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ARTICLE INFO ABSTRACT

Keywords: The composition of soft tissues in mammals can be simplified as approximately 60-65 % water, 16 % protein, 16
Bf"i‘ﬂf . % fat, 1 % carbohydrate, and trillions of cells. This report brings together unpublished results from a collabo-
Bioprinting rative efforts of 10 research groups over the past five years, all dedicated to producing mammalian tissues
fi(:lnn?:x]la:ilsztes through extrusion-based bioprinting. What unified these studies was a common approach, with a shared bioink
Hydrogel composition consisting of gelatin, alginate, and fibrinogen, and a post-printing consolidation strategy involving

transglutaminase crosslinking, calcium chelation, and thrombin-mediated fibrin production. The range of
Young's moduli achievable was 0.17-105 kPa, perfectly align with of tissue properties.

By consolidating the findings of these studies, it was conclusively demonstrated that bioprinting and culturing
all 19 cells tested from 14 different organs was indeed achievable. These remarkable outcomes were attributed
not only to the bio-inspired nature of the common bioink but also to its unique rheological properties, such as
significant shear-thinning and a sufficiently high static yield stress.

The majority of these cells exhibited behaviours consistent with their natural in vivo environments. Clearly
identifiable microstructures and organizations showcased intricate morphogenesis mechanisms resulting in the
formation of micro-tubules, micro-vessels, and micro-acini. It is now evident that microextrusion bioprinting,
especially when using bio-inspired bioink formulations, represents a promising avenue for generating a wide
range of mammalian soft tissues.
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1. Introduction

To construct an adult human body, a typical composition includes
approximately 60-65 % water, 16 % protein (comprising collagen and
other extracellular matrix components), 16 % fat, 1 % carbohydrate, and
a multitude of cells [1]. This composition serves as the baseline (except
the fat content) when attempting to replicate living soft tissues. In this

Abbreviations

AD-MSC Adipose derived Mesenchymal Stem/Stromal Cell
CAF Cancer Associated Fibroblasts

CHO Chinese Hamster Ovary

DMA Dynamic Mechanical Analysis

DMEM  Dulbecco’s modified eagle’s medium

ECM ExtraCellular Matrix

HOB Human Osteoblast

HMEC-1 Human Microvascular Endothelial Cell

HUVEC Human Umbilical Vein Cell
MDCK Madin-Darby Canine Kidney
NHLF  Normal Human Lung Fibroblast

endeavor, hydrogels have emerged as the most suitable materials [2],
particularly when they are crafted from biomolecules like extracellular
matrix supramolecular assemblies. In the context of 3D bioprinting, a
bio-inspired bioink shall be considered as a hydrogel mimicking as much
as possible the soft tissue composition mentioned earlier, in order to
implement niches for tissue development.

In the field of tissue engineering, these assemblies primarily revolve
around collagen (sourced from animals or plants [3]) and poly-
saccharides (such as alginate from algae, gellan gum from bacteria, and
chitosan from arthropods or crustaceans [4]), often supplemented with
various specific molecules like fibrinogen, fibronectin, hyaluronic acid,
methyl cellulose, and decellularized extracellular matrix components
[5].

In addition to their composition, soft tissues are distinguished by
their mechanical properties, primarily characterized by their Young’s
modulus, which varies from 1 kPa for brain tissue to 1 MPa for cartilage
[6]. Achieving the appropriate mechanical properties is essential and
must align with the previously mentioned composition. Furthermore,
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the specific and intricate shapes of tissues and organs are integral to
their functions, provided that the cellular makeup is accurately repli-
cated. Currently, microextrusion-based 3D bioprinting of hydrogel is the
only method capable of producing these complex shapes [7]. Of course
other 3D bioprinting methods (droplet based; laser assisted; volumetric)
are complementary, but the scaling-up of the methods is still only
relying on extrusion.

The ongoing pursuit of tissue engineers is to construct 3D living
structures that closely mimic the composition and mechanical properties
of in vivo conditions. Over the last five years, 10 research groups have
collectively dedicated ourselves to this pursuit, commencing with the
development of a 3D printable hydrogel formulation [8] compatible
with the bioprinting of sizable living tissues [9]. This formulation
combines alginate, gelatin, and fibrinogen, and it is consolidated in the
presence of thrombin, calcium, and transglutaminase (as shown in
Fig. 1). The initial cells introduced into this hydrogel were fibroblasts
from the human dermis, which exhibited growth and migration
throughout the entire 3D construct while producing newly synthesized
extracellular matrix. We have even succeeded in validating a
medical-grade version of this bioink suitable for direct clinical applica-
tions [10].

In this report, we demonstrate how this initial formulation, along
with its reticulation conditions, can be finely adjusted to create cellu-
larized hydrogels with a broad range of mechanical properties while
maintaining cell proliferation. This extensive study involved over 19
mammalian cell types sourced from both healthy and pathological tis-
sues, including cell aggregates such as human pancreatic pseudo-islets.

2. Results
2.1. Printability: shear thinning and static yield stress

The bio-inspired bioink was designed for microextrusion-based bio-
printing. In this bioprinting process, cell laden hydrogels are extruded
through a nozzle of known diameter (100-800 pm) and geometry
(tronconical or linear) [11]. As a consequence of the viscous bioink
travelling through the nozzle, shear forces are inevitably generated upon
cells during the extrusion process [12]. We have previously shown [13]
that the cell survival was impaired by shear stress affecting membrane
integrity, leading to cell lysis, and to a lower extent to cell necrosis and
apoptosis [14]. The magnitude of these forces depends on temperature
[15], nozzle geometry but also on the flow rate applied to perform the
extrusion [16]. When all these parameters are constant, the cell viability

Which composition characterizes human soft tissue?

~ 60-65% of water
~ 16% of protein (collagen and other ECM)

~16% Fat
~ 1% carbohydrate The bio-inspired bioink
Trillion of cell
SARCREE LSS 5-10% Gelatin
2% Fibrinogen
1-4% Alginate

92-84% Water

Fibrinogen Gelatin Alginate
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Fig. 1. Concept and composition of the bio-inspired bioink. The bioink recapitulates the mean human body composition using three well defined macromo-
lecular assemblies. Presentation of the 3 components of the bioink together with their consolidation mechanisms.
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is finally driven by the bioink shear thinning behaviour [17].

When planning to 3D bioprint large complex living structures,
another paramount rheological behaviour is the static yield stress value
() of the material at the printing temperature. Studies have already
linked this static yield stress to the material's printability when using
microextrusion technique [18]: the higher the yield stress value, the
more complex the 3D printed structures can be [19].

Within the 10 bioink formulations described in this study, the
rheological behaviours of 7 of them (BI-1 to —7) were studied in detail.
These formulations were chosen for their representativeness of the full
range of formulation possibilities. The common approach to evaluate
alginate/gelatin bioink rheology is the critical shear rate experiment
which enables the identification of the important shear thinning
behaviour mentioned above. Examples of these measurements for 3
formulations (BI-1, 5 and 6) are presented in Fig. 2-A. As expected, the
viscoelastic behaviour of the bioinks evidenced a decrease of viscosity
with increasing shear, typical of a shear-thinning behaviour.

To go deeper in the understanding of the 7 bioinks’ rheological
behaviour, dynamic analyses of phase angle at rest and at flow were
characterised (Fig. 2-B). These dynamic analyses unveiled the evolution
of the viscoelastic balance of the 7 bioinks before and after shear rate (10
s~! during 30 s). This approach enabled us to demonstrate two impor-
tant effects of varying the gelatin proportion (w/total w) within the
bioinks. First, when this proportion was higher than 3, the phase angles
at flow and at rest were similar. On the contrary, when this proportion
was lower than 3, these phase angles started to deviate from each other,
suggesting a plastic effect. Second, increasing the gelatin proportion
from 0 to 7.5 induced a reduction of both angles, demonstrating a clear
gain in elasticity. This behaviour was expected since gelatin is a
macromolecular network, already shown in previous studies to play a
major role in hydrogels’ elasticity [20]. Another interesting information
here is that we found a direct and linear relationship between the gelatin
proportions (wt./other components wt.) within the bioinks and the
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bioink storage modulus G’ value (Fig. 2-C).

Similarly, when looking at the impact of increasing the gelatin pro-
portion upon the static yield stress values, an interesting behaviour was
identified (Fig. 2-D). Indeed, before shearing, increasing the gelatin
proportion led to increased static yield stress, but after shearing, gelatin
proportions higher than 1.25 led to a constant mean 650 Pa static yield
stress. It was then clear that the applied shear (30s !, equivalent to the
shear generated during bioprinting using a 410 pm diameter nozzle and
a flow rate of 5 puL/s) [13] broke the bioink microstructures and led to a
capped static yield stress.

In conclusion, from a bioprinting stand point, multiple bio-inspired
bioink formulations were able to fulfil the printability requirements.
They are all shear-thinning, and except for the BI-5, they all present a
high enough static yield stress [19]. It is possible to envision the tuning
of the formulation to reach multiple final properties like Young's
modulus, without hindering printability.

Out of the studied 7 formulations, BI-1 has a special position since it
is the one giving the best static yield stress value, with the lowest gelatin
proportion, but also a moderate plastic effect and a marked shear-
thinning behaviour. For all these reasons, BI-1 was the most
commonly used bioink in the following studies.

2.2. Range of reachable mechanical properties: DMA measurements

Being able to tune the mechanical properties of a hydrogel is a must
when trying to recapitulate multiple tissues or organs. Indeed, each soft
tissue is characterised by its mechanical property (mainly described by
its Young’s modulus). This is of course a simplified view of the reality,
and each tissue or organ is a composite of different Young’s moduli.
Nevertheless, these moduli for soft tissues range from 1 kPa for the brain
to 1 MPa for the cartilage [6]. In the present approach, we have inves-
tigated the range of achievable Young’s moduli using only 3 components
(i.e. gelatin, alginate and fibrinogen) and 3 gelation reactions (i.e.
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Fig. 2. Rheological characterisations of the bio-inspired bioink. A) Critical shear rate determination of BI-1, BI-5 and BI-6. B/Phase angle evolution, at rest and
at flow, according to the gelatin proportion (wt./other components wt.). C) G’ evolution according to gelatin proportion in the bioink. D) Evolution of the static yield
stress, before and after shearing at 30s™?, according to the gelatin proportion in the final bioink. All measurements were performed at 21 °C.
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transglutaminase crosslinking, calcium chelation and thrombin medi-
ated fibrin production, Fig. 1). Fig. 3-A presents the concatenation of all
the 32 conditions tested, depicting their respective Young’s moduli. The
full data set can be found as Supplementary Table S2. As can be seen,
playing with both the 12 bioink formulations and the 24 consolidation
conditions, enabled us to cover the 0.17-105 kPa range. In an attempt to
extract more information from these data, Fig. 3-B representation has
been built to highlight the calcium and transglutaminase collaborative
effect. We chose to focus on the BI-1 composition as it is the one for
which the largest collection of data was available. A clear increase of
Young’s moduli was found as a function of both transglutaminase and
calcium concentration in the consolidation solution. This observation
was expected since both consolidation reactions are generating
cross-linking nodes within the supramolecular assembly. Moreover, the
transglutaminase being a calcium-dependent enzyme [21], the presence
of calcium most likely has a dual effect: increasing the alginate network
crosslinking as well as activating the transglutaminase activity.

Interestingly, using one single bio-inspired bioink formulation (BI-1)
was sufficient to cover Young’s moduli values ranging from 170 Pa to
46.7 kPa.

A.

120000

105 kPa

YOUNG'S MODULUS (PA)

50000
45000
40000
35000 |~

30000 —|____ A
25000 \#__,_/
20000
15000
10000
5000

YOUNG'S MODULUS(PA)

40
4

P}
46(,,,0 05
™y 0.4 - 27

270

cate (mm)

Fig. 3. Mechanical modulation of the bio-inspired bioink. A) Young's
modulus as a function of the consolidation solution and the bioink formulation.
B) Collaborative effect of the calcium and transglutaminase concentration on
the Young’s modulus of the BI-1 bioink.
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2.3. Cell development and tissue organisation

Once printability established and mechanical properties charac-
terised, the next step in the development of a bio-inspired bioink for
tissues and organs production shall be its ability to host and grow the
largest variety of mammalian cells (human and animal). For the last 5
years, we have been studying the development of 19 different cell types,
coming from 10 different tissues (See Supplementary Table S1). For each
cell type and tissue, consolidation conditions were optimized by each
research group according to cell growth but also tissue development.
Also, seeding density was empirically optimized for each cell type ac-
cording to their growth capacity and the quality of the obtained final
tissue. It is worth to mention that cell homeostasis within the hydrogel
was essential to generate stable tissue and that this homeostasis is highly
impacted by the number and type of cells.

In order to standardise this large set of results, lactate production was
used as an indicator of the cellular development within the bio-inspired
bioink. This analytical parameter not only reflects the number of cells
but also their metabolic status. In the present report, we made the
assumption that the preferential metabolic pathway of the different cell
types did not significantly change during the monitored 3D culture time
(between 15 and 43 days depending on the cell type). The cell devel-
opment was then expressed as “relative cell population”, directly pro-
portional to the lactate content of the culture medium. This assumption
implies that depending on the metabolic activity of each particular cell
type, the correlation between the increase of measured lactate and the
cell number will be different for each cell type. This is why the “relative
cell population™ was normalised against their final value (last time point
collected).

Fig. 4 presents the typical growth profiles of 19 different cell types
(0.3 cm® objects: 1 cm*1 cm*3 mm) bioprinted using the BI-1 formu-
lation and various consolidation solutions (see Supplementary Table S1)
of the bio-inspired bioink. Some tissues were composed of only one cell
type while others, such as endothelialized, epithelialized and colorectal
tumour ones, were co-cultures with cells of the connective tissue.

A first observation is the versatility in terms of proliferative prop-
erties of the bio-inspired bioink that leads to the growth (lactate pro-
duction increase) of all investigated cell types. However, differences in
the apparent growth rate could be seen. Some cell types (NHLF, HUVEC
+ CAF) present a fast growing profile followed by a plateau, while others
(BT-474, SK-BR-3, HOB, AD-MSC, kidney epithelial) grow continuously
for more than 25 days, or with multiple growth (or metabolic) phases
(fibroblasts, HT29). These differences are to be expected since these
cells, coming from various organs, are characterised in vivo by rapid or
small doubling time [22]), by tissue remodelling capacity or even by
self-organisation in functional microstructures (acini, tubules, capil-
laries ...).

Figs. 5-8 presents examples of these cellular organisation and dis-
tribution within the bio-inspired bioink. As visible in all cases, cells
displayed a 3D organisation, when distributing within the bioink.
Moreover, a closer look at the different images enabled the identification
of multiple self-organised structures. Endothelial cells (HUVEC) pro-
duced microvascular networks in the presence of fibroblasts (Fig. 5-A).
Cells of human colon (HT29 (Fig. 6-A) and breast (BT474 (Fig. 6-B))
cancers organised as spheroids populating the entire bioink. At 35 days
post printing, HT29 cell clusters are composed of different areas with
proliferating cells (Ki67 labelling) at the outer layer and an apoptotic
site at the centre (cleaved caspase 3 labelling) of the cell cluster. This
heterogeneous composition, typical of tumour organisation, was proved
to be correlated with hypoxia through labeling against added pimoni-
dazole (data not shown). Interestingly, kidney immortalised cells (HEK
(Fig. 7-C)) were also organized as discrete spheroids within the bioink.
This HEK behaviour has already been shown in 3D cultures within
similar hydrogels [23].

Cells such as keratinocytes (Fig. 7-B), kidney (VERO (Fig. 8-A)) and
lung (Calu-3 (Fig. 7-A)) epithelial cells developed at the surface of the
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Fig. 4. Typical growth profiles of the 19 different cells (0.3 cm® objects: 1 ecm*1 ¢m*3 mm) bioprinted using the BI-1 formulation of the bio-inspired
bioink. Relative cell populations are calculated using the cumulated lactate content within the culture medium of each tissue. Curves are normalised according
to the maximum signal. N = 2-3. A) Animal cell lines. B) Human primary cells. C) Human cell lines.

bioink, forming typical epithelia layers. On the contrary, the epithelial
MDCK cell line (Fig. 8-D), isolated from tubules of a dog’s kidney [24],
was characterised by the appearance of cellular structures forming a
circular cell monolayer defining a lumen, typical of cyst formation. This
characteristic structure of kidney tubules was already reported for
MDCK cultures in type-I Collagen and Matrigel 3D hydrogels [25]. In a
similar way, cells of the human MCF10A (Fig. 6-C) immortalised cell
line, a mixture of epithelial, stem and progenitors cells originating from
a fibrocystic breast disease, developed and sprouted within the
bio-inspired bioink, forming primary and secondary ducts, as already
observed in collagen-based hydrogels [26]. CHO cells (Fig. 8-B), origi-
nating from fibroblastic cells of the ovary of a Chinese hamster [27],
organised as large irregular aggregates, presenting strong similarities
with the organisation of the ovary interstitial tissue [28]. Cells of the
human HepaRG cell line (Fig. 5-B), differentiated toward the hepatocyte
lineage, spread within the bioink, producing typical hepatic markers
such as albumin and cytokeratin 18 (CK18) [29]. Human bone cells
(HOB (Fig. 5-C)) formed elongated structures, interconnected through
their dendrites’ network, typical of fully differentiated osteocytes®.
Human primary adipose tissue-derived mesenchymal stem cells
(AD-MSC (Fig. 7-E)) populated the entire bioink, while keeping their
original shape [30].

Mouse embryogenic sarcoma stromal cells [31], used to generate
cartilage models within the bioink were shown to express high viability
at D28, but also chondrocyte cell aggregation [32] in differentiation
conditions (Fig. 8-D).

Finally, already formed human Langerhans pseudo-islets (Fig. 7-D)
were easily identified within the bioink [33], as they populated the
entire volume, as a proof-of-concept that 200-400 pm cell aggregates
could be bioprinted using the bio-inspired bioink and maintain their

organisation [34]. In this particular case, we noticed that after 5 days of
culture, cells escaped the aggregates and spread within the surrounding
hydrogel (see insert).

3. Conclusion

The present report consolidates the research efforts of 10 research
groups who, over the last five years, have been striving to create
mammalian tissues through extrusion-based bioprinting technology.
What unites these studies is a shared approach, featuring a common
bioink composition and post-printing consolidation strategy.

By compiling the findings of these experiments, we have shown that
it is indeed possible to develop bio-inspired bioinks that closely emulate
the composition of mammalian soft tissues in terms of protein, carbo-
hydrate, and water content. Additionally, these bioinks exhibit rheo-
logical behaviours well-suited for 3D bioprinting, including a desirable
shear-thinning quality and a sufficiently high static yield stress. The
proportion of gelatin within the bioink can be adjusted to fine-tune these
properties. Among the formulations utilizing the three selected com-
ponents (gelatin, alginate, and fibrinogen), the BI-1 bioink has garnered
particular favour among our collaborators due to its printability at
21 °C, without the need for temperature control of the cartridge or
building plate. It displays pronounced shear-thinning behaviour and a
high static yield stress, facilitating the 3D bioprinting of substantial
living constructs [9].

Furthermore, the compilation of these results has shown that a broad
spectrum of mechanical properties can be achieved simply by altering
the consolidation conditions of the bioink. This adaptability has been
widely utilized by our collaborators to adjust the final Young’s modulus
of their 3D bioprinted constructs to meet the specific requirements of the
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A. Microvascularization
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Bottom: confocal 3D reconstruction
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C. Bone model
(human)

HOB (BI-1/C-18)

Top: calcein labelling
Bottom: actin labelling
using phalloidin + nucleus
using DAPI

D12 after bioprinting

Fig. 5. Human tissues organisation obtained after culture of bioprinted objects (0.3 cm®: 1 cm*1 cm*3 mm) using the BI-1 formulation of the bio-inspired
bioink. A) Microvascularized conjunctive tissue embedding human fibroblast and HUVEC. B) Liver model tissue embedding HepaRG. C) Bone model embedding

HOB. Images were obtained after calcein staining or immunohistological labelling.

target tissue. For instance, in breast tissue, an increase in Young's
modulus is associated with a higher risk of tumoral transformation [35].
This characteristic has been used to generate healthy and pathological
tissues.

Most impressively, 19 different mammalian cell types were suc-
cessfully bioprinted and cultured using the bio-inspired bioink. This
includes all cell types tested by our team and collaborators across the
eight labs, demonstrating that so far, no mammalian cells have failed to
thrive and develop within or atop the bio-inspired bioink. Furthermore,
the majority of these cells exhibited behaviours consistent with their in
vivo counterparts. Complex microstructures and organizations were
readily identified, shedding light on intricate morphogenesis mecha-
nisms resulting in the formation of micro-tubules, micro-vessels, and
micro-acini.

It is now evident that microextrusion bioprinting, especially when
using bio-inspired bioink formulations, represents a viable avenue for
generating a wide range of mammalian soft tissues. We anticipate that
numerous future studies will build upon the foundation of the results
presented in this work. Our goal of producing large-scale 3D tissues with
complex shapes and self-micro-organization is now within reach.

4. Experimental section
4.1. Bioink formulation
3D bioprinting bioinks were formulated using bovine gelatin (Sigma,

France), very low viscosity alginate (Alfa Aesar, Thermo Fisher France)
and fibrinogen from bovine plasma (Sigma, France). All components

were handle under sterile laminar flow to ensure sterility. Stock solution
of 0.2 g/mL gelatin, 0.04 g/mL alginate and 0.08 g/mL fibrinogen were
dissolved, without any stirring for 18 h at 37 °C, in DMEM (without
calcium, with glutamax-1, Invitrogen, France) supplemented with 10 %
foetal calf serum (HyClone, USA), 20 pg/ml gentamicin (Pantapharm,
France), 100 Ul/ml penicillin/streptomycin (Sarbach, France) and 1 pg/
ml amphotericin B (Bristol Myers Squibb, France). Table 1 presents the
composition of the different formulations used during this study. After
18 h, the bioink components were completely dissolved and homoge-
neous. The formulations were then prepared by pipetting the component
at 37 °C using viscous liquid pipettes, mixed 10-tines by inversion and
stored at 37 °C for 15 min for final homogenization.

4.2. Bioink rheological characterisation

A stress-controlled rotational rheometer (DHR2, TA instruments,
New Castle, USA) was used to evaluate the rheological behaviour, the
viscoelastic balance and the static yield stress value at 21 °C with a 25
mm plate geometry. For rheological behaviour (storage modulus G’), a
shear rate sweep was applied to hydrogels from 0.01 to 10 s 1. The
viscoelastic balance was evaluated thanks to the phase angle by shear
dynamic analysis at frequencies 0.015 Hz, considered to be at rest, and
1.5 Hz, considered to be at flow. Then, the yield stress value was defined
by 3iTT test with a shear rate at 30 st (mimicking extrusion bio-
printing) during 120 s. With this test, the yield stress was calculated with
the SAOS-LVER method.
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Fig. 6. Human tissues organisation obtained after culture of bioprinted objects (0.3 cm®: 1 cm*1 cm*3 mm) using the BI-1 formulation of the bio-inspired
bioink. A) Colon tumour tissue embedding HT292 and CAF. B) Breast tumour tissue embedding CAF and BT-474. C) Breast model tissue embedding MCF10A. Images
were obtained by phase contrast, or after calcein staining or immunohistological labelling.

4.3. 3D bioprinting procedure

Just before printing, each cell type was trypsinized, suspended in
fibrinogen to obtain the chosen cells/bioink mL seeding (see Supple-
mentary Table 1) and then formulated with gelatin and alginate to
produce the final bioink. After homogenization, a 3 or 10 mL sterile
cartridge (Nordson EFD, France) was filled with the bioink, incubated
15 min at 37 °C and then 30 min at room temperature to stabilise the
bioink rheological properties. The cartridge was then loaded in a 6-axis
robotic bioprinter (BioAssemblyBot®, Advanced Lifescience Solutions,
USA) or a BIO X (CELLINK, Sweden) and used to print standardised 0.3
cm? bioprinted tissues (1 cm*1 cm*3 mm). A 410 pm diameter, 6.35 mm
long needle (Nordson EFD, France) was used to bioprint at a set speed of
10 mm/s.

4.4. Bioprinted tissues consolidation

Bioprinted tissues were consolidated for 90 min at 37 °C in a solution
containing at least one of the following components: CaCl, (Sigma,
France), transglutaminase (Ajinomoto Activa WM, Japan) and thrombin
(Sigma, France). Table 2 presents the composition of the different
consolidation solutions used during the study. Once the consolidation
completed, each bioprinted tissue was rinsed three times with sterile
NacCl 0.9 % (Versol, France) for 5 min at room temperature.

4.5. Bioprinted tissue culture and monitoring

After the consolidation step, the different bioprinted tissues were
grown in non-treated 6- or 12-well plates at 37 °C in a 5 % CO, atmo-
sphere, in their dedicated culture medium (Supplementary Table S1).

Spent media were recovered in triplicate three times a week and placed
at —20 °C until quantification of the lactic acid secreted by cell
metabolism.

The lactic acid concentration was quantified using the r-Lactic Acid
Assay from Megazyme (L-Lactic Assay Kit, K-LATE, Megazyme, France)
for auto-analyzer procedures. The assay was performed according to the
manufacturer’s instructions. Each sample was deposited in triplicate in
the 96-well plate. For highly concentrated samples, dilutions were per-
formed in deionized water and respective commercial fresh medium was
used as a negative control. The plates were incubated at 25 °C in the dark
for 10 min before measurement of the absorbance at 340 nm with a
spectrophotometer (TECAN infinite®).

4.6. DMA measurements

The viscoelastic behaviour of the different consolidated hydrogels
was characterised by frequency sweep experiments in DMA in
compression mode at 37 °C. These experiments were conducted with a
rotational rheometer (DHR2, TA Instruments, Guyancourt, France) with
a DMA mode (torque = 0 N) using disk-shaped samples and a parallel
plate geometry (8 mm). A preliminary study was performed to define the
linear viscoelastic domain, which corresponds to the displacement range
where the material properties are assumed to be constant. This domain
is determined using oscillatory compression experiments with constant
frequency and varying displacement. Then, dynamic compression tests
were performed with a frequency range of 0.1-10 Hz (ie. 0.628-62.8
rad/s) at a constant displacement, which is within the linear viscoelastic
regime. In these dynamic compression tests, bioprinted tissue undergoes
a periodical mechanical strain ¢ of less than 0.2 %, &, and of angular
frequency o following equation (1):
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Fig. 7. Human tissues organisation obtained after culture of bioprinted objects (0.3 cm®: 1 cm*1 cm*3 mm) using the BI-1 formulation of the bio-inspired
bioink. A) Lung model tissue embedding NHLF, HUVEC and Calu-3. B) Skin model tissue embedding fibroblast and keratinocytes. C) Kidney model tissue embedding
HEK. D) Pancreatic tissue model embedding Langerhans pseudo-islets. E) Mesenchymal stem cell development. Images were obtained after calcein staining, H&E

staining or immunohistological labelling.

&— g sin sin (wt)

In the case of the generalised Maxwell model, the storage E'(») part of

the complex modulus is expressed by equation (2):

B " BT,
E(w)=E, 1+;1+w21§

n =E0 iﬂarn
a-1

obtain accurate fitting, but not too large to avoid inconsistent results (e.
&, negative values of #,). This approach led to three-time constants (m
= 2), regularly spaced on a logarithmic scale between 5 x 102 s and 5
x 1071

Identification was achieved by solving the following minimization
problem described by equation (4):

Equation (1)

Equation (2)

o B BroB) = [ @

i

(B —ET™)* ]
ET
Equation (3)

where ET' is the storage modulus obtained from the measured data and

where E; is the Young’s modulus of the isolated spring. The relaxation
times, 7,, and the dimensionless reference parameters g, stand for the
contribution of each branch to the global modulus. The overall viscosity
n can be defined as equation (3). The time-constant values were regu-
larly distributed between the reciprocals of the highest (62.8 rad/s) and
the lowest (0.628 rad/s) angular frequencies of the experimental dy-
namic modulus. The chosen number of modes was sufficiently high to

E, is the one computed with viscoelastic parameters. k is the number of
measurements acquired during the frequency sweep compression test.
The optimization procedure was performed by using the Microsoft Excel
Solver (version 2016) with the Generalised Reduced Gradient (GRG)
nonlinear solving method.
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Fig. 8. Animal tissue organisation obtained after culture of bioprinted objects (0.3 cm®: 1 cm*1 ¢cm*3 mm) using the BI-1 formulation of the bio-inspired
bioink. A) Kidney model tissue embedding VERO. B) Ovary model tissue embedding CHO. C) Cartilage model tissue embedding C3H10T1/2. D) Kidney tissue model

embedding MDCK. Images were obtained after calcein staining or H&E staining.

Table 1
Final composition of the 10 bioink formulations used in the present study.

CODE  Fibrinogen Alginate very Gelatin Gelatin proportion
final g/mL low viscosity final g/mL  (wt./other
final g/mL components wt.)
BI-1 0.02 0.02 0.05 1.25
BI-2 0.02 0.01 0.1 3.3
BI-3 0.02 0.015 0.075 2
BI-4 0.02 0.005 0.125 5
BI-5 0.02 0.025 0.025 0.56
BI-6 0.02 0.03 0 0
BI-7 0.02 0 0.15 7.5
BI-8 0 0.02 0.05 25
BI-9 0 0.01 0.02 2
BI-10 0 0.05 0.1 2

CRediT authorship contribution statement

Christophe A. Marquette: Writing — review & editing, Writing
original draft, Validation, Project administration, Methodology, Inves-
tigation, Formal analysis, Data curation, Conceptualization. Laura
Chastagnier: Investigation. Benjamin Da Sousa: Investigation. Carlos
Chocarro-Wrona: Investigation. Edwin-Joffrey Courtial: Data

curation. Elea Rae: Investigation. Céline Thomann: Investigation.
Albane Carre: Investigation. Lucie Essayan: Investigation, Data cura-
tion. Ana J. Pasuch: Investigation. Alizée Mosnier: Investigation.
Chloé Devillard: Investigation. Emma Petiot: Writing — review &
editing, Methodology, Investigation, Data curation. Lucas Lemarié:
Investigation. Eva-Laure Matera: Investigation. Meigge Simoes:
Investigation. Charles Dumontet: Conceptualization. Cristina Cuella
Martin: Investigation. Léa Pechtimaldjian: Investigation. Eve-Isabelle
Pécheur: Investigation. Véronique Maguer-Satta: Investigation.
Maude Michelet: Investigation. Marie-Laure Plissonnier: Investiga-
tion. Fabienne Archer: Investigation. Karen Moreau: Investigation.
Marjorie Dufaud: Investigation. Cécile Zaupa: Investigation. Jean-
Marc Balloul: Investigation. Quentin Pruvost: Investigation. Thibaud
Dauphin: Investigation. Mathilde Mosser: Investigation. Sarah
Pragnere: Investigation.

Declaration of competing interest

The authors declare the following financial interests/personal re-
lationships which may be considered as potential competing interests:

Christophe MARQUETTE reports was provided by University Claude
Bernard Lyon 1. If there are other authors, they declare that they have no



C.A. Marquette et al.

Table 2
Final composition of the 24 consolidation solutions used in the present study.

CODE Ca®" (mM) Transglutaminase (mg/mL) Thrombin (U/mL)
c1 270 40 0
c2 270 40 10
c3 27 40 0
c4 270 4 10
c5 270 80 0
c6 270 41072 0
c7 270 160 0
c8 270 4.107! 10
c9 1360 40 0
c-10 2.7 40 0
c11 2700 40 0
c12 0 40 0
c13 0.27 40 0
C14 27 40 10
c15 0 40 0
c-16 270 0 0
c17 1.8 40 10
c18 270 2 10
c19 27 4.107! 10
c-20 27 4 10
c21 270 5.10 ! 10
c-22 0 4.107! 10
c-23 270 20 10
Cc-24 2.7 20 10
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