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This study explores the development of optimized alginate-gelatin (AG) bioinks for advanced 3D bioprinting
applications, particularly in tissue engineering. Central to our investigation is the establishment of a method for
producing AG bioinks with highly tunable viscoelastic properties and the ability to create both macro- and micro-
porous scaffolds through a liquid-liquid emulsion technique applied to chemically crosslinked hydrogels and
shaped by microextrusion. Our methodology encompasses a comprehensive evaluation of homogenization,
pasteurization techniques, and rheological assessments to optimize the mechanical properties of AG hydrogels,
ensuring their suitability for bioprinting.

The study demonstrates that dynamic homogenization and conventional pasteurization methods yield superior
dissolution and sterility of the bioinks, crucial for maintaining optical quality and biological compatibility.
Crosslinking optimization significantly enhanced the elasticity and reduced post-crosslinking shrinkage of the
hydrogels, a key factor in achieving desired cell viability and function within the engineered tissues. The
incorporation of porosity through a controlled liquid-liquid emulsion process was found to enhance cellular
interactions and integration within the bioprinted constructs.

Our findings confirm that the rheological properties of bioinks play a crucial role in determining bio-
printability, with temperature modulation emerging as a key tool for tailoring these characteristics. The
biocompatibility and functional performance of the AG hydrogels were validated through in vitro experiments,
demonstrating promising cell viability and proliferation. This research lays the groundwork for the development
of advanced bioinks capable of supporting complex tissue architectures in regenerative medicine and tissue
engineering. By marrying the versatility of alginate and gelatin with innovative fabrication techniques, our study
advances the frontier of 3D bioprinting, paving the way for the creation of biomimetic tissues with enhanced
physiological relevance and therapeutic potential.

1. Introduction

Bioinks play a pivotal role in advancing 3D bioprinting and tissue
engineering, offering a promising avenue for creating complex and
functional bioengineered tissues [1,2]. There are a large number of
biomaterials, such as hyaluronic acid (natural) or polyethylene glycol
(synthetic), that have shown great potential for both regenerative
medicine and for the formation of pathological models or even diag-
nostic tools [3-5]. Among these, alginate-gelatin (AG) bioinks stand out
for their remarkable biocompatibility, widespread utilization, and
relevance in crafting bioengineered tissues [6]. Their properties enable
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to tailor viscoelastic properties and optimize macro and microporosity
[71, a critical factor essential for optimal tissue maturation, in opposi-
tion to solid hydrogels [8,9].

The significance of a multiscale approach cannot be overstated.
Adjustment of macrostructure using bioprinting allows customized ar-
chitecture, enhanced cell viability, and improved tissue integration [10,
11]. Alongside, modulation of microstructure boosts cell infiltration,
mass transport, nutrient diffusion, and optimizes surfaces for cell
anchoring [12-14].This dual approach underscores the importance of
achieving optimal biological responses by promoting cell viability, dif-
ferentiation, and the formation of a functional extracellular matrix,
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towards the creation of bioengineered tissues with improved physio-
logical relevance and functionality [15].

A plethora of methods exist to induce porosity in a pre-crosslinked
hydrogel, such as the salt leaching method [16], temperature-sensitive
beads inclusion [17] or freeze-drying [18]. Additionally, it is possible
to induce porosity during crosslinking, by employing effervescence for
example [19]. When the hydrogel is still in the stage of Newtonian liquid
or viscoelastic fluid (pre-crosslinking) microstructure modulation is
possible, notably by including air (foaming) [20] or emulsifying with a
second material (emulsion) [21,22]. However, these porosity induction
approaches are inherently limited in microextrusion bioprinting since
none are compatible with maintaining cell survival and rheological
properties (flow threshold), to ensure tissue maturation and shape fi-
delity. For instance, the previously described methods are intrinsecally
incompatible with microextrusion due to the necessity of cell incorpo-
ration after crosslinking [23]. To date, only one approach described in
the literature (Aqueous Two Thase Emulsion, ATPS) allows hydrogels to
modulate their microstructure by performing bioprinted scaffold
through photoreticulation [24].

In this study, we propose a method for producing AG bioinks with (i)
highly tunable viscoelastic properties and (ii) both macro and micro-
porous scaffolds through the liquid-liquid emulsion technique applied
to chemically crosslinked hydrogels and shaped by microextrusion. To
begin, our initial focus is on optimizing the processes of homogenization
and pasteurization by comparing various techniques. Following this, we
delve into examining the adjustable mechanical properties of both
porous and non-porous AG hydrogels. Subsequently, we analyze their
rheological properties to assess how suitable they are for bioprinting.
Finally, we showcase the advantages of porous Alginate-Gelatin
hydrogels with fibroblast cells through bioprinting experiments.

2. Materials and methods
2.1. Alginate-Gelatin hydrogels preparation and cross-linking

e Hydrogels ratio and concentration

Three Alginate-Gelatin hydrogels (AG-nX with n=1, 3 or 5) were
prepared by powder dissolution according to Table 1, based on a 1:2
ratio of alginate to gelatin in Dulbecco’s Phosphate Buffered Saline
(DPBS) to maintain a single concentration factor as the variable among
the formulations.

e Mechanical and thermal agitation

To compare powder dissolution methods, 20 mL of each AG-nX
(n=1,3,5) formulation was prepared. To achieve this, 10 g of sodium
alginate (120-190 kDa, 39% guluronic acid, 180,947-100 G, Sigma,
USA) and 20 g of gelatin (40-100 kDa, type B, G9382, Sigma, USA) were
mixed in a Falcon 50 tube. From this mixture, 0.3 g (AG-1X), 0.9 g (AG-
3X), and 1.5 g (AG-5X) were weighed and deposited into 10 mL of DPBS
(Thermo Scientific, USA) to obtain the AG-nX (n=1,3,5) formulations
(Table 1).

For the classical dissolution method, the powder mixture was
prepared under a laminar flow hood by pouring the powders and PBS
into a Falcon 50 tube. The tubes were then incubated at 37 °C at least 4
hours in static conditions.

Table 1
Description of AG-nX (n=1, 3, 5) formulations concentration w/v of alginate and
gelatin in DPBS.

Name (AG-nX) Alginate (w/v) Gelatin (w/v)

AG-1X 1% 2%
AG-3X 3% 6%
AG-5X 5% 10%

Biomedical Engineering Advances 8 (2024) 100135

For the dynamic dissolution method, the powder mixture was
prepared in a 25 mL Erlenmeyer flask, where the powders and DPBS
were placed along with a magnetic stir bar. Erlenmeyer flasks were
sealed with an aluminum cap and subjected to agitation (50 RPM, 60 °C
for 120 min) to facilitate powder dissolution.

- Pasteurization

Regarding the sterilization of formulations AG-nX (x=1,3,5), two
pasteurization methods were applied to samples obtained through the
dynamic method (50 RPM, 60 °C for 120 min). A rapid method (100 °C
for 10 min, 50 RPM) and a conventional method (80 °C for 30 min, 50
RPM), both followed by a thermal shock in water at 0 °C for 10 min in
both cases. Following pasteurization, the hydrogels were stored at 4 °C
for subsequent use for up to 4 weeks. The quality of sterilization was
assessed by culturing the gels in DMEM culture medium maintained in
the incubator (37 °C, 5% CO2) for 72 hours, without the appearance of
bacterial or yeast contamination.

- Crosslinking

Crosslinking solution by dissolving 1% w/v of calcium chloride CaCl,
(Sigma, USA) and 1% w/v transglutaminase (TAG) (Ajinomoto, Japan)
powder in ultrapure water. The crosslinking mechanisms of these two
agents are depicted in the Fig. 1-A.

Following printing, AG-nX scaffolds (x=1,3,5) were placed at 4 °C for
10 minutes to allow for hydrogel gelation. The crosslinking solution was
subsequently deposited for 10 minutes at 37 °C. To perform crosslinking,
calcium ions Ca®" induce the chelation of alginate according to the egg-
box structure [25], while gelatin enables the covalent binding of gelatin
units with TAG [26] enabling the formation of a interpenetrating double
network. After crosslinking and rinsing, the combination of scaffolding
(macropores) and ATPS (micropores) induces multi-scale porosity in the
bio-printed object (Fig. 1-B). The method for inducing microporosity is
described in the “2. Hydrogel porosity induction” section.

2.2. Hydrogel porosity induction

To induce porosity in the hydrogels, a liquid-liquid emulsion method
was employed [24,27]. Briefly, a sterile solution of PolyEthylene Glycol
(PEG) 20 kDa (Sigma, USA) was prepared by dissolving 0.5 g in 1 mL of
distilled water (50%, w/v) under mechanical stirring for 30 minutes
(this solution will be referred to as PEG50 in the rest of the study). The
PEG50 solution was then added to the AG-nX formulations at volume
ratios (v/v) of 5%, 10%, and 20% and emulsification was performed
through 10 suction-reflow in a 1.5 mL Eppendorf tube, using a 100puL
positive displacement pipet (Microman™, Thermofisher, Franklin, MA,
USA) at 15 °C for AG-1X, 25 °C for AG-3X, and 35 °C for AG-5X to
achieve isoviscosity emulsion before crosslinking as previously
described. To investigate the relationship between emulsion quality and
hydrogel temperature, emulsification at a 10% v/v ratio was also per-
formed on AG-3X at 10 °C, 25 °C, and 37 °C. The resulting porous
hydrogels are denoted with an asterisk (AG-nX*) to distinguish
them from the dense hydrogel (AG-nX).

2.3. Structural characterization
- Scanning Electron Microscopy (SEM)

AG-nX and AG-nX* (n=1,3,5) discs (20 mm in diameter and 1 mm in
thickness) were crafted, crosslinked and subsequently cryogenically
frozen in liquid nitrogen for 10 min. Then, AG-nX (n=1,3,5) discs un-
derwent controlled fracture between two smooth metal jaws, employing
mechanical impact to reveal their microstructure devoid of any cutting-
induced artifacts. Sample were then analyzed by Scanning Electron
Microscope (SEM) (TM4000, Hitachi, Tokyo, Japan) at 10 kV, utilizing
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Fig. 1. Alginate-Gelatin crosslinking and study global strategy. (A) Crosslinking phenomenon using ionic (chelation by Ca®*) and covalent reactions (enzymatic
bonding by transglutaminase (TAG)) (B) Production of micro-/macro-porous scaffold through microextrusion bioprinting with alginate-gelatin bioinks.
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backscattered electron (BSE) mode at 20X and 100X magnification.
- Swelling

The swelling capacity of the AG-nX (n=1, 3, 5) formulations was
determined based on the rehydration of lyophilized discs [28]. Briefly,
three 2 mL discs of each hydrogel were prepared by molding in a 12-well
plate and then crosslinked after gelation at 4 °C for 15 minutes.

After weighing to obtain the hydrated weight (Wh), the samples were
lyophilized overnight (Wd) and rehydrated in DPBS at 37 °C followed by
recurrent weighing. The samples were weighed on a precision balance
(XPR204S, Mettler Toledo, US) and the swelling capacity of the hydro-
gels was calculated at different time based on the following Eq. (1):

(Wh — Wd)

Wh x 100 (€)]

Swelling ratio (%) =

- Degradation test

A hydrolytic degradation test was conducted on the AG-nX (n=1, 3,
5) formulations over a period of 28 days in DPBS in triplicate. After an
initial weighting (Wi), hydrogels were immersed in DPBS and incubated
at 37 °C to simulate cell culture conditions. Mass loss was monitored by
precise weighing at predetermined intervals throughout the 28-day
period (Wt). At each time point, the hydrogels were removed from the
DPBS, gently blotted to remove excess liquid, and weighed using an
analytical balance with a precision of 0.001 gs. The percentage of mass
loss was calculated at different time based on the following Eq. (2):

(Wi— Wt) o

Weight loss (%) = 100 — 100 (2)

2.4. Rheological & mechanical behaviours characterization

A stress-controlled rotational rheometer (DHR2, TA instruments,
USA) was used to investigate the rheological properties of the AG-nX and
AG-nX* (n=1,3,5) formulations before and after crosslinking. Before
crosslinking, a flow sweep procedure was performed with Peltier
concentric cylinder (Couette geometry: DIN rotor and standard cup) on
shear rate scale [10’4; 10%] s’l, at different temperature (15 °C, 21 °C, 25
°C, 35 °C) to mimic the microextrusion bioprinting temperature used.
The obtained results allow us to define viscosity and yield stress profiles.
An oscillation procedure was performed after validation of linear
viscoelastic region at 1 Hz by stress variation. Storage modulus was
determined using frequency variation (from 107! to 10? rad.s™!) on 2 mL
AG-nX (n=1, 3, 5) samples before and after crosslinking.

Shear modulus determination involved Dynamic Mechanical Anal-
ysis (DMA) conducted on compact hydrogel discs with a diameter of 25
mm and a thickness of 2 mm and was obtained by applying shear strain
followed by the use a second order Generalized Maxwell model [29] on
the determined storage (G’) and loss (G’’) moduli.

To investigate viscous properties, a relaxation test was employed to
ascertain 71,2 and quantify short relaxation (<1 min) and long-term
relaxation (>15 min) using a compression test (applied using a 20
mm-diameter geometry on hydrogels prepared in a similar manner,
following confirmation of the linear viscoelastic region (between 20 and
200 Pa) over 1500s at 37 °C). This procedure has already been used in
other research projects, enabling us to situate our results in relation to
the state of the art [30].

2.5. Pores area analysis

AG-nX and AG-nX* (n=1,3,5) formulations were immersed in a so-
lution of rhodamine B with a concentration of 1 pg/mL (Fluka, Monte
Carlo, Monaco) for 10 min after porosity induction. Stacks with a depth
of 100 um were captured at 584 nm using a confocal microscope (Eclipse
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Ti2-E, Nikon, Japan). Matlab® software’s "Image Processing" toolbox
(R2020b) was utilized for thresholding and quantification operations.
Segmentation functions ("ImAdjust and ImBinarize") and mathematical
morphology functions ("ImOpen, ImClose, Bwareaopen") were
employed for quantifying pore area.

2.6. Cell culture, inclusion and quantification

Human fibroblasts (primary cells, female, 45 years) were cultivated
until 90% confluency. After two washes with DPBS (Thermo Scientific,
USA) followed by incubation with 0.25% Trypsin/EDTA (Sigma Aldrich,
St. Louis, MO) for 5 minutes at 37 °C to detach the cells from the culture
flasks. Subsequently, the cell suspension underwent centrifugation at
300 RPM for 5 minutes at room temperature, and the resulting pellet was
re-suspended in Dulbecco’s Modified Eagle Medium (DMEM, Thermo-
Fisher, USA) complete cell culture medium supplemented with 1%
penicillin and streptomycin (Sigma, St. Louis, MO). Re-suspended cells
were then gently included using a P1000 (Gilson, USA) in both AG-nX
and AG-nX* at a concentration of 2 x 10° cells/mL before
microextrusion.

After crosslinking, the scaffolds were maintained in DMEM (Ther-
moFisher, USA) for 7 days, with the medium being changed every 2 to 3
days. For live:dead assay analysis, the scaffolds were stained with
Calcein-AM (2 uM) and Propidium Iodide (4 uM) for 30 minutes at 37 °C.
Following incubation, the samples were washed with DPBS and imaged
using a fluorescence microscope to distinguish live cells (green fluo-
rescence) from dead cells (red fluorescence).

Matlab® software’s "Image Processing" toolbox (R2020b) was uti-
lized for thresholding and quantifica-tion operations. Segmentation
functions ("ImAdjust and ImBinarize") and quantification functions
("ImFindCircle") were employed for quantifying the quantity of cells by
images (5<n<10 images by conditions).

2.7. 3D printing: microextrusion

To conduct microextrusion experiments, a DAGOMA DiscoEasy 200
printer (Dagomsa, France) was modified to adapt the machine for liquid
deposition modeling (microextrusion). The software Repetier-Host (Hot-
world GmbH & Co. KG, Germany) was used for slicing 3D objects, which
allowed notably to define the number of layers and the mesh size of the
produced scaffolds. The thermal crosslinking systems designed for
thermoplastics were replaced with a mechanical extrusion system that
accommodates sterile 10 cc syringe barrels (Nordson EFD, US). A Nema
stepper motor (RS component, UK), connected to a screw through 3D-
printed adapters produced by a Prusa i3 MK3S+ (Prusa, Czech Repub-
lic), generates force on the piston for extruding hydrogels through an
800 um nozzle. The cartridges were maintained at the appropriate
printing temperature using a precision incubator and kept within a
thermo-insulating sheath. Impressions of scaffolds (rectilinear slabs,
concentric circles, tubes) were carried out within 5 minutes of extraction
from the incubator. For biological experiments, printing was conducted
under sterile conditions, and the hydrogels were maintained at 37 °C
with 5% CO, after crosslinking.

2.8. Dimensional fidelity measurements

Dimensional fidelity of 3D-printed scaffolds (rectilinear slabs,
concentric circles, tubes) was assessed by taking measurements (n=4-5
by sample) with calipers for specific dimensions: length (X axis), width
(Y axis) and height (Z axis). For the slab, the filament lengths in X and Y
were measured while for the concentric circles, different radii for a given
circle (rx and ry) were measured, and the height of the tubes was also
measured at various points, in mm. Comparison with the 3D object was
then performed by calculating the absolute difference and error per-
centage using the Eq. (3):
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__ Absolute difference

E %) =
rror (%) Attended dimension

x 100 3

2.9. Statistical analysis

Statistical analyses were performed using Graphpad Prism. Visco-
elastic properties (both shear modulus and 7,,3) were assessed using
ANOVA tests following a Shapiro-Wilk normality test, while G’ before
(liquid) and after (solid) crosslinking were compared using multiple
unpaired t test after a Shapiro-Wilk normality test. Additionally,
swelling ratio and hydrogel degradation rate comparisons between AG-
nX formulations were performed also using a ANOVA tests following a
Shapiro-Wilk normality test. Dimensional analysis results were also
assessed using ANOVA tests following a Shapiro-Wilk normality test.
Error bars denote the standard error of the mean (s.e.m.), and quanti-
tative data were obtained from three or more independent experiments.

3. Results & discussion

3.1. Homogenization and pasteurization on AG-nX (n=1,3,5)
formulations

To achieve the preparation of the three hydrogel formulations, static
and dynamic homogenization methods were compared. To ensure the
sterility of the mixture, two pasteurization methods for the formulations
were implemented and mechanical impact of crosslinking and visco-
elastic properties were also investigated. The entirety of these results is
presented in Fig. 2.

The comparison between the AG powders static dissolution method
(4 hours at 37 °C) and the dynamic method (50 RPM, 60 °C for 120 min)
is illustrated in Fig. 2-A and B. For AG-1X and AG-3X formulations, both
methods resulted in complete dissolution, as evidenced by the clear and
uniform hydrogel obtained. However, formulation AG-5X exhibited the
presence of clots and undissolved powder (Fig. 2-A), suggesting that at
such a concentration (Alginate 5% w/v and gelatin 10% w/v), me-
chanical agitation and/or an increase in temperature could be necessary
for complete dissolution. This hypothesis is supported by the appearance
of AG-5X obtained through dynamic homogenization (Fig. 2-B). For
batch uniformity, it is therefore relevant to employ a dynamic method
(50 RPM, 60 °C for 120 min) for AG-nX (x=1,3,5) to ensure complete
dissolution of the powders.

Regarding hydrogels sterilization, two pasteurization methods were
applied to samples obtained through the dynamic method (50 RPM, 60
°C for 120 min). A rapid method (100 °C for 10 min, 50 RPM) and a
conventional method (80 °C for 30 min, 50 RPM), both followed by a
thermal shock in water at 0 °C for 10 min in both cases. After the
hydrogels crosslinking, the appearance of formulations pasteurized
using the conventional method (Fig. 2-C) and the rapid method (Fig. 2-
D) were compared. A noticeable color change (more brownish) is
observed with the rapid method, suggesting that the process tempera-
ture (90 °C) impacts the hydrogels. This temperature-dependent
browning of biomaterials appears to be linked to the Maillard effect
and the formation of Maillard reaction products (MRPs), as described in
the literature [31]. It appears that a temperature exceeding 70 °C results
in a loss of transparency. Additionally, brown spots were observed in all
AG-nX (n=1,3,5) formulations after rapid pasteurization, whereas they
were only present in AG-5X for conventional pasteurization. Both
pasteurization methods allowed the hydrogels to be maintained in a
DMEM medium without antibiotics for 3 days without any presence of
contamination. Based on these observations, the conventional method
seems to be a more appropriate choice to maximize the optical quality of
the samples, validating the sterility of hydrogels pre- and
post-crosslinking.

Biomedical Engineering Advances 8 (2024) 100135

3.2. Crosslinking, shrinkage & swelling on AG-nX (n=1,3,5)
formulations

3.2.1. Chelation and covalent bond induction

To limit cellular stress due to changes in the biochemical environ-
ment and avoid any risk of osmotic shock, the concentrations of cross-
linking agents as well as the crosslinking time were minimized. Based on
the literature [32], hydrogel crosslinking was achieved by adding a 1%
Ca?t (w/v) + 1% TAG (w/v) solution for 10 minutes at 37 °C.

Then, lyophilized hydrogels observation (Fig. 2-E) and then rehy-
drated hydrogels (Fig. 2-F) allowed quantification of the swelling ca-
pacity of the hydrogels (Fig. 2-G). Based on disc diameter, the post-
crosslinking shrinkage was determined to be 13+3% for AG-1X, 6
+2.5% for AG-3X, and 1+0.5% for AG-5X (Fig. 2-G). About the swelling,
AG-1X reached a stable ratio of 23 within 10 hours, while the swelling of
AG-3X and AG-5X hydrogels stabilized only after 36 hours, exhibiting
ratios of 21.5 and 18, respectively. These results demonstrate a signifi-
cant difference in swelling between AG-1X and AG-3X (p-value =
0.0293), as well as between AG-1X and AG-5X (p-value = 0.0098).
However, there is no significant difference between AG-3X and AG-5X
(p-value = 0.8931). Thus, it appears that the lower the concentration
of AG, the greater the swelling ratio (notably when the network density
is low like AG-1X). This illustrates the proportional relationship between
the polymer concentration of a hydrogel and its proportional water-
holding capacity [32]. This phenomenon can be logically observed
given that the increased density of the elastic crosslinked network in the
AG-3X and AG-5X conditions results in a reduced swelling capacity,
constrained by the dimensions of the elastic network itself.

The least concentrated formulation (AG-1X) therefore exhibited the
most significant shrinkage, as the formation of an interpenetrating
double network (by chelation of the alginate and covalent bonding of
the gelatin) generates a contraction, which is more pronounced when
the water content is high [33].

Similarly, it appears that the concentration of AG directly impacts
hydrolytic degradation over time (Fig. 2-H). Within the first week, AG-
1X exhibits a mass loss of 24.7 + 2.9%, compared to 7.6 + 4.4% for AG-
3X and 3.6 + 2.9% for AG-5X. These trends continue, leading to a
degradation rate of 42.5 + 3.3% for AG-1X, while the more concentrated
formulations demonstrate significantly lower rates: 17.4 + 6.6% for AG-
3X and 18.4 £ 3.1% for AG-5X. Thus, AG-1X degrades significantly
faster than AG-3X (p-value = 0.0452) and AG-5X (p-value = 0.0359),
although there is no significant difference in degradation rates between
the two more concentrated formulations. These results indicate that
lower concentration AG hydrogels (AG-1X) degrade more rapidly than
higher concentrations (AG-3X and AG-5X) due to less dense network
structures that facilitate hydrolytic attack and water penetration [34].
This behavior aligns with the consensus that increased crosslinking
density in more concentrated hydrogels enhances mechanical stability
and resistance to degradation, making them suitable for applications
requiring longer-term stability.

To evaluate the viscoelastic behavior and the impact of Ca%*-TAG
crosslinking on the three AG-nX (n=1, 3, 5) formulations with the same
solution, the shear storage modulus (G’) was characterized before (-Liq.)
and after crosslinking (-Sol.) (Fig. 2-I). It clearly appears that before
crosslinking, the AG-nX (n=1, 3, 5) formulations showed increasing G’
ranging from 0.1 to 100 rad.s”! demonstrating their viscoelastic behav-
iors. At a same angular frequency value, we also demonstrated that the
AG concentration play a significant role in the increasing of viscoelastic
behavior. After crosslinking, the G’ curves exhibited an asymptote
demonstrating the existence of shear modulus when the angular fre-
quency trend to 0.1 rad/s. These results confirm the transition of
viscoelastic behavior in elasto-viscoelastic behavior commonly
described in crosslinked hydrogels.

This is supported by the fact that elasticity gain (G’) was observed
after crosslinking (Fig. 2-J). Indeed, for a low-frequency shear of 0.1 rad.
s (when G’ tends towards an asymptote corresponding to GO, the shear
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Fig. 2. Study of the preparation (dissolution, sterilization, reticulation, shrinkage) and viscoelastic properties of AG-nX (n=1,3,5) bioinks. (A) AG-nX (n=1,3,5)
powders static dissolution impact on hydrogel aspect. (B) AG-nX (n=1,3,5) powders dynamic dissolution impact on hydrogel aspect. Red arrow: clots (C) Con-
ventional pasteurization impact on hydrogel aspect. (D) Rapid pasteurization impact on hydrogel aspect. (E) Lyophilized AG-nX (n=1,3,5) crosslinked discs. (F)
Rehydrated AG-nX (n=1,3,5) crosslinked discs. (G) AG-nX (n=1,3,5) swelling ability of hydrogels from a lyophilized state. (H) AG-nX (n=1,3,5) hydrogel degra-
dation by hydrolysis over 4 weeks. AG-nX (n=1,3,5) (I) Variation of G’ with shear rate [0.1-100] rad.s-1 after before (liquid) and after (solid) crosslinking at 37 °C.
(J) Comparison of G’ with shear rate at 0.1- rad.s-1 after before (liquid) and after (solid) crosslinking at 37 °C. (K) AG-nX (n=1,3,5) shear modulus at 37 °C. (L) AG-nX
(n=1,3,5) relaxation time at 37 °C (from 0.01 to 1 s). (M) AG-nX (n=1,3,5) relaxation time at 37 °C (from 1 to 1000s). (N) AG-nX (n=1,3,5) t1/2 at 37 °C. Scale bar =
5 mm. Results presented as mean + SD. **: p< 0.001, *:p< 0.05 (n = 3 per condition).
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modulus [35]), the comparison showed that AG-1X storage modulus
went from 1.8*107! Pa to 7.4%10° Pa, AG-3X G’ from 2.2¥107 Pa to
3.5*10* Pa, and AG-5X G’ from 1.1*10% to 8.4*10" Pa before and after
crosslinking. This significant increase in elasticity reflects the formation
of a crosslinked network (both ionically and chemically) in the three
formulations. The higher the G’ modulus, the more rigid the AG-nX
(n=1,3,5) elastic solids are, indicating a direct relationship between
network density and the elastic properties of the materials. Given the
increasing concentrations of alginate-gelatin (a factor of 3 between
AG-3X and AG-1X and a factor of 5 between AG-5X and AG-1X), the G’
gaps are a direct consequence of the density of the crosslinked macro-
molecule network with an increase in the number of crosslinking sites.
Additionally, the formulations shear moduli (GO) have been character-
ized (Fig. 2-K) to obtain a solid marker of elasticity, with values of 0.69
kPa for AG-1X, 3.48 kPa for AG-3X, and 10.31 kPa for AG-5X, close to
the G* measured and consistent with the viscoelastic range of human
tissues [36].

Another parameter related to the viscous component of AG-nX
(n=1,3,5) hydrogels, static relaxation time, was characterized. The
rapid static relaxation of AG-nX (n=1,3,5) presented in Fig. 2-L is such
that after 1 second, AG-1X has relaxed 7% of the imposed stress,
compared to 10% for AG-3X and 17% for AG-5X. Within a temporal
scale of less than one second, cells interact with the AG matrix through
short-term, rapid signaling involving cell adhesion molecules like
integrins, crucial for initiating cell-ECM communication (these in-
teractions promptly trigger intracellular signaling, affecting cell
behavior and function [37]). As a matter of fact, the rapid relaxation of
the matrix has recently been described to promote cell-material inter-
action, leading to cell spreading and proliferation [38]. Here, the
relaxation rate of AG-nX (n=1,3,5) inversely correlates with AG con-
centration. Consequently, AG-1X demonstrates greater -elasticity
compared to AG-3X, which in turn is more elastic than AG-5X (directly
proportional to their alginate-gelatin content). Therefore, cells can be
presumed to interact more swiftly with AG-5X, then AG-3X, and least
rapidly with AG-1X.

This property is confirmed by a longer relaxation (1000s) in Fig. 2-M,
where AG-1X has relaxed 52% of the initial stress, AG-3 x 69%, and AG-
5 x 72%. It is thus possible to define the 71 /5 at 890 s for AG-1X, 214 s for
AG-3X, and 36 s for AG-5X (Fig. 2-N). This relaxation time range (up to
several minutes) corresponds to other cell-matrix interactions, such as
focal adhesion assembly and disassembly, mediating cell migration
(spanning minutes to hours). This dynamic process is essential for cell
movement and is studied extensively, for instance in the context of
wound healing and cancer metastasis [39]. It thus appears that AG-5X
could be a better candidate than AG-3X, itself a better candidate than
AG-1X for cell proliferation and growth, thanks to its faster relaxation
capabilities, as described in other studies [40,41]. Longer-term in-
teractions (hours to days), not studied here, include differentiation and
tissue remodeling, where cells remain in contact with the ECM for
extended periods and even the lifespan of the cell in certain tissues [42].

These results highlight that beyond the mere concept of hydrogel
"stiffness", the significant differences in stress relaxation capacity of
these materials, across different temporal scales, could provide an useful
tool to influence cellular fate.

These variations demonstrate that in addition to the shear modulus
of each formulation (composed of the same materials but not at the same
concentration), AG-nX (n=1,3,5) bioinks present significantly different
viscoelastic properties that are increasing proportionally to the AG
concentration. Since the biological impact of these parameters have
already been described [13,27] and following the validation of the
preparation and crosslinking steps, we investigated the rheological
properties of AG-nX (n=1,3,5) bioinks.

3.2. Bioprintability motivated rheological investigation

The AG-nX (n=1,3,5) formulations maintain identical biochemical
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compositions but exhibit significantly varied concentrations. To ensure
the printability of the hydrogels with and without porosity induction,
rheological characterizations of the formulations were conducted. The
resulting data are illustrated in Fig. 3.

Fig. 3-A represents a microextrusion device, with a nozzle from
which a bioink filament is extruded. The shear rate range (1 0'to10%s
1) used to study the viscosity of the bioinks corresponds to the shear rate
applied during the bioprinting process (proportional to the pressure
applied on the piston [43]). After extrusion, the rheological component
of interest is the yield stress, directly related the printability of the
scaffold [44].

Important differences on rheograms of AG-nX (n=1,3,5) hydrogels at
21 °C were observed in Fig. 3-B. AG-1X and AG-3X demonstrated a shear
thinning profile, with viscosity values ranging from 15 to 1 Pa.s™’ and
from 5000 to 4 Pa.s}, respectively, for a shear rate ranging from 107" to
10% 5%, This non-Newtonian profile is typical of hydrogels formed from
biopolymers [45,46]. In the context of microextrusion, this
shear-thinning behavior is an important asset as it allows for maximizing
post-printing cell viability by protecting the cells from the shear stress
generated by the process [47]. AG-5X at 21 °C exhibited a gelation rate
such that the rheometer torque was not powerful enough to induce
rotation. It is noteworthy that over the range from 107! to 10% s}, the
viscosity values of AG-5X ranged from 2.5 x 10° to 3.6 x 10° Pa.s™\. The
viscosity of the formulations remains significant at 21 °C, notably for the
AG-3X and AG-5X. Additionally, significant variations were also
observed for the yield stress. Indeed, Fig. 3-E demonstrates that for a
shear rate of 10 s, the yield stress tends towards 0.03 Pa for AG-1X,
233 Pa for AG-3X, and 970 Pa for AG-5X. It has been shown that the
yield stress is directly related to the printing resolution and shape fi-
delity in microextrusion [48]. Since AG-1X static yield stress in < 10 Pa,
this formulation seems not printable at this temperature, as the hydrogel
is not capable of sustaining itself under its own weight [45].

However, formulations viscosity and yield stress are modulable
through temperature changes thanks to the gelatin thermo-gelling
properties. Indeed, Fig. 3-C shows that at 15 °C for AG-1X, 25 °C for
AG-3X, and 35 °C for AG-5X, bioinks exhibit a similar viscosity profile
(between 180 and 1180 Pa.s™ for a shear rate of 0.1 s™* up to between 2
and 5 Pa.s™! for a shear rate of 100 s'l). It is therefore possible to obtain
similar viscosity profiles for AG-nX (n=1,3,5) hydrogels, based on very
different concentrations via temperature modulation. Fig. 3-C also
shows that the viscosity of PEG50 depends only slightly on temperature
(between 0.28 Pa.s™ at 30 °C and 0.48 Pa.s ™! and 15 °C) and the material
reveal a Newtonian behavior (constant viscosity) [49]. In the same way
and for the same temperature variations, the yield stresses of AG-nX
(n=1,3,5) range between 35 and 86 Pa for a shear rate of 107 s'l,
with overlapping profiles, as shown in Fig. 3-F. Then, temperature
modulation allows for the adaptation of rheological properties of AG
bioinks for microextrusion.

Finally, the impact of liquid-liquid emulsion on viscosity and yield
stress was investigated. In this study, we have focused only on the
volumetric ratio post-emulsion. Other parameters such as distribution,
interconnection, and size of the pores will be investigated further. The
rheological properties of the emulsion between the AG formulations and
PEG present a compromise, based on the proportions and rheological
properties of each component [50]. Therefore, a general decrease is
observed due to porosity induction (using emulsion between AG-nX
(n=1,3,5) and PEG50 at a rate of 10% v/v) while maintaining a shear
thinning profile as shown in Fig. 3-D. At a given shear rate of 100 s,
AG-1X* exhibited a viscosity of 0.3 Pa.s compared to 3 Pa.s? for
AG-1X, AG-3X* exhibited a viscosity of 0.1 Pa.s” compared to 4.5 Pa.s!
for AG-3X, and AG-5X* exhibited a viscosity of 0.13 Pa.s' compared to
5.4 Pa.s™! for AG-5X. A PEG50 emulsion at a rate of 10% v/v therefore
shows a significant decrease in viscosity demonstrating its role as a
plasticizer. Similarly, porosity induction lowers the yield stress of AG-nX
(n=1,3,5) formulations, as demonstrated in Fig. 3-G. Indeed, the yield
values of porous formulations oscillate between 2 and 5 Pa for a shear
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Fig. 3. AG-nX (n=1,3,5) formulations rheological properties and liquid-liquid emulsion impact. (A) Representation of a microextrusion device and a bioprinted
scaffold, (B) AG-nX (n=1,3,5) viscosity at 21 °C. (C) AG-nX (n=1,3,5) viscosity at 15 °C for AG-1X*, 25 °C for AG-3X*, 30 °C for AG-5X*. (D) AG-nX (n=1,3,5)
viscosity vs AG-nX* (n=1,3,5) viscosity. (E) AG-nX (n=1,3,5) yield stress at 21 °C. (F) AG-nX (n=1,3,5) yield stress at 15 °C for AG-1X & PEG50, 25 °C for AG-3X and

PEG50, 30 °C for AG-5X*. (G) AG-nX (n=1,3,5) yield stress vs AG-nX* (n=1,3,5) yield stress. n = 3 per condition.
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rate of 10~* 1. The printability of the porous formulations seems thus
more limited with this low value yield stress but remains achievable at
reasonable heights (< 10 mm) [48].

3.3. Printability test

With the aim to demonstrate the ability of porous formulations to be
shaped using microextrusion process, various scaffolds were produced
with the AG-nX* (n=1,3,5) formulations at 10% (v/v) porosity. These
results are presented in the Fig. 4.

Fig. 4-A highlights the ability of the materials to form a two-level
scaffold. The microextrusion process thus enables the generation of
defined macroporosity (> 1 mm) along the x and y axes.

Interestingly, while the differences are not statistically significant
(the printed rectilinear slab demonstrated error percentages of 2.8 +
1.7% on the X-axis and 2.6 + 1.5% on the Y-axis for AG-5X*, compared
to 1.7 & 1.4% and 2.6 & 2.6% for AG-3X*, and 6.6 &+ 9.7% and 3.8 &
2.2% for AG-1X*, on the X and Y axes, respectively (Fig. 4-F). Consis-
tently with the yield stress values presented in Fig. 3-G, this suggests a
potential relationship AG-nX* (n=1,3,5) bioinks concentration and
printing resolution, with no notable differences between the X and Y
axes.

This trend is more distinctly confirmed by the concentric discs shown
in Fig. 4-B. Similarly, a proportionality between print fidelity and AG
bioink (with 10% v/v porosity) is observed. As illustrated in Fig. 4-D and
Table 2, error rates for the concentric circles’ radii on the X and Y axes
indicate an error average of 4.0 + 3.0 % and 6.2 + 3.2 % for AG-5X*, 8.4
+4.9% and 7.6 + 5.7 % for AG-3X*, and 16.0 £ 5.3 % and 14.9 £5.2%
for AG-1X*, suggesting a correlation between material concentration
(therefore static yield stress, Fig. 3-G) and dimensional accuracy. Based
on flat scaffolds (rectilinear and concentric) observations, focused on X
and Y axis fidelity, the concentric scaffold’s higher error rates suggest
AG-nX (n=1,3,5) bioinks have reduced resolution in multi-strand as-
semblies (concomitant).

Additionally, tubular scaffold of 10 mm height allowed the appre-
ciation of the ability of the bioinks AG-nX (n=1,3,5) to form scaffolds on
the Z-axis (Fig. 4-C). Here, although the threshold values of the AG-nX*
(n=1,3,5) emulsified hydrogels shown in Fig. 3-G exhibit small varia-
tions, a significant impact on the print resolution of bioinks has been
demonstrated. Indeed, AG-5X* (6y= 5 Pa) forms conforming scaffold,
with only 6.9 + 2.1 of error rate compared to the 3D file. A slight
collapse is observed for AG-3X* (oy= 4 Pa) with an error rate of 14.7 +
3.0 %, and a significantly important collapse of 27.6 + 4.9 % is noted for
AG-1X* (oy= 1 Pa) as shown in Fig. 4-D and Table 2.

These results highlight the significant sensitivity of static yield stress
to changes, confirming that dimensional fidelity remains acceptable
despite the yield stress reduction induced by the liquid-liquid emulsions.
Notably, it appears that the resultant impact is much more pronounced
on the Z-axis than on the X and Y axes, making it relevant to favor long
and relatively flat scaffolds over thin and tall ones with this range of
materials. These findings suggest the feasibility of creating resolutive
structures with a yield stress below 10 Pa, as demonstrated by gelatin-
based bioinks in existing literature [51]. We propose that the observed
inaccuracies and variability in data indicating fidelity fluctuations
during the process stem from a phase shift related to temperature and
AG concentration. While similar phenomena have been documented in
microextrusion processes [52], further investigation is warranted in this
study’s context.

Finally, three-fold extrusion was performed, incorporating alter-
nating layers of the three bioinks. Fig. 4-E illustrates two flat structures
(slab and concentric circle) alongside a thick scaffold comprising three
layers. Despite minor variations in post-crosslinking shrinkage (Fig. 2-
G), the overall resolution of the multi-material scaffolds remains quali-
tative. Each layer remains distinguishable, and the object maintains
good integrity post-crosslinking and rinsing. Regarding isoporosity
through liquid-liquid emulsion on AG-nX* (n=1,3,5) hydrogels, this
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possibility has been previously demonstrated [27]. Post-printing
porosity (10% v/v) is depicted in Fig. 4-E, where confocal microscopy
reveals the presence of microstructure in all three co-printed
formulations.

3.4. Micro- & macrostructure tailoring

To assess the microscopic appearance of the AG-nX (n=1,3,5)
hydrogels printed by microextrusion, the scaffolds were characterized
using SEM and confocal microscopy. Biocompatibility was also investi-
gated, along with various emulsion conditions. These results are pre-
sented in the Fig. 5.

Based on this process, two-layered bioprinted scaffolds with 1 x 1
mm meshes are presented in Fig. 5-A (here, AG-5X*). This representa-
tion allows for the appreciation of both the macro and micro-pores of
this structure, obtained by microextrusion of porous bioinks.

AG-3X* filament internal microstructure is presented in Fig. 5-B. A
spongy structure is visible, with an important number of variable
diameter pores (without apparent interconnectivity between pores)
compared to the dense hydrogel. Microstructure directly generated by
the liquid-liquid emulsion process, depends on physical parameters such
as the proportion between the two fluids or the mixing temperature
[50]. The liquid-liquid emulsion method thus emerges as a highly
interesting process for inducing porosity in hydrogels, compatible with
bio-printing via microextrusion.

About other formulations, Fig. 5-C shows the presence of micropores
on the surface of the printed filaments for AG-nX* compared to the dense
AG-3X. It is important to keep in mind that the representation of the
microstructure was relatively biased in SEM because (i) the samples
were lyophilized and (ii) the surface appearance was different from the
interior of the filament, but it nevertheless provided a relative repre-
sentation revealing the external aspect of the scaffolds.

Additionally, AG-nX/PEG50 (n=1,3,5) ratios during emulsion
impact on the final porosity are presented in Fig. 5-D for AG-3X. The
pore size depended on the volume of PEG50, with median values of
average surface area of 340 um? with a volume of 5% v/v PEG, 1200 um?
for 10% v/v up to 3700 um? for 20% v/v. Similarly, since temperature
directly influences the viscoelastic behavior of the AG-nX (n=1, 3, 5)
formulations (Fig. 2-A/B), it directly impacts the quality of the emulsion.
Fig. 5-E shows that for a PEG50 fraction of 10% at 10 °C, the micro-
structure consisted of large pieces of AG-3X. A graphical representation
of the pore size distribution as a function of the PEG50 ratio and the
temperature during the emulsification of AG-5X is presented in Fig. 5-F.
The shear associated with the emulsion process disrupted the gelled
hydrogel (which behaves like a solid due to the strong gelation phe-
nomenon that occurred at 10 °C). In contrast, the decrease in viscosity of
the AG-3X formulation at 37 °C (behaves like a liquid) allowed for the
generation of a finer emulsion, with pores of a median surface area of
370 pm?2.

This phenomenon is mostly justified by the fact that an emulsion
between two fluids is viscosity-dependant [50]. Indeed, emulsion sta-
bility is significantly influenced by the viscosities of the mixed fluids; a
large viscosity difference tends to produce larger droplets and less stable
emulsions, as the denser fluid hinders the formation of smaller droplets.
Conversely, similar viscosities between fluids facilitate the creation of
stable emulsions with uniform droplet sizes due to more even shear
distribution during mixing [53]. Therefore, the microstructure of AG-nX
(n=1,3,5) formulations appears to be highly modifiable in terms of pore
shape and diameter.

Finally, the biocompatibility of AG-nX* (n=1,3,5) and the impact of
pores on cellular fate were investigated (Fig. 6).

The viability study of fibroblasts (post-emulsion inclusion and post-
extrusion) in AG-3X* with a dense control is presented in Fig. 6-A,
where the cells were cultured up to day 7 (D7). The Fig. 6-B shown
significant proliferation under 2D conditions. Therefore, cellular pro-
liferation was quantified under both porous and non-porous conditions.
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Fig. 4. Microextrusion-printed scaffolds of AG-nX* (n=1,3,5) bioinks (PEG50 10% v/v) with a 800 um diameter nozzle at different temperature (AG-1X* at 15 °C,
AG-3X* at 25 °C and AG-5X* at 30 °C) after crosslinking. (A) Flat scaffold with L=25 mm, 1= 25 mm, 2 layers of 0.6 mm. (B) Circular scaffold with concentric pattern
(8 layers from center) with diameter = 20 mm. (C) Tube scaffold in vase mode, height = 10 mm, layer number = 15. (D) Three-fold extrusion of AG-nX*(n=1,3,5) in
slab (L=10 mm, 1=10 mm, alternance of 4 AG-nX* (n=1,3,5) layers), concentric pattern (L=l= 10 mm) and 3 layers scaffold (level 1: AG-1X*, level 2: AG-3X*, 90°,
level 3: AG-5X*, 45°). (E) AG-nX* (n=1,3,5) microstructure observed at confocal. Red arrow: pores. Scale bar = 5 mm. (F) Dimensional error (print fidelity) in
percentage for each printed scaffold (rectilinear, concentric, tubular) along the X and Y axes. Results are presented as mean + SD. ****: p< 0.0001, ***: p< 0.001, *:

p< 0.05 (n = [3-5] per condition).
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Table 2

Biomedical Engineering Advances 8 (2024) 100135

Dimensional error (print fidelity) in percentage for each printed scaffold (rectilinear, concentric, tubular) along the X and Y axes. Results are presented as mean + SD.
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Fig. 5. AG-nX (n=1,3,5) microstructure modulation. (A) SEM observation of
3D-printed AG-5X* scaffold with macro (blue dotted squares) and micro (red
dotted squares) pores. (B) Confocal observation of the microstructure with or
without induction of porosity. (C) Impact of porosity induction on the
appearance of 3D printed scaffolds in SEM (AG-1X*, AG-3X*, AG-5X* (10%
porous) versus AG-3X (non-porous). (D) AG-3X* - PEG50 proportion impact (v/
v) on pore size a 25 °C. (E) AG-3X* (PEG50 10% v/v) mixing temperature
impact on pore size. (F) Summary graph of the impact of PEG50 percentage and
temperature on micropore size during emulsification. White scale bar = 500
um. Black scale bar = 100 pm. n=3 for each samples.

The results demonstrate a high cell viability after 7 days of culture in
both conditions due to the strong calcein signal (green, viability) and
negligible iodic propidium (red, necrosis), validating its high
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Fig. 6. Monitoring of fibroblast morphology and proliferation in dense (AG-nX)
and porous (AG-nX*) hydrogels over 7 days in circular scaffolds using live-dead
assay (calceine-AM and propidium iodide). (A) Observation of fibroblast pro-
liferation in AG-nX and AG-nX* from D1 to D7. (B) Proliferation control from
D1 to D7 (plastic plate). (C) Image-based cell counting method (Matlab). (D)
Quantification of cell numbers for each condition (n = 3). (E) Analysis of the
impact of porosity on fibroblast morphology in AG-5X dense and porous con-
ditions at D7.

biocompatibility as previously described [53,54]. Additionally, the
extrusion process didn’t seem to impact cell viability in both cases.
Using a cell counting method based on image processing (Fig. 6-C),
quantification of cell proliferation was achieved and is shown in
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Fig. 6-D. Although the analysis did not reveal a significant difference in
proliferation between porous and non-porous conditions, nor between
D1 and D7, all porous conditions showed a higher cell number after 7
days of culture. This suggests that the introduction of porosity in the
AG-nX* formulations slightly enhance cell proliferation, likely due to
the increased surface area available for interaction.

Finally, Fig. 6-E illustrates the impact of porosity in AG-5X on
fibroblast morphology after 7 days of growth. In dense condition, while
the cells remain viable, they retain a spherical shape under dense con-
ditions. However, they exhibit adhesion along the cell’s length and
adopt a more highly spread morphology like that obtained in conven-
tional cell culture [55], demonstrating an improved interaction between
cells and available anchorage site.

[54-56] This analysis reveals that the liquid-liquid emulsion method
is a promising approach for generating porous hydrogels with adjustable
microstructures compatible with microextrusion as described in the
literature [24], significantly impacting bioprinted scaffold porosity and
biocompatibility, thereby offering enhanced cellular interactions.

4. Conclusion

This comprehensive study explores several key factors essential for
successful preparation, characterization, and application of AG hydrogel
formulations. Through meticulous experimentation, it was determined
that dynamic homogenization methods proved superior for achieving
uniform dissolution of alginate and gelatin powders, particularly
evident in higher concentration formulations. Moreover, conventional
pasteurization (80 °C for 30 min at 50 RPM) emerged as the preferred
method for maintaining both sterility and optical quality. By optimizing
crosslinking conditions, including minimizing stress-inducing factors,
significant improvements in the mechanical properties of hydrogels
were achieved, showcasing enhanced elasticity, and reduced post-
crosslinking shrinkage. The investigation into viscoelastic behaviors
further underscored the correlation between formulation concentrations
and resultant properties, crucial for understanding cellular interactions
and fate within the hydrogel matrix.

Furthermore, rheological studies elucidated the printability of
hydrogel formulations, with temperature modulation offering a versatile
approach to tailor viscosity profiles. The introduction of liquid-liquid
emulsion techniques facilitated the induction of porosity, enriching
scaffold architectures with microstructures conducive to cellular in-
teractions. Importantly, biocompatibility assessments revealed the po-
tential of porous hydrogels to foster improved cellular behaviors,
promising advancements in tissue engineering applications.

Overall, this multidimensional exploration not only enhances our
understanding of AG hydrogel formulations but also offers valuable in-
sights into their versatile applications, from bioprinting to tissue engi-
neering, ultimately contributing to the advancement of biomedical
research and therapeutic interventions.
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