/s (poor definition of top layers) and 3 at
5 mm/s (poor definition from bottom to top).

2.5. Viscoelastic properties governing printability

Most studies to date have only used a limited number gelatin-
alginate compositions under a controlled temperature and have focus
on finding suitable printing parameters for a specific composition. Some
of them, by looking for trends on the relationship between printing
parameters. For instance, Q Li (2021), using a pressure-driven printer,
found that a higher printing temperature requires either a lower printing
pressure or a higher printing speed [21], but the effect of composition
was not evaluated as only one mixture (gelatin 10%, alginate 2%) was
studied.

Other studies found suitable printing parameters by looking for a
relationship between the composition and the printing parameters.
Ouyang et al. (2016) pointed that a higher gelatin concentration
required higher printing temperature [20]; however, a limited number
of temperatures (intervals of 2.5 °C) and gelatin concentrations (5, 7.5,
and 10%) was tested, while the influence of alginate was not assessed.
On the other hand, few authors attempted to correlate viscoelastic
properties with printability using rheology. For example, Chung et al.
[19] printed three gelatin-alginate mixtures at 5 °C and pointed the need
of a solid-like behavior (G’>G") for a good printability, whereas Paxton
et al. [23] used only one gelatin-alginate composition at 37 °C and
proposed rheological tests (yield stress, shear thinning, and recovery) to
predict if a bioink could be printable. The most complete work is
probably the one presented by Gao et al. [16], who printed 5
gelatin-alginate mixtures at 21 °C and found that the extrusion pressure
needed depends on G’ and G” collectively, and proposed the loss factor
(G’*/G’) as a viscoelastic property that permits predicting extrusion of
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Table 2

Bioinks printed, printing parameters, and the resulting printability score. (a) Bioink's rheological properties gelation speed and Ty as observed in Fig. 2. (b) Printing
parameters: Tpyin is the printing temperature as measured in the surface of the syringe, Temp diff is the difference between Tge and Tpyin:. (¢) Viscoelastic properties of
the bioink at the corresponding printing temperature: viscosity, shear stress values (apparent rheological stresses from flow-curve measurements), G, G”, and Storage/
Loss ratio (G’/G"). (d) Printability score was assigned to each printed structure according to its fidelity with the CAD: A score of 1 corresponds to liquid flow, resulting
in an inability to stack layers; 2 corresponds to a viscous material capable of stacking multiple layers but producing poorly defined structures; 3 corresponds to a
semisolid material capable of supporting all layers but with limited shape fidelity; and 4 corresponds to a semisolid or solid-like material that supports all layers and
closely reproduces the CAD geometry.

Bioink properties® Printing parameters” Viscoelastic properties® Printability‘jl

Bioink  Gelation speed Tgel Print speed Tprint Temp diff Viscosity Shear stress Gt G” Storage/loss Printability
(min’l) Q) (mm/s) QO ({9} (mPa s) (Pa) (Pa) (Pa) ratio® score
Al1G5 0.51 24.9 4 30 5.2 501 5 1.7 5.6 0.29 1
A1G5 0.51 24.9 4 27 2.2 644 6 3.9 7.9 0.49 2
A1G5 0.51 24.9 4 26 1.2 749 7 6.5 9.7 0.61 2
Al1G5 0.51 24.9 4 24.5 -0.4 1047 10 13.3 13.7 0.96 2
A1G5 0.51 24.9 4 24 -0.9 1223 12 15.4 15.0 1.03 3
A1G5 0.51 24.9 4 25 0.1 929 9 9.9 11.8 0.84 2
A1G5 0.51 249 4 24 -0.9 1223 12 15.4 15.0 1.03 3
Al1G5 0.51 24.9 4 28.5 3.7 552 6 2.4 6.5 0.36 2
A1G5 0.51 24.9 4 27.5 2.7 608 6 3.1 7.3 0.43 2
A1GS5 0.51 249 4 27 2.2 644 12 3.9 7.9 0.49 2
Al1G5 0.51 24.9 4 27 2.2 644 12 3.9 7.9 0.49 3
A1G5 0.51 24.9 0.5 28 3.2 578 6 2.6 6.8 0.38 1
A1G5 0.51 249 0.5 27 2.2 644 12 3.9 7.9 0.49 1
Al1G5 0.51 24.9 0.5 26.5 1.7 690 7 4.9 8.7 0.57 1
Al1G5 0.51 24.9 0.5 25.5 0.6 830 8 7.4 10.3 0.72 1
A1G5 0.51 24.9 0.5 25 0.1 929 9 9.9 11.8 0.84 1
A1GS5 0.51 249 0.5 24 -0.9 1223 12 15.4 15.0 1.03 2
Al1G5 0.51 24.9 0.5 23 -1.9 2004 20 29.8 22.6 1.32 3
A1G6 0.53 25.6 5 25 -0.6 2123 21 16.8 15.4 1.09 4
A1G6 0.53 25.6 5 22 -3.6 17433 174 120.6 49.1 2.46 3
Al1G6 0.53 25.6 5 22 -3.6 17433 174 120.6 49.1 2.46 3
A1G6 0.53 25.6 4 25 -0.6 2123 21 16.8 15.4 1.09 4
A1G7 0.77 26.1 0.5 27.5 1.4 1355 14 7.7 11.6 0.66 2
A1G7 0.77 26.1 0.5 25 -1.1 3626 36 33.9 26.2 1.30 3
A1G7 0.77 26.1 0.5 24.5 -1.6 5660 57 50.6 33.1 1.53 3
A1G7 0.77 26.1 5 23.5 -2.6 13616 136 95.3 46.3 2.06 3
A1G7 0.77 26.1 1 23.5 —-2.6 13616 136 95.3 46.3 2.06 4
A1G7 0.77 26.1 1 25 -1.1 3626 36 33.9 26.2 1.30 4
A2G5 0.27 23.9 1 29 5.1 4659 47 22.1 41.6 0.53 1
A2G5 0.27 23.9 1 27 3.1 5492 55 32.1 49.4 0.65 1
A2G5 0.27 23.9 1 26 21 6134 61 39.6 54.2 0.73 1
A2G5 0.27 23.9 1 25 1.1 6981 70 54.0 62.8 0.86 1
A2G5 0.27 23.9 1 24 0.1 8678 87 69.9 71.8 0.97 2
A2G5 0.27 23.9 1 23 -0.9 12139 121 103.8 89.2 1.16 3
A2G6 0.39 24.0 1 28 4.0 7007 70 321 55.7 0.58 2
A2G6 0.39 24.0 1 26 2.0 8939 89 50.0 69.9 0.71 2
A2G6 0.39 24.0 1 24.5 0.5 12446 124 87.7 92.6 0.94 3
A2G6 0.39 24.0 1 23 -1.0 22368 224 160.7 125.7 1.28 3

continuous fibers, when the values range between 0.25 and 0.45. A list
of relevant works on printability of gelatin-alginate mixtures is listed in
Table 1.

These reports collectively indicate that lower printing temperatures
require higher extrusion pressures or lower printing speeds, while
higher biopolymer concentrations necessitate higher pressures or tem-
peratures. However, these works considered very few gelatin-alginate
mixtures and used temperature-controlled printers typically at one
fixed temperature. A comprehensive understanding of how gelatin and
alginate concentrations, together with temperature, influence visco-
elastic properties—and how those properties govern printability—en-
ables predictive tailoring of bioinks and their printing conditions.

In this work, we systematically explored a much broader composi-
tional and thermal space (0.66-2 % alginate, 5-7 % gelatin) and link
four parameters —viscosity, Storage/loss ratio, Tge, and printing
speed—to printability. Table 2 permits identifying viscosity and Stor-
age/loss ratio as the two viscoelastic properties required for good
printability regardless of the composition. Tge, on the other hand, de-
fines the operational window, allowing the identification of the ideal
printing temperature range over which the bioink meets such rheolog-
ical conditions. The printing speed is then tuned based on viscosity to
ensure continuous filament flow.

Fig. 4 illustrates the relationship between viscosity, Storage/loss
ratio, printing speed, and printability. A printability score of 4 was ach-
ieved only when viscosity was between 2123 and 13616 mPa s and
Storage/loss ratio was between 1.0 and 2.1. These conditions are typi-
cally met when the printing temperature ranges between 0.6 and 2.6 °C
below Tgel. Although the loss factor window proposed by Gao et al. [16]
points the need of a solid-like behavior (loss factor of 0.25 to 0.45,
equivalent to Storage/loss ratios between 2.2 and 4), our findings show
that lower values, immediately upon reaching a solid-like behavior
(1-2.1), result in better defined filaments and sufficient resistance to
deformation to prevent layer fusion and hold several layers on top of
each other.

Subsequently, printing speed should be tuned based on viscosity to
guarantee continuous flow. For example, mixtures such as A2G5, with
higher alginate and lower gelatin, exhibited high viscosity at the
printing temperature (Fig. 3C) and so they required low printing speeds
to avoid incomplete deposition. In contrast, A1G6 (lower alginate,
higher gelatin) printed successfully at higher speeds due to lower vis-
cosity. Fig. 4 (D) shows a 3D scatter plot of the viscosity, Storage/loss
ratio, and printing speed, and their influence on the printability score
(indicated by circle size).

Extrapolation of these relationships for a given bioink composition
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Fig. 4. Correlation of viscoelastic properties and printability. (A) Printability score as a function of viscosity. (B) Printability score as a function of Storage/loss ratio.
(C) Printability score circle size) as a function of Storage/loss ratio and viscosity. Gray rectangles indicate the suitable ranges for good printability. (D) 3D scatter plot
showing printability score (circle size) as a function of Storage/loss ratio, viscosity, and print speed.

enables prediction of the temperature ranges over which the required
viscoelastic properties are satisfied. Fig. 5A-D presents three-
dimensional plots of temperature, viscosity, and storage-to-loss
modulus ratio (G/G") across bioink compositions, where parallel
planes delineate the viscoelastic window associated with successful
printability.

In bioprinters lacking active temperature control, the bioink tem-
perature at any given time point depends on its initial temperature, the
ambient room temperature, and the cooling rate of the bioink. The
printing time window can therefore be obtained from the cooling ki-
netics at room temperature, where the bioink transits in and out of the
temperature (and viscoelastic) window at predictable times, allowing
scheduled printing. Bioinks were initially equilibrated at 37 °C, corre-
sponding to cell-mixing conditions, and subsequently exposed to a
constant room temperature while continuously recording the bioink
temperature (Fig. 5 E). All bioinks exhibited cooling behavior well
described by a one-phase exponential decay model, with cooling rates
depending on the composition. The corresponding regression parame-
ters are provided in the Supporting Information (Table S4).

Based on this analysis, Table 3 identifies the formulations with
favorable viscoelastic properties for good printability and their corre-
sponding temperature windows, showing that A1G6 and A1G7 exhibit
the broadest temperature ranges (2.4 °C and 2.0 °C, respectively).
Correspondingly, A1G6 and A1G7 showed the broadest printing time
ranges (14.1 and 7.2 min, respectively). Although the cooling kinetics
will follow the same one-phase behavior at different ambient tempera-
tures, the cooling rate is temperature dependent for which it should be
calibrated at any different room temperature to obtain an accurate time
window.

2.6. Validation of the predicted window

The predicted printability temperature windows (Table 3) were first
validated by three parameters which assess printability in the horizontal
plane: spreading ratio, shape fidelity, and printability ratio. The

spreading ratio was determined by printing single filaments in a
20 x 20 mm? mesh (Fig. 6 A) and calculating filament thickness relative
to the CAD design. Values > 1 indicated spreading due to excessive flow.
Results for each composition are shown in Fig. 7A-E. Shape fidelity and
printability ratio were assessed by printing quadrangular prisms
(10 x 10 x 2.52 mm3) (Fig. 6 B). Shape fidelity, shown in Fig. 7F-J, was
calculated as the printed area relative to the CAD design, with values > 1
indicating expansion due to spreading. Printability ratio, shown in
Fig. 7K-0O, describes squareness: values < 1 indicate rounded edges
caused by flow, while values > 1 indicate over-gelation.

All three parameters were strongly influenced by temperature, with
values approaching 1 as bioink temperature decreased towards the
predicted range. Spreading ratio deviated the most from 1, reflecting the
difficulty of maintaining resolution in single-filament structures.
Increasing gelatin content (with lower alginate) led to faster gelation,
raising viscosity and Storage/loss ratio as temperature dropped, thereby
reducing spreading (Fig. 7C-E). Conversely, higher alginate content
stabilized viscosity, producing more consistent spreading ratios across
temperatures (Fig. 7A and B). Variability at high polymer concentrations
(A, D, E) reflected irregular filaments (Fig. 6: A2G5, A1G7, A0.66G7),
consistent with their higher resistance to flow. Lower polymer concen-
trations (B, C) yielded straighter, more homogeneous filaments due to
lower viscosity.

In larger structures, both shape fidelity and printability ratio
remained close to 1 within the predicted printability ranges, confirming
the predictive value of viscoelastic properties. Printability ratio values
stayed between 0.8 and 1 across all compositions, with similar slopes,
indicating that sharp corners could be printed consistently. Shape fi-
delity values approached 1 as the temperature neared the predicted
range, though differences in slope (Fig. 7F-J) highlighted a stronger
dependence on composition. Higher alginate content with lower gelatin
resulted in constructs larger than the CAD model at higher temperatures,
as indicated by higher shape fidelity values.

Next, the vertical accuracy was also assessed as differences with the
CAD model can become more evident in multi-layered structures. For
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Table 3

Temperature-dependent viscoelastic properties (Storage/loss ratio and viscosity at 10 s™!) defining printability of gelatin-alginate bioinks and their corresponding
temperature window. a) A practical room-temperature time window derives from the cooling kinetics of bioinks at a constant room temperature (19.6 + 0.2 °C). b)
Shear stress of bioink within the printability window (apparent rheological stresses from flow-curve measurements).

Bioink Storage/loss [1.0 — Viscosity [2123 - 13616] Temperature window Temperature range Time window® Time range Shear stress®
2.1] (mPa s) Q) Q) (min) (min) (Pa)
A0.66G7 1.5-1.8 3385 - 5839 24.1 - 24.6 0.5 12.7 -13.8 1.1 33.8-58.4
A1G5 1.4-1.8 3050 - 6799 21.7 -22.7 1 20.5 - 26.6 6.1 30.5 - 68.0
A1G6 1.0-2.0 2123 -12726 22.7 -25.1 2.4 18.3-32.4 14.1 21.2-127.3
A1G7 1.1-21 2596 — 13616 23.6 - 25.6 2 19.1 - 26.3 7.2 26.0 - 136.1
A2G5 1.1-1.2 10102 - 12139 23.2-23.6 0.4 14.7 - 16.1 1.4 101.0-121.4

this, quadrangular prisms of 10 x 10 x 5 mm°® (12-layered structures)
were printed with each bioink within their predicted temperature win-
dows and are shown in the Supporting Information (Figure S 5). The
height of the structures was measured immediately after printing (Fig. 8
A). Hight accuracy measurements showed values ranging from 110.7 +

1% using A1G5, to 117.0 + 0.6% using A1G7, indicating a lower
printing fidelity in the vertical plane than in the horizontal plane.
Among different bioink compositions, a slight tendency is observed
where a higher total polymer concentration results in taller structures,
although no significant differences were found across compositions
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Fig. 6. (A) CAD of single-filament mesh structure designed including its measurements (mm) (top) and printed with different bioink compositions at different
temperatures (°C) for the estimation of the spreading ratio. Scalebar represents 10 mm and is equivalent for all images. (B) CAD of quadrangular prism designed with
its measurements (top) and printed (bottom) using different bioink compositions at different temperatures (°C) for the determination of the shape fidelity and the

printability ratio. Scale bar represents 5 mm and is equivalent for all images.

(p > 0.05). Moreover, as 3D structures can undergo creep upon printing,
a time-dependent deformation because of their own weight, the height
stability of these multi-layered structures was assessed over time. Fig. 8
B shows that the height of the structures remains highly stable (p > 0.05)
for at least 60 min after printing, allowing for sufficient time between
the printing and the crosslinking process. Pictures of printed prisms over
time (Figure S 5) and statistical analyses (Table S 5) can be found in the
Supporting Information.

The printability of more complex structures and containing different
bioinks was demonstrated by a composite 10 x 10 x 10 mm?> prism with
bioink A1G6, containing a 2 x 10 mm horizontal cylinder in the middle
printed with A1G5. This was performed in a 3-step subsequent printing
process: (1) bottom, (2) cylinder, and (3) top, where the corresponding
bioinks were extruded within their predicted printability window
(Fig. 9). The staining of A1G5 with trypan blue at 0.4% permitted the
visualization of the composite structure with defined shapes, where the
embedded cylinder has a diameter of 1.96 + 0.19 mm (printing accuracy
of 98.1 + 9.5%).

2.7. Stability under incubation

The effectiveness of the crosslinking process for maintaining stable
constructs under culture conditions (DMEM:L-15, 37 °C, 5% CQO,) was
evaluated by monitoring the diameter and height of printed structures
after 1, 3, 7, and 14 days of incubation. Fig. 10 A shows CAD designs and
printed constructs from A1G6 and A1G7 bioinks before and after

incubation, while Fig. 10 B presents the degradation profiles. Both for-
mulations allowed rapid and homogeneous diffusion of culture medium,
as indicated by the uniform pink coloration from day 1, and remained
stable for at least 14 days. Diameter values showed no significant
degradation for either formulation throughout the incubation period
(P > 0.05). In terms of height, A1G6 decreased to 65.1 + 14.3% at day 3
(P < 0.05) but partially recovered to 76.4 + 6.8% by day 14. A1G7
showed a non-significant reduction to 72.4 + 9.8% (P > 0.05) with re-
covery to 85.6 & 4.6% by day 14. These observations suggest a balance
of slow degradation and swelling, resulting in overall structural stability
over two weeks. Statistical analyses (one-way ANOVA with Tukey's test)
are provided in Supporting Information (Table S 6 and Table S 7).

Together, these results confirm that the crosslinked alginate-gelatin
constructs retain their shape and dimensions under physiological culture
conditions, supporting their potential for tissue engineering
applications.

2.8. Biocompatibility

To determine whether gelatin-alginate hydrogels can support viable
cells, the biocompatibility of the A1G7 formulation was evaluated using
MDA-MB231 triple-negative breast cancer cells. Bioink A1G7.
MDAMB231 was prepared by suspending cells at 1.9 x 10° cells/mL in
the hydrogel. Aliquots of 100 pL were extruded into 96 well plates; after
1 min to allow partial solidification, constructs were crosslinked in a
calcium bath, rinsed with PBS, and incubated in L 15 medium at 37 °C.
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Fig. 7. (A-E) Spreading ratio of printed single filaments as a function of temperature (thickness relative to the CAD design). Values are Mean + SD (n > 4). (F-J)
Shape fidelity as a function of temperature (printed area relative to CAD design). (K-O) Printability ratio as a function of temperature (squareness of printed
structures). Error bars on X-axis represent temperature variation during printing (SD, n > 4).

Live/dead staining followed by confocal fluorescence microscopy
allowed visualization and quantification of viable and non-viable cells.
Representative micrographs are shown in Fig. 11 A with viability results
in Fig. 11 B. MDA-MB231 cells exhibited high viability within the A1G7
hydrogel: 96.0 + 2.4 % after one day and 82.7 + 5.3 % after nine days.
The low variation underscores the reproducibility of the measurements
and the suitability of confocal microscopy for three-dimensional
constructs.

Differences in cell morphology were observed between 2D and 3D

10

conditions: on rigid two-dimensional surfaces cells spread and flatten,
whereas within the hydrogel they remained rounded due to uniform
mechanical forces around them. Shie et al. previously reported that cells
encapsulated in methacrylated gelatin adopt rounder morphologies and
proliferate more slowly at higher polymer concentrations, reflecting
increased stiffness [39]. Overall, these results confirm that gelati-
n-alginate hydrogels are biocompatible and support the growth of
cancer cells over extended culture periods.
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Printed - side view

Fig. 9. Composite structure (prism containing a cylinder) fabricated in a 3-stage subsequent printing process with two bioinks. Scalebar represents 5 mm.

2.9. Influence of the printing process on cell viability

To assess whether the shear forces during extrusion compromise cell
survival, we printed the A1G7.MDAMB231 bioink under the optimized
conditions identified previously. The printer was sterilized (70 %
ethanol) and operated within a laminar-flow hood. Bioink containing
MDA-MB-231 cells (8 x 10° cells/mL) was extruded at 25 °C using the
same needle diameter and print speed as in the printability tests. After
crosslinking, constructs were incubated for 24 h, stained using a live/
dead assay, and imaged by confocal fluorescence microscopy (Fig. 12).

A uniform suspension of cells was observed throughout the printed
constructs, similar to the lower cell density used in biocompatibility
experiments, indicating the preparation protocol is robust across cell
densities. The higher cell density resulted in closer proximity of cells,
showing that cell concentration can be tuned to achieve desired tissue
density. Cells were present right up to the construct edges, demon-
strating that gelatin-alginate bioinks can produce live tissues with
micrometre scale resolution.

Previous studies have shown that printing pressure and nozzle
diameter can influence cell survival [28]; biopolymer concentration also
affects viability [24]. Shear stress—the product of viscosity and shear
rate—has been reported to correlate exponentially with viability, with
100 Pa reducing survival to around 80 % [20]. In our conditions,
MDA-MB-231 viability remained high: 92.4 + 2.2 % after 1 d and
96.5 + 0.9 % after 8 d, comparable to the biocompatibility experiments.
These results indicate that the printing process, including cooling the
bioink to ~25 °C and the corresponding shear stress at this temperature,
does not adversely affect cell viability. Table 2 shows the apparent shear

11

stress of the bioink at a given temperature, extracted from rheological
studies (viscosity vs. temperature) at a constant shear rate of 107},
resembling extrusion through the needle, which were generally below
100 Pa. A direct calculation of the shear stressed experienced by cells
using an accurate shear rate based on the nozzle diameter and extrusion
flow, however, would provide more accurate results and is envisaged for
future studies.

3. Conclusions

This work establishes a predictive, temperature-aware framework
for optimizing thermosensitive gelatin-alginate bioinks that can be
printed without active thermal control. We identify a printability win-
dow defined by viscosities of 2123-13,616 mPa s and a storage/loss
ratio (G/G") of 1.0-2.1, typically attained at printing temperatures
0.6-2.6 °C below Tg.. Together with the room-temperature printing-
time window derived from cooling/gelation kinetics, these quantitative
bounds enable operators to plan when to print and what rheological
targets to meet on low-cost systems.

Unlike prior studies that emphasize single compositions or qualita-
tive descriptors, our systematic exploration across multiple gelatin-
alginate formulations shows that viscosity and the Storage/loss ratio
(G'/G") are the primary rheological predictors linked to extrusion con-
tinuity, geometric fidelity, and multilayer stability. In contrast, gelation
temperature and gelation kinetics act as operational schedulers, defining
the temperature and time interval over which those optimal rheological
conditions are met. This distinction converts rheological data into
actionable design targets for bioink formulation and process timing.
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Fig. 10. (A) CAD (cylinder 10 x 2.52 mm) and printed structures using bioinks A1G6 and A1G7 before and after incubation for different times under cell culture
conditions (DMEM:L-15 1:1 culture media, 37 °C, 5% CO5). Scale bar represents 5 mm and is equivalent for all images. (B) Degradation profile (diameter and height)
of printed structures under culture conditions. Significant differences (P < 0.05) were determined through one-way ANOVA with Tukey's multiple comparison tests

(Supporting Information Table S 6 and Table S 7).
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Fig. 11. (A) Confocal fluorescence microscopy images of bioink A1G7.MDAMB231 after 1 (top) or 9 (bottom) days incubation. Green: calcein (live); red: ethidium
homodimer (dead). Scale bar represents 100 pm and is equivalent for all images. (B) Cell viability of bioink A1G7.MDAMB231 after 1 or 9 days incubation as
calculated by live/dead staining under confocal fluorescence microscopy. Values represent Mean + SD (n = 3). ns: no significant differences (P < 0.05) were found.

We validate the framework by quantitative printability parameters
such as spreading ratio, shape fidelity, printability ratio, and height fi-
delity, demonstrating multilayer stability (12-layer prisms with height-
retention maintained over 60 min) and by fabricating a composite
construct (a prism containing an internal cylinder printed in three
stages, 17 layers, 7 mm total height). Under these predicted conditions,
constructs supported high viability of MDA-MB-231 cells (92-96% over
nine days), consistent with operation within the identified rheological
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window.

By reducing reliance on costly temperature-controlled hardware, this
methodology broadens access to 3D bioprinting, particularly in
resource-limited settings, and facilitates the fabrication of biologically
relevant cancer models. Future work will extend this framework to
additional cell types and thermosensitive polymers, incorporate direct
force/pressure sensing to complement rheology-based estimates, and
address more complex tissue architectures to further expand
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Fig. 12. Stitched confocal fluorescence microscopy Z-projections of bioink A1G7.MDAMB231 after 1-day incubation. Green: calcein (live); red: ethidium homo-
dimer (dead). The cells are homogeneously distributed across the structure upon printing, including on the edges (A, left side), evidencing the suitability of gelatin-
alginate bioinks for the construction of live tissues with micron-scale resolution. Scale bar represents 100 pm.

applicability in tissue engineering and disease modeling.
4. Materials and methods
4.1. General methods

Rheology: The rheological characterization of alginate and gelatin
mixtures was performed with a Modular Compact Rheometer MCR 502
(Anton Paar, Madrid, Spain), equipped with an electric plate for tem-
perature control (+0.01 °C). A parallel-plate geometry, with a diameter
of 50 mm and a gap of 1.0 mm was used.

The gel transition was evaluated through a temperature ramp test,
where the G’ and G” behaviour was evaluated in the range of 40 to 20 °C,
with temperature rate of 1 °C/min, at a constant frequency of 1 Hz and
imposing a 0.5% strain (within the linear viscoelastic regime, LVR).

Steady-shear flow measurements were performed to characterize the
apparent viscosity flow curve in the shear rate range of 0.1 to 1000 1/s,
at 20 and 30 °C. The viscosity was also measured at a constant shear-rate
value of 10 1/s imposing a temperature ramp in the range of 30 to 20 °C,
with a temperature rate of 1 °C/min.

Brightfield and fluorescence microscopy: a Nikon eclipse TiS research
microscope equipped with epi-fluorescence illuminators and fluores-
cence filters was used.

Confocal fluorescence microscopy: a Zeiss LSM 700 Confocal laser
microscope equipped with Z drive step motor, reflected-light objective
lenses, and laser lines at 488 and 555 nm wavelength was used.

4.2. Preparation of hydrogels and solutions

Hydrogels: The corresponding amount of Gelatin from porcine skin
(Type A, gel strength 300, Sigma-Aldrich, G2500-100G) and sodium
alginate (AppliChem, A3249) powders was weighed in a precision scale,
added to PBS (Sigma-Aldrich) at 75 °C, and left under magnetic stirring
at 75 °C for 2 h. The concentration of polymers is always expressed as %
w/v. The resulting hydrogel was centrifuged at 2000 rpm for 5 min to
remove air bubbles and subsequently stored at 4 °C and used within
72 h.

For biological experiments, alginate and gelatin powders were ster-
ilized via UV exposure in CL-1000 Ultraviolet Crosslinker (UVP) for
120 min and the preparation was carried out under sterile conditions
inside a laminar flow hood.

Live/dead staining solution was composed of 0.2 pL/mL calcein
(Biotium), 0.8 pL/mL ethidium bromide (Biotium), and 25 pL/mL 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid buffer solution (HEPES,
1M in H20; Sigma-Aldrich) in DMEM culture medium.

4.3. Solubility and manual extrusion

Solutions at different concentrations of alginate (0.1 — 10%), gelatin
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(0.1 - 10%), or mixtures of both (as shown in) were prepared by adding
the corresponding amount of each biopolymer to 10 mL PBS at 75 °C and
were set under magnetic stirring at the same temperature. After one and
2 h, complete solubilization was verified. Biopolymer solutions were
loaded into 5 mL syringes and were left to cool down. Temperature was
measured in the outer part of the syringe using a wireless infrared
thermometer. A sample of the solution was extruded manually when the
temperature was 35, 30, 25, or 20 °C onto petri dishes, while the pres-
sure for extruding as well as the consistency of the extruded material was
assessed. After extrusion, the mixtures of gelatin alginate were
immersed in a 100 mM CaCl2 solution for 1 min, after which they were
washed with deionized water. Samples were examined for changes in
consistency and morphology.

4.4. Gelation and strength

Hydrogels of alginate (0.66, 1, and 2 % w/v), gelatin (4, 5, and 6%),
and the corresponding mixtures of both biopolymers were loaded onto
the rheometer using a 50 mm plate-plate geometry. For each gel, tem-
perature ramps from 40 to 20 °C were performed at a constant frequency
of 1 Hz and at a constant strain of 0.5% (within the linear viscoelastic
region) and a temperature change of —1 °C/min and the Storage (G') and
Loss (G") moduli were determined. The gelation temperature Tge Was
defined for each gel as the temperature where G’ = G’.

4.5. Viscosity

The shear thinning behavior was studied for each gel by performing
viscosity ramps at a constant temperature (30 °C and 20 °C) by
decreasing the shear rate from 1000 to 0.1 s~!. The shear thinning for
each hydrogel was determined at both temperatures as the difference
between viscosities at 0.1 and 1000 s 1.

The influence of temperature on the viscosity of the mixtures was
studied by performing viscosity T-ramps in the range of 20 - 30 °C
(between which the Tg of all gelatin-containing mixtures is observed),
at a constant shear rate of 10571

Significant differences (P < 0.05) were determined by performing a
one-way ANOVA with Tukey's multiple comparison tests were per-
formed using Python.

4.6. Printability screening

Gelatin alginate mixtures (as indicated in Table 2) were loaded into
5 mL syringes when being at ~40 °C. A 18G needle (0.838 mm nominal
internal diameter) was connected to the syringe and loaded into a Tis-
sueStart ® (Tissuelabs) bioprinter. Calibration procedure was performed
according to the manufacturer's instructions. Printing temperature
(Tprin) Was determined by measuring the temperature of the outer part
of the syringe using a wireless infrared thermometer. Disposable Petri
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dishes were placed over the print bed (or metallic structure) to print the
structures. A cubic 5x5x5 mm® CAD design was subsequently printed
while the temperatures were monitored at the time of printing. The print
speed was adjusted as indicated in Table 2. The printability was assessed
by means of the printability score relative to the CAD design, defined as a
four-level scale ranging from 1 to 4. A score of 1 corresponds to liquid
flow, resulting in an inability to stack layers; 2 corresponds to a viscous
material capable of stacking multiple layers but producing poorly
defined structures; 3 corresponds to a semisolid material capable of
supporting all layers but with limited shape fidelity; and 4 corresponds
to a semisolid or solid-like material that supports all layers and closely
reproduces the CAD geometry.

4.7. Viscoelastic properties governing printability

Results from rheology experiments were analyzed and plotted using
Microsoft Excel. 3D-scatter plots were performed using Plotly, imple-
mented either in R or Python.

The printability viscoelastic window was defined as the range of
viscosity and Storage/loss modulus ratio for which printed structures
achieved a printability score of 4, independent of bioink formulation. This
window corresponded to viscosities between 2123 and 13616 mPa s,
and Storage/loss ratio between 1.0 and 2.1).

The predicted printing temperature window for each bioink was
defined as the temperature window where the bioink complies with the
printability viscoelastic window.

4.8. Bioink cooling kinetics

Bioink cooling kinetics were evaluated by first equilibrating freshly
prepared bioinks at 37 °C and subsequently exposing them to a
controlled room temperature environment (19.6 + 0.2 °C). The tem-
perature of the syringe containing the bioink was continuously moni-
tored as a function of time.

Nonlinear regression analysis was performed using GraphPad Prism
(version 9.0), and the goodness of fit was assessed using the coefficient
of determination (R2). For each bioink, the printing time window was
defined as the time interval during which the bioink temperature
remained within the predicted printing temperature window.

4.9. Validation of the predicted window

CAD models of a mesh (20x20 x 0.86 mmg) and a quadrangular
prism (10x10 x 2.52 mm>) were printed at different temperatures and
photographs were taken from top. Measurements of the structures were
taken using ImageJ [40].

The spreading ratio was calculated according to the equation:

ThicknesSegerimenat

Spreading ratio = -
P 8 Thicknesscap

Where Thicknessexperimental i the thickness of the printed filaments in
different sections of the structure and Thicknesscap is the theoretical
thickness according to CAD.

The shape fidelity was calculated according to the equation:

A .
Shape fidelity = —=2rmeret
ACAD
Where Aexperimental is the area of the printed structure and Acap is the
theoretical area according to CAD.
The printability ratio was calculated according to the equation:

Perimeter?

Printability ratio = 64

Where Perimeter is the experimental perimeter and A is the experimental
area of the structure.
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The height accuracy was obtained by printing 10 x 10 x 10 mm3
prisms with a 22G nozzle using different bioinks within the printing
temperature window (n = 3). Side-view images were taken immediately
after printing and after 5, 15, 30, and 60 min, and the height of the
structures was measured several times across the printed structure using
ImageJ. The heigh accuracy was calculated according to the equation:

Height,
Height accuracy (%) = H:ilgng
CAD

x 100%

Where Height is the mean height of the printed structure immediately

after printing, and Hightcap is the height of the CAD model (5 mm).
Height stability was calculated according to the equation:

Helght[X

100%
Height, * 100%

Height stability (%) =

Where Heighty, is the mean height measured at a given time after
printing.

4.10. Stability under incubation

CAD (cylinder 10 x 2.52 mm) structures were printed using bioinks
A1G6 and A1G7 and were set under incubation in a mixture of DMEM:L-
15 (1:1) culture media for different times (37 °C, 5% CO5).Pictures were
taken from top and side of the structure and measurements were taken
using ImageJ. The diameter or the height of the structures after incu-
bation relative to that before incubation was obtained and plotted as the
degradation profile. Significant differences (P < 0.05) were determined
by performing a one-way ANOVA with Tukey's multiple comparison
tests were performed using Python.

4.11. Cell culture

Triple-negative breast cancer MDAMB231 cell line was provided by
the group of Prof. Joao Conde from Nova Medical School. A suspension
of MDAMB231 cells in Leibovitz's L-15 (L-15) medium supplemented
with 15% (v/v) FBS and 1% (v/v) of Pen Strep (all from Thermo Fisher
Scientific) was seeded in T75 culture flasks (75 cm? surface area) and
incubated at 37 °C and 0 % CO2.

When the desired confluency was achieved (>70%), cells were de-
tached from the surface by removing the medium, washing with PBS
(7 mL), and incubating with trypsin enzyme (TrypLE® Express Enzyme
1X, Gibco) (2 mL) for 5 — 10 min at 37 °C, after which 5 mL of medium
was added. The detachment of cells was verified using brightfield mi-
croscopy, using mechanical stress if required, and the concentration of
cells in the suspension was determined using a Neubauer chamber under
brightfield microscopy.

4.11.1. Bioink preparation

For biocompatibility experiments, gel A1G7 was tested using
MDAMB231 cells. A1G7.MDAMB231 bioink was prepared in sterile
conditions inside the flow hood and kept at 4 °C until used. Briefly, the
hydrogel A1G7 was warmed up to 37 °C 30 min and was added at 37 °C
to a cell pellet containing the corresponding number of cells, and the cell
pellet was carefully resuspended with a micropipette util a homoge-
neous suspension was observed macroscopically. The final cell concen-
tration in the hydrogel was 1.9 x 10° cell/mL for biocompatibility
experiments whereas 8 x 10° cell/mL to assess the viability after
printing.

4.12. Biocompatibility

Aliquots of 100 pL were disposed over 96-well plates using a
micropipette and left to stand at room temperature for 5 min until they
solidified. 150 pL of a 100 mM CaCl2 solution was added to the wells
containing the gel with cells and was incubated at room temperature for
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1 min, after which the solution was removed, the gels were washed with
PBS (1X) and were immersed in culture medium. Finally, the hydrogels
were incubated at 37 °C and 5 % CO2 for 1 or 9 days. Hydrogels were
stained with 150 pL of live/dead staining solution for 30 min at room
temperature, after which the solution was removed, and gels were
observed.

Cell viability was assessed by means of counting the number of live
(green) and dead (red) cells in the images using ImageJ software, and
was calculated according to the equation:

.
Cell viability (%) =100% — el
Miive cells + Ndead cells

Significant differences (P < 0.05) were determined by performing a
one-way ANOVA with Tukey's multiple comparison tests were per-

formed using Python.

4.13. Influence of the printing process on cell viability

Gel A1G7.MDAMB231 was prepared in sterile conditions in the
same way as in biocompatibility experiments but using a cell concen-
tration of 8 x 10° cell/mL. The bioprinter was sterilized using 70%
ethanol in water and placed inside the flow hood. The bioink was loaded
into a 5 mL syringe at 37 °C and loaded into the bioprinter. A 5 mm
diameter half-sphere design was printed in 6-well plates at a syringe
temperature within the ideal printing temperature range, after which
the constructs were left to stand at room temperature for 5 min, and
were crosslinked by immersion in a 100 mM CaCl; solution for 1 min,
washed with PBS, and immersed in L-15 culture medium before being
incubated. After 24 h, the medium was removed, and the constructs
were stained with live/dead staining as described previously. Constructs
were imaged under confocal fluorescence microscopy and cell viability
was calculated as described previously.
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