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by in situ self-assembly
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Abstract

There is a notable gap in the scientific understanding of the cellular role in cultured cell-based foods.
Unravelling the effects of the interactions between ingredient micro/nanostructure and cells and
their significance on nutrition and texture is of great importance. In addition, bioprinting methods
face notable limitations in animal-free formulations and scale. Herein, we introduce a proof-of-
concept bioprinting method based on the in situ integration of self-assembling events, allowing
printing without supporting baths. Our approach enabled a food-grade 3D bioprinted model with 8.5
mm height and a hardness of 284 mN, supporting the early differentiation of myoblasts producing
embryonic myosin heavy chain, after 7 days of differentiation. Cellular protein content increased up
to 18-fold per initial cell without changes in construct texture. The method provides a novel concept

to produce robust, cell-dense platforms for further research on food-grade bioprinted foods.

Keywords: Bioprinting; cultivated meat; self-assembly; myoblasts; cellular agriculture

1. Introduction

Bioprinting living cells holds great promise in enhancing and personalizing cell-based food products
(Guo et al., 2023; lanovici et al., 2022; Ma & Zhang, 2022). It enables the incorporation of higher cell
concentrations than scaffold-based approaches and customization of the construct’s nutritional and

organoleptic properties. Despite this, several limitations remain, such as printing mechanisms and
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food-grade formulations that enable high cell viability and efficient protein production. New solutions
should also be designed to increase bioprinting mass flow, which is mainly defined by the printing
speed and nozzle diameter — Fig. 1a. Furthermore, there are not yet scalable and validated solutions
for food-grade bioprinting. Table 1 summarizes the current scientific publications on cultivated
meat/fish applications. The majority of these still use animal-derived ingredients and/or do not
provide data on the textural or nutritional qualities of the constructs

The lack of scalable and validated solutions is also likely due to the variety of steps required in
establishing a bioprinting process, such as: 1) cell expansion, 2) bioinks fabrication, 3) bioprinting, 4)
culture of the bioprinted products, 5) post-processing, and 6) packaging. Significant complexity in the
process originates from several physico-chemical factors through the process stages that influence
cell behaviour and can also jeopardize cell viability and alter cell function (Zhao et al., 2015).
Furthermore, controlling and optimizing cellular activity (e.g., adhesion, death, spreading, fusion,
differentiation, protein or matrix production) in these different process stages is crucial to reducing
production time and improve product quality. In addition, controlling shear stress is a fundamental
factor for cell integrity and these other downstream cellular processes but generally runs counter to
the desired criteria of high print speeds (Blaeser et al., 2016). While highly viscous or highly crosslinked
bioinks exhibit excellent representation of the 3D sliced model (i.e., high printability), they will induce
cell trapping, reduce mobility and might limit intracellular protein production. Thus, low-viscosity,
thixotropic and shear-thinning bioinks have emerged as popular ink types to reducing the shear stress
required to print robust, high-fidelity constructs (Liu et al., 2017). However, achieving 3D bioprinted
structures with distinguishable fibres, shape stability, and no delamination during the culture period
is extremely challenging.

The most common method to print low-viscosity inks is based on the Freeform Reversible Embedding
of Suspended Hydrogels (FRESH) method, initially developed by Adam Feinberg et al. (Hinton et al.,
2015). It consists of printing in a slurry-based support bath, usually consisting of densely fractured gels

made from gelatin, agarose, alginate, or high-viscosity solutions. They can be reversibly liquefied and
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combined with curing agents, enabling sample crosslinking and removal from the slurry.

Notwithstanding, using long needles is a scale-out limiting factor in speed and maximum printable

height. At high speeds, the needle bends, creating turbidity in the printing media (Mirdamadi et al.,

2020).

We consider that new structuration methods capable of printing soft 3D structures without supporting

baths could reduce scalability limitations. Compared with FRESH-based methods, printing resolution

might be reduced; however, production capacity is a priority for cell-based food.

Bioprinting soft structures could enhance myoblast mobility and protein production, which could be

particularly relevant for increasing culture efficiency, i.e., the protein production capacity per cell. This

is especially significant in meat, where nearly half of the protein is located intracellularly (Lawrie &

Ledward, 2014; Voutila, 2009).

Table 1. Comparative analysis of bioprinted cultivated meat studies reported in the literature. The

mass flow was estimated assuming a circular cross-section area multiplied by the printing speed and
the bioink density similar to water density (998 kg/m?3).

Bioink

Structuration

Is ink and
structuration
food approved
and animal-
free grade?

Bioprinting

Estimated
Flow

(/h)

Culture

Size
(width x

length x
height)

2024 7 % pea protein lonic self- Yes Co-axial 32.2 7 days in 15x15x This work

isolate and 1 %1- assembling of blunt-end differentiation 8.5 mm
carrageenan + carrageenan with nozzle of media. Early after 7
20x10° C2C12 10 % calcium 1.07 mm, 10 myogenesis. Cell days

cells/mL gluconate and mm/s protein
calcium lactate, production of up
polyelectrolyte to 18-fold
self-assembling for compared with
coating (0.5 % €- initial protein
poly-L-lysine, content/cell.
gellan gum 0.125
%) and
intra-3D structure
stabilization with
fluid gels (gellan
gum 0.125 %)

2023 | 10 % fish gelatin, lonic self- No: fish Conical 11.3 17 days (10 days | 20x12x4 | (Xuetal.,
1 % alginate with assembling by gelatin, p53 nozzle of proliferation mm 2023)
p53 inhibitor and crosslinking and Yap 400 pm followed by 7

Yap activator, alginate with 1 % activators Speed 1500 days
56.7x 10° piscine CaCl; for 10 min mm/min differentiation).
satellite cells/mL after printing Hardness similar

and 40.2x10°6 to native fish
adipocytes
(added after
culture)
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2022 | 6 % alginate, 4 % lonic self- No: fish gelatin 0.56 14 days 10x10x5 | (Duttaet
fish gelatin assembling of and insect Blunt-end differentiation. mm al., 2022)
supplemented alginate in support protein nozzle 200 High mechanical
with soybean, bath containing 50 um, 5 mm/s stability and
edible insects mM CaClz, 30 % (assuming early
(beetle) protein Pluronic in culture the same myogenesis
hydrolysates and medium and setting as
2.5x 10* bovine further acellular
myosatellite crosslinking with tests)
cells/mL 100 mM CaCl,
2022 1% RGD- lonic self- No: RGD Not enough - Cell viability Prior to (lanovici
modified alginate, assembling of chemically data over 80 %. culture: 10 etal.,
2 % pea protein alginate with 10 modified Structure x10x5 2022)
isolate, meltable 10 mM CaClzin a alginate shrinkage from mm
porogen particles Support bath of 7 days. After 14
and 15x10° 1.5 % agar and days desmin and
bovine satellite further myotubes were
cells/mL crosslinking with identified
50 mM CaCl,
2022 0.5x10°1L929 Temperature- Yes Blunt-end 7.7 Proliferation 4 mm (Marques
fibroblasts/mL in induced gelation nozzle of culture for 11 diameter etal.,
0.9 % k- and 330 um, days observing ring shape 2022)
carrageenan supplementation 0.55 bar to cell spreading with up to
with KCI 0.5 M in 0.69 bar and viability 0.15 mm
the culture media (printing over 94%
pressure),
layers of
0.05 mm
printed at
25 mm/s
2022 | 2 % alginate and Post-printing ionic Yes Nozzle - - 3 days 30x30x1 (Song et
2x107 adipose self-assembling of information proliferation + mm al., 2022)
progenitor alginate with CaCl, not 10 days
cells/mL for 1 min provided, differentiation.
40 mm/s There was a
certain similarity
in fatty acids
composition and
content
compared with
porcine adipose
tissue
2021 10 % Photo-crosslinking No: 96 layers - Identified 34.3x55.3 | (Jeonget
methacrylate for 20 s with UV- methacrylate printed with myosin heavy X 9.6 mm al., 2022)
gelatin (GelMa) light by digital light | bovine gelatin, | afocal layer chain and fused
with 0.5 % processing-based photoinitiator of 100 pm myocytes.
photoinitiator (DLP) printing and by DLP Compressive
LAP and 1 % photoabsorber bioprinting modulus tests.
tartrazine as with GelMa scaffold
photoabsorber internal introduced
and 2 x 10° micro- significant
naturally channels rigidity
immortalized
bovine embryonic
fibroblast cells
transformed with
MyoD and
PPARy2 per mL
2021 | 4% GelMA, 20% Photo-crosslinking No: silk fibroin Nozzle of 18 16 days of 15 mm x (Lietal.,
silk fibroin under blue light and 0.5 mm, culture with 15 mm up 2021)
hydrogel and methacrylate Speed 5 multinucleated to 8 layers
1x10° porcine gelatin mm/s myotubes
muscle satellite
cells/mL
2021 | Different bioinks Tendon-gel No: animal- Blunt end 3.6 Individual 5 mm in (Kang et
prepared, e.g.: integrated derived nozzle with bioprinted fibres diameter al., 2021)
50 x 106 cells/mL bioprinting fibrinogen, 1.2 mm, Differentiation and 10 mm
of bovine stem method using a gelatin, Printing into fat and in height —
cells in 20 mg/mL slurry-based collagen, fibrin speed 1 muscle, made of a
fibrinogen, 3 support bath of 1 and matrigel mm/s with identifying total of 72
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U/mL thrombin % GG and 4.5 % a flow of myotubes and manually
and Matrigel (6:4, porcine gelatin 1ul/s myosin heavy assembled

v/v), or 10x10° with 10 U/mL chain bioprinted
endothelial in 1.2 thrombin. fibres

% collagen
microfibers and
20 mg/mL
fibrinogen

Cultured fibres
were manually
assembled and
crosslinked by

enzymatic
crosslinking with
10 U/mL
transglutaminase

for 1h

Prior work suggests that the in situ integration of technologies could increase the multiscale control
over 3D constructs and improve cell behaviour (Oliveira et al., 2015). With this concept in mind, the
main objectives of this work were: i) to formulate and characterize new low-viscosity food-grade
bioinks; ii) to develop a novel in situ structuration mechanism for the low-viscosity inks, with effective
nutrient delivery and scalability in mind, via the fabrication of bioprinted structures with open pores,
and not using support baths; iii) to validate the capacity of the new inks to support cell activity; iv) to
produce a stable soft bioprinted model sufficiently high for texture profile analysis; v) to preliminarily

assess the impact of cells and their differentiation potential regarding protein content and texture.

2. Materials and Methods

2.1. Materials
Several protein isolates/concentrates were obtained from Bulk: whey protein isolate (WPI, 97g/100g),
pea protein isolate (PPI, 80g/100g protein) and Brown rice protein (RP, 80g/100g protein), soy protein
isolate (SPI, protein 85g/100g protein). Gellan Gum (Gellan), t-carrageenan (lota), k-carrageenan

(Kappa) and calcium gluconate & calcium lactate (Gluco) were purchased from Texturas Ferran Adrian.

2.2. Formulation of inks
Stock dispersions of 2.5% polysaccharide (w/v) and 20% protein (w/v) were prepared by dispersing
the solids in deionized water. All dispersions were used within 24 hours. The protein and
polysaccharides were mixed in different proportions. Immediately after mixing, the dispersions were

homogenized by vortexing at 3000 rpm for 1 min. The samples were heated at 86°C for 1 hour in a
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91 thermomixer to induce gelation and phase separation. The samples were cooled in ice and vortexed

92 until the gelation initiation was observed. The samples were stored at 4°C. The protein concentrations

93 tested were 1, 5, 10 and 20%, and the polysaccharides concentrations were 0.5, 1, 1.5 and 2%. Low

94  protein concentration (1%), and high protein concentration (10%) were combined with 1 or 1.5%

95 polysaccharides- Fig. S2.

96

97 2.3. Printing tests and shape fidelity

98 For the starting qualitative printability tests — Fig. S1 and Fig. S2, a cylinder (20 mm diameter with

99 5 mm height) was designed with AutoCAD (v. 2013) and exported as an STL file. The G-code was
100  generated using simplify3D (v 4.1.2). The model was sliced for a nozzle diameter and extrusion width
101  of 1.2 mm (tapered tip), layer height of 0.84 mm, multiplier of 0.8 and a printing speed of 30 mm/s.
102 For the quantitative analysis made through Desing of Experiments (DoE) and the printing tests
103  displayedin Fig. 1, a prism (2 x 2 cm with a height of 4 mm) was sliced for a nozzle diameter of 0.6 mm
104  (tapered tip), extrusion width of 0.6 mm, 0.6 mm filament width, 0.8 flow multiplier, 0.287 mm layer
105 height and printing speed of 30 mm/s. The G-codes were uploaded to a Focus 3D Food Printer (byFlow,
106  the Netherlands).
107  The model used for the DoE was the central composite model, defined by:
108 , Wwhehere Z, printability and Xy, X,, are the coded values of the independent variables (i.e. protein
109  concentration, polysaccharide concentration). X;, Xi? and, Xi.1-X; identify the interactions between the
110  variables; B, Bi, Bi-iiare the coefficients of the mentioned variables and the interactions; and By is the
111 independent term. The runs and the natural values of the independent and dependent variables of
112 the central composite experimental design are presented in Table S1. The protein concentration was
113 varied between 0.15 to 9.35 %, and the polysaccharide between 0.9 and 2.5 %.
114  where Z, printability and Xi, X,, are the coded values of the independent variables (i.e. protein
115 concentration, polysaccharide concentration). X;, X? and, X.1-X; identify the interactions between the

116  variables; B, Bi, Bi-1,iare the coefficients of the mentioned variables and the interactions; and B¢ is the
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117  independent term. The runs and the natural values of the independent and dependent variables of
118  the central composite experimental design are presented in Table S1. The printing was performed
119  using a droplet-based and custom-made nozzle with a 0.6 mm nozzle (to micro-extrude the ink) and a
120 1.2 mm nozzle to dispense the ionic crosslinked solutions selected based on preliminary tests (10 %
121 Gluco). The flow rate of Gluco was controlled using a syringe pump with a syringe with a diameter of
122 26.59 mm (50 mL syringe) and a feeding flow rate of 2.1 mL/min. The actual length, width and height
123 of the printed samples were measured using a calliper and used to calculate the shape fidelity (i.e.,

124  the Z response) based on the following equation (Dutta et al., 2022):

Actual; X 100)| ]

N
1
125 Shape fidelity (%) = Nz [100 - |1oo - ( Frested
i

i=1

126  The samples were photographed from different angles after printing using a 12-megapixel camera
127  with a resolution of 4619 x 3654 pixels of a Samsung Galaxy Note 10+ (f/1.5-2.4, 1-1.4 um pixels,
128 34.7/4.3 mm focal length, 495 ppi with dual-pixel autofocus and optical image stabilization) and the
129 holders displayed in Fig. S1 and Fig. S3.

130  Analysis of variance (ANOVA) was used to determine the significance and adequacy of the model using
131  Statistica 10 (Tibco). Each condition was assessed in triplicate samples and three central points.

132

133 2.4. Confocal microscopy

134 The samples were fixed with a 4 % formalin solution for 15 min at room temperature. The fixative
135  was removed, and the samples were rinsed with PBS thrice. The samples were incubated with 0.2 %
136 (w/v) rhodamine B solution in PBS for 25 min in the dark. And, then were extensively rinsed with PBS
137 before analysis. The samples were observed by confocal microscopy (Zeiss LSM 780) and excited at
138 the wavelengths of 488 and 561 nm. Emission was set at 570-620 nm, including T-PMT, and the

139 observation was carried out with 40 x and 63 x oil Zeiss objectives.

140 2.5. Rheology
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141 A stress-controlled Rheometer MCR 302e (Anton Paar) was used for the rheological analysis. The
142  viscosity recovery capacity and thixotropic behaviour were measured by performing the three-interval
143  thixotropy test using a stainless steel flat plate geometry (50 mm, 1000 um gap) at 24 °C. The three
144  intervals defined were: 1) shear rate of 0.25 s for 20 s, 2) shear rate of 1000 s for 1 s, and 3) shear
145 rate of 0.25 s up 500s. All the samples were pre-sheared at 0.25 s for 20s. Flow curves were
146 performed using a stainless steel flat plate geometry (50 mm, 1000 um gap) at 24 °C. Flow curves were
147 obtained using an up-down-up step-wise program with the shear rate ranging from 1 to 500 s™. The
148 inks were pre-sheared (increasing, decreasing and increasing shear rate), and the third curve was used

149  for the analysis. The flow curves were fitted to the Herschel-Bulkley model, which is given by:

150 T =179 + Ky™, where 1, is the yield stress at zero shear rate (Pa.s), K is the consistency coefficient
151 (Pa.s"), and n is the flow behaviour index (dimensionless). The theoretical printing flow was calculated

152  with the equation

153 Quicer = [@rozzte = 07001607 Do + 7 (Z228) | X 101 X flow muttiplier

154  (m?3/s)

155 , where Dozl is the nozzle diameter (m); h is the layer thickness = 0.7*@nozte (M); Vprinter is the
156  printing speed (m/s); w is the filament width = @nozze (M); and flow multiplier was consider 1. The
157  corrected shear stress at nozzle wall, was calculated by combining the Herschel-Bulkley model and the

158 Rabinowitch correction for non-Newtonian fluids, resulting:

. n
159 Teorrected(T) = Tog + K [w;“TC:rT (#)] where b is the inverse of n.

160

161 2.6. Micro-extrusion at controlled pressure

162 A pressure-controlled pneumatic system (DC-100 Pressure Controller, Fisnar) equipped with a
163  tapered nozzle of 0.84 mm diameter and a 50 mL barrel was used to quantify the extruded ink.

164 Pressures ranging from 0.1 to 0.3 bar were applied for 3 s and the extruded mass was weighted.
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Subsequently, the mass was converted to the theoretical printing speed, considering the circular

extrusion area of the nozzle.

The densities of the inks were calculated by weighting 1 ml of the inks:

4 1 0.97530
4 1.5 0.96913
1 1.5 0.99990
0 1 0.97280
0 1.5 1.00150
7 1 0.98063
2.7. Reynolds number
The Reynolds number is given by:
vL
Re =%
7

Here, p is the density of the fluid (Kg/m?3), v is the ink speed (m/s, considered equal to Vprinter)s 1 iS
the ink dynamic viscosity (Pa.s), L is the characteristic length or the hydraulic diameter of the pipe,
considered as the nozzle diameter, @noz1e (M). Flow is considered laminar if Re< 2000, transient
between 2000-4000 and turbulent above 4000. We have considered that the dynamic viscosity at a
given printing speed corresponds to the corrected apparent viscosity at the wall. Based on the
Herschel-Bulkley model and the Rabinowith correction for non-Newtonian fluids, the corrected

dynamic viscosity is:

-1
_ To 4Qsiicert (3+b\]"
Ncorrected = Tyiagrrrasty T K[ TR 2 (Pa.s)
nR* (T)

Here, Qqiceris the micro-extruded flow rate (m3/s), R is the nozzle radius (m), r is the point in the
transversal profile of the nozzle cross-section (m) — at the wall r=R, and b is the inverse of the flow

index (1/n). Combining and simplifying both equations, Re can be estimated by:
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cer " B+ DT
pv@nozzle ' [QSllcez.[Rg )

184 Re = .
K- Osticer (3 + b)
To + ~  oIR3

185 Assuming that the inks are non-compressive fluids, the ink density p was considered constant.

186

187 2.8. Insitu self-assembling with PLL

188 Food grade, ultrapure g-Poly L-Lysine was purchased from Handary (PLL, 2211). Petri dishes were filled
189 with 10% Gluco combined with different concentrations of PLL (5, 15, 25 and 50 mg/mL). All the
190  solutions were prepared in de-ionized water. 20 uL of the ink was dispensed in the crosslinking media.
191  The samples were removed after 1, 3, 5 and 10 min. The particles were disrupted by squeezing with
192 aluminium foil, and the excess liquid was removed with tissue paper. The remaining solid part, which
193 had a whitish colour, not resembling the ink, was weighted.

194  The effect of PLL concentration in the shape of printed samples with 100 % infill (volume and top area)
195 was calculated following the previous printing settings, except that the external dimensions of the 3D
196 shape were 1x1x1 cm, and the nozzle used was a co-axial with an internal diameter of 1.07 and an
197  external diameter of 1.8 m. The 7P1C ink (50 mL barrel) was structured with Gluco or both Gluco/PLL.
198  The flow rate of the crosslinking solution was controlled using a syringe pump with a syringe with a
199  diameter of 26.59 mm (50 mL syringe) and a feeding flow rate of 2.1 mL/min. The samples were
200 incubated at 37 °C for up to 6 days, and the top surface area change was calculated.

201  In order to evaluate the effect of In situ self-assembling with PLL/Gluco and GG in a single-wall and
202  porous 3D structure (method 3), a single-wall prism (1.07 width) with a porous structure was designed
203 - Fig.3 d. The G-codes were uploaded to a Focus 3D Food Printer (byFlow, the Netherlands). The
204 extrusion multiplier was set to 0.95, the layer weight was 0.7 mm, the extrusion width was 1.07 mm,
205  andthe printing speed was 10 mm/s. The ink was extruded with the previously described 1.07 mm co-
206  axial nozzle. The flow rate of the crosslinking solution (10 % Gluco and 0.5% PLL) was controlled using
207  asyringe pump with a syringe with a diameter of 26.59 mm (50 mL syringe) and a feeding flow rate of

208 2.1 mL/min. During the printing, the crosslinking solution was pumping, and then after each layer

10
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209  concluded, approximately 200 pL of a fluid gel composed of 0.12 5% GG (heated and cooled at 86 °C
210 for 1 hour) were deposited in the printed layers using a 5 mL plastic Pasteur pipette. After printing,
211  the samples were photographed from different angles using a 12-megapixel camera with a resolution
212 of 4619 x 3654 pixels on a Samsung Galaxy Note 10+ (f/1.5-2.4, 1-1.4 um pixels, 34.7/4.3 mm focal
213 length, 495 ppi with dual-pixel autofocus and optical image stabilization).

214

215 2.9. Stability of self-assembled 3D structures

216 Unrinsed and PBS-rinsed samples were incubated in PBS/0.2 % sodium azide for up to 7 days at 37 °C
217 inside cell strainers. After each time, the PBS and the liquid excess were removed, and the samples
218  were weighed. Samples at different time points were freeze-dried to measure the dry mass. The

219  moisture was calculated in the PBS-rinsed samples using the following equation:

(Total weight — dry mass) X 100

220 Moisture (%) = Total weight

221 2.10. C2C12 proliferation and differentiation

222 The C2C12 mouse myoblast cell line (ATCC, CRL-1722) was expanded in high glucose, no glutamine,
223 no phenol red and no sodium pyruvate Dulbecco's Modified Eagle Medium (DMEM, Gibco, 31053028),
224 supplemented with 10 % heat-inactivated Certified Fetal Bovine Serum (FBS, Gibco, 16000044),
225 200mM GlutaMAX (Gibco, 35050061), 10 mM N-2-hydroxyethylpiperazine-N-2-ethane sulfonic acid
226  (HEPES, Gibco 15630080) and 1 % penicillin-streptomycin (PS, P4333, Sigma-Aldrich), in a humidified
227  atmosphere with 5% CO2 at 37 °C. For expansion, 80-90 % of cell cultures were split into a ratio of
228 1/3 to 1/6 using Tryple Express Enzyme (Gibco, 12604021) and Dulbecco's phosphate-buffered
229 saline (DPBS, Glbco no calcium, no magnesium, 14190136). Cell culture was done in Thermo
230  Scientific Nunc™ TripleFlask™ treated Cell Culture Flasks with a 500 cm? growth area.

231 To induce myogenic differentiation of C2C12, the DMEM supplementation was changed to 2 % Horse

232 serum (HS, Glbco, 16050122), 1 % PS, 10 mM HEPES 1M, 200 mM Glutamax and Insulin-Transferrin-
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233 Selenium Liquid Media Supplement (ITS, Sigma-Aldrich, 13146). C2C12 cells were used in passages

234  between 12-26. The culture medium was refreshed every 2-3 days.

235 2.11. C2C12 cytocompatibility in PLL coated PPI-Car

236 The bioinks were formulated as follows: 10x106C2C12 cells, 10 puL of DMEM, 25 pL of D-mannose (64.8
237 % D-mannose in PBS) and 455 pl of ink, for a total of 0.5 mL. The bioinks were dispensed in crosslinking
238  media composed of 1 %PLL and 10 % Gluco for 5 minutes and then washed with DMEM. Cultured
239  media was refreshed each 2-3 days.

240

241 2.12. Bioprinting of C2C12

242  The bioprinting was performed in a sterile flow chamber, following method 3 described above in
243 section 2.8. All surfaces, materials, and reagents were previously disinfected (UV, ethanol, bleach,
244  temperature), sterile filtered (0.22 um filter), or autoclaved. The formulation was composed of 40x10°
245  C2C12 cells, 100 pL D-mannose (64.8% D-mannose in PBS), 80 uL DMEM, and 1740 pL ink per 2 mL.
246  The bioprinted samples were incubated in 6-well plates with differentiation media. Cultured media
247  was refreshed every 2-3 days. The width and length of samples were measured after printing and 1,
248 3, and 7 days in culture with a calliper.

249

250 2.13. Metabolic activity assay

251  Cell viability of the inks screening assays and the bioprinted samples was assessed using the
252  96®AQueous One Solution Cell Proliferation assay (MTS assay, Promega, USA). The supplier protocol
253 was used. Briefly, the samples were rinsed and incubated for 3 h at 37 °Cin a 5 % CO2 atmosphere
254  with DMEM without phenol red and FBS and with HEPES, Glutamax and the MTS reagent (5:1 ratio).
255 After incubation, 100 pL was transferred to a 96-well plate (triplicate) to measure their absorbance at

256 490 nm by a microplate reader (Synergy Biotek H1 Microtiter Plate Reader, Synergy Biotek). Each
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257  bioprinted sample was incubated with 2.5 ml of the reaction solution. For the study of Fig.2, three 15

258  pL samples were incubated with a volume of 0.5mL.

259 2.14. Cell morphology

260 After culture, the samples were rinsed thrice with sterile PBS and then fixed with formalin 4 % (v/v)
261  formalin. The samples were rinsed with PBS, and the cells were permeabilized with 0.2 % Triton X-100
262 (Sigma-Aldrich, 93443) in 0.2 % PBS, with mild shaking for 15 min. Then, the samples were rinsed thrice
263 with PBS and incubated with phalloidin—tetramethylrhodamine B isothiocyanate (Phalloidin-TRITC,
264 1:100, Invitrogen, D3571) for 30 min in the dark. The samples were rinsed and incubated with 4,6-
265 diamino-2-phenyindole dilactate (DAPI, 1:1000, Molecular Probes, R415) for 15 minutes. The samples
266  were observed by confocal microscopy (Zeiss LSM 780) and excited at 340 and 495 nm wavelengths.
267 Emission was set at 570-620 nm, and the observation was carried out with 40 x and 63 x oil Zeiss
268  objectives.

269

270 2.15. Immunocytochemistry

271  After 7 days in culture, the bioprinted samples were rinsed twice with sterile DPBS and fixed with 2.5
272 % formalin for 30 min at room temperature (24 °C). The samples were incubated for 15 min with 0.2
273 % Triton X-100. Then, the samples were washed thrice with PBS for 5 min and then incubated with 1
274 % bovine serum albumin (BSA), 22.52 mg/mL glycine in 0.1 % Tween 20 in PBS (PBST) for 45 min to
275 block unspecific binding of the antibodies. The samples were incubated with mouse monoclonal to
276 heavy chain Myosin/MYH3 (Abcam,ab264038, 1/500 in 1 % BSA) in PBST overnight at 4°C. The solution
277  was aspired, and the samples were washed thrice with PBS for 5 min each. Finally, the samples were
278  incubated with the goat polyclonal secondary antibody to Mouse IgG - Alexa Fluor® 555 (Abcam,
279 ab150114, 1/500) in 1 % BSA solution for 2 hours at room temperature in the dark. The solution

280  aspired, and the samples were washed three times with PBS for 5 min in the dark. The samples were
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281  observed by confocal microscopy (Zeiss LSM 780) and excited at the wavelengths of 555 nm. Emission

282 was set at 565 nm, and the observation was carried out with 40 x and 63x oil Zeiss objectives.

283 2.16. Texture Profile Analysis

284  The hardness, cohesiveness, chewiness, and resilience of the acellular and cellular samples were
285 analysed by Texture Profile Analysis (TPA) using a Shimadzu AGX-10 kN Texture Analyzer (Shimadzu,
286  Japan) with a 50 N load cell and a cylindrical probe with a diameter of 50 mm. The experimental
287  parameters included compression at a speed of 0.5 mm/s (equivalent to the rate of probe pulling)

288 under a maximum strain of 50%.

289

290 2.17. Statistical Analysis

291  The DoE and associated statistical analyses were performed using TIBCO Statistica (version 10). All the
292 other statistical analysis were performed using student's t-test (unequal variance and one-tailed). The

293  obtained p-values can be consulted in the supporting information.

294
295 3. Results
296 3.1. Screening shape fidelity of biopolymers and microstructure of the selected inks

297 Phase-separated gels can display flow behaviour and gel properties that can benefit bioprinting (Cak
298 & Foegeding, 2011; Oliveira et al., 2020). This previous structuration approach was employed to
299  screen different combinations of proteins and naturally derived polysaccharides. The qualitative
300 printability of pea protein isolate (PPl), whey protein isolate (WPl — as control), brown rice protein
301 (RP), soy protein isolate (SPI) and the polysaccharides gellan gum (GG), t-carrageenan (tCar), k-
302 carrageenan (kCar) was assessed — Fig. S1, Fig. S2. The most promising combinations identified, based
303 on the capacity to build up the layers, smoothness and absence of syneresis, were WPI-GG, WPI-tCar,

304 RP-GG, RP-tCar, SPI-tCar and PPI-tCar. PPI-tCar was selected for further studies, considering pea
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305 protein's inherent presence of phenolic compounds with antioxidant activity, which may benefit
306 cultured cells (Faber et al., 2024).

307 One other strategy to mitigate the negative impacts of excessive shear stress on cells during printing
308 is to use tapered nozzles instead of blunt end and long ones (Gunther et al., 2022). Considering this,
309 tapered tips were used in the starting tests, and a custom nozzle for a droplet-wise introduction of
310 ions during printing was fabricated — Fig. S3a. A commercial blend of calcium gluconate and calcium
311 lactate (Gluco) was chosen as the source of calcium ions to promote in situ ionic self-assembling of
312  1Car. Thissourceis tasteless and has demonstrated slower gelation kinetics than pure calcium chloride.
313  Compared with calcium chloride, the gelation time is 5 to 20 times slower in alginate®®, permitting
314 better membrane thickness and hardness control. Additionally, those calcium ions can be a more
315 bioavailable source of calcium (Krause et al., 2015).

316 A factorial design experiment was conducted to understand the combinatorial effect of the PPl and
317  tCar on the shape fidelity of the printed structures with 100 % infill — Table S1. The obtained model
318 representing the relation of shape fidelity and PPl and tCar was:

319 Shape fidelity (%) = 129.40 — 0.01 - PPI (%)% — 69.19 - («Car (%) + 30.43 - (Car (%)?, R? = 0.81, p = 0.05

320 Fig. 1b presents the surface response, depicting the function, along with the top-view photographs of
321  the printed samples and the water-sheared ones, confirming the suitability of the approach for
322 producing independent fibres. The ability to create soft fibres was also confirmed with 10% SPP and
323 1% tcar ink, which could be gently separated with a spatula — Fig. S3b. In the range analyzed, the shape
324  fidelity of the PPl-based inks was above 88 %. Increasing tCar concentration enhanced fidelity,
325 regardless of PPl concentration. However, the same trend was not observed with PPI, which had a
326 negative effect factor (-0.01).

327 TThe inks were stained with rhodamine B, which binds to the protein phase, and the microstructure
328  was observed under confocal microscopy — Fig. 1c. Visual inspection revealed no major differences in
329 the pea protein particle shape, which was irregular and three-dimensional with variable sizes.

330 However, particle aggregation was observed in some areas, especially in the cases of fidelity below 90
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331  %. The particles ranged from less than 1um to up to 50um and some particles of approximately 100um
332 were seen. The samples and controls selected for further studies were: 7 % PPI-1 % tCar (7P1C), 4 %

333 PPI-1 % tCar (4P1C), 7 % PPI-1.5 % tCar (4P1.5C), 0 % PPI-1 % tCar (OP1C), 0 % PPI-1.5 % tCar (OP1.5C).
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335 Fig. 1. Printing, structuration and characterisation of the food-grade inks. (a) Estimated maximum
336  micro-extruded mass for different printing speeds and nozzle diameters, assuming a 998 kg/m? density
337 and acircular cross-section. (b) Surface response illustrating the impact of PPl and 1Car concentration
338  onthe shape fidelity of the 3D structures printed with Gluco 10 % deposited drop-wise and printed at
339 30 mm/s with a 0.6 mm nozzle with 100 % infill. Photographs of the printed samples alongside the
340  disrupted samples confirm the formation of microfibre-like structures. (c) Confocal images of the pea
341 microstructures stained with Rhodamine B. (d,e) Flow curves depicting the effect of shear rate on
342  shear stress and viscosity, respectively (1-500 s?). (f) Extruded mass at different pressures plotted
343 against estimated printed speeds. (g) Estimated shear stress at the wall varying printing speeds. (h)
344 Relationship between micro-extrusion pressure and mass, flow regime and the estimated printing
345  speed for 7P1C ink.

346
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347 3.2. Rheological and fludic properties of PPI-tCar inks

348 Rheological tests were performed to assess the shear-thinning capacity, thixotropy, and stress levels
349 upon printing — Fig. 1d,e and Fig. S4. In both flow curves and the thixotropy test, a synergistic effect
350 of the combination of PPl and tCar was evident. The phase separation significantly increased the
351  viscosity and the capacity to recover after high shear conditions. At 1000 s, the viscosity of 7P1C
352 reached 205 mPa.s, and 1.5 s later, it recovered to 21 Pa.s. The initial viscosity was recovered in 56 s.
353  The flow curve data was fitted with the Herschel-Bulkley model. The obtained fluidic properties are
354  detailedin Table S2. The flow index of 7CP1Cink was 0.17, indicating a highly shear thinning behaviour.
355 Similar behaviour (n<0.2) was observed for 4P1C, 4P1.5C, 1P1.5C, OP1.5C, and 7P1C but not for OP1C
356  and 7P0C, which exhibited flow indices of 0.44 and 0.84, respectively. The consistency index, K, which
357 correlates with the viscosity, did not exceed 35 Pa.s". The lowest values were observed in the inks
358 containing only 1Car or 7PPI, supporting the previously mentioned synergy. The yield stress, t,, which
359  correlates with the force required to initiate ink flow, was negative in most of the cases. This negativity
360 could be attributed to the high thixotropic behaviour introduced by 1Car into the systems. In our
361  experiments, the inks were subjected to pre-shear, such as in a real 3D printing scenario.
362 Nevertheless, a small portion of the viscosity could still be under recovery, justifying the negative
363  values.

364

365 3.3. Micro-extrusion and flow regimes limits of the inks and shear stress

366 Shear stress can affect cell viability, induce cell elongation, influence other intracellular mechanisms,
367 or even lead to cell death if it exceeds certain thresholds (Boularaoui et al., 2020). The levels of shear
368  stress are related to various factors, including nozzle geometry, printing speed and the viscoelastic
369  properties of the ink. Nonetheless, the nozzle wall is one of the regions with the highest stress levels

370 in the printing process (Blaeser et al., 2016; Boularaoui et al., 2020). The shear stress at the wall of the
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371 inks at different printing speeds was calculated using the equation described in the rheology methods
372  —Fig. 1f.

373 For printing speeds up to 200 m/s, the shear stress remained below 92 Pa given a nozzle diameter of
374 1.07 mm (diameter used in further bioprinting tests). These values were significantly lower than the
375 limits reported in the literature to avoid major cell death (Reina-Romo et al., 2021), which should
376  preferably be below 300 Pa. The diameter of the nozzle substantially affects the results. Nonetheless,
377 for a 200 um nozzle, we estimate a stress of 245 Pa at 200 mm/s for the 7P1C ink.

378  To analyse the range of actual pressure required to print, the micro-extruded mass of the inks was
379  measured using a pressure-controlled pneumatic system. The mass was converted to the theoretical
380  printing speed and plotted against the applied pressure — Fig. 1g. At very low pressures 0.1 bar, the
381 7P1C flowed at a speed of 32.2+7.4 mm/s, while at 0.15 bar, it flowed at 160.1+2.4 mm/s. With evident
382  turbidity, the printing speeds could reach over 1000 mm/s at high pressures. Thus, results confirm
383  thatvery low pressures permited high flows, which can indicate low shear stress upon bioprinting.
384 Printability is often assessed in terms of shape fidelity or rheological properties. Besides shear stress
385 limits, other underlying limiting physical events (Zhang et al., 2018) influenced by the viscoelastic
386  properties, such as the actual flow regimes, should be considered. In particular, the Reynolds

387 number, Re, is a dimensionless number used to determine if the fluid flow is laminar, transient or
388  turbulent. The Re number was calculated for printing speeds up to 200 mm/s for the 7P1C ink and
389  plotted against the printing speed and the corresponding extruded mass, delineating the thresholds
390 of laminar, transient and turbulent flow - Fig. 1h. These findings suggested that 7P1C could be micro-
391 extruded up to 120 mm/s in the laminar flow regime, with shear stress at the wall of 82 Pa, a shear
392 rate of 902 s'tand an apparent viscosity of 90 mPa.s.

393

394 3.4. Self-assembling and preliminary C2C12 myoblasts cytocompatibility assessment
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395 The inks exhibited excellent flowability and maintained their shape integrity with a 100 % infill, as
396  observed in the section 3.1. However, the stability was time-limited in phosphate-buffered saline
397 solution (PBS), and delamination occurred — Fig. 2.

398 The continuous phase of the inks, (Car, carries two sulphate charges per monomer unit, potentially
399 endowing the system with the polyelectrolyte complexation capacity. e-Poly L-Lysine (PLL) was chosen
400 as the positively charged polyelectrolyte to complex with (Car aiming to increase shape stability. PLL
401 is food-grade and has bacteriostatic properties. Previous reports have documented the complexation
402  of PLL and (Car (Wang et al., 2021).

403  The capacity of PLL, in the presence of 10 % Gluco, to coat the inks was evaluated, revealing an
404  increase in the mass deposited on 15 uL drops over time and with increasing PLL concentration — Fig.
405 2a. Following this, the 7P1C samples were coaxially printed with different PLL concentrations, 0 to 1.5
406 %, along with 10 % Gluco, and the dimensional accuracy was quantified — Fig. 2b. While the shape
407  fidelity improved with PLL concentration above 0.5 %, there was a noticeable increase in fibre
408 dragging, suggesting diminished immediate interlayer adhesion, particularly with PLL concentrations
409  above 1 %. Nonetheless, the combination of printing 7P1C with Gluco and PLL reduced delamination
410 - Fig. 2c.

411  To our knowledge, the cytocompatibility of PPl and Car inks has not yet been reported. Therefore,
412  preliminary in vitro studies were conducted using C2C12 murine myoblast cell line (Milasincic et al.,
413 1996), which is an extensively used cell model to study myogenesis. C2C12 cells, at a concentration of
414  20x10° cells/mL, were embedded in 7P1C and control inks forming 15 pL drops and cultured for up to
415 3 days — Fig. 2d. Metabolic activity and cell morphology were analyzed as depicted in Fig. 2d,e. Over
416  the 3-day culture period, the metabolic activity of C2C12 cells increased, with more pronounced
417  effects observed in the 7P1C samples. The metabolic activity of C2C12 cells was generally significantly
418  higher on 7P1Cink than on the other samples after 3 days, except compared to 4P1C (p-value = 0.054).
419 Initially, round cell morphologies transitioned to elongated and spread cytoplasms, indicating cellular

420  mobility within the phase-separated inks. As anchorage-dependent cells, the results suggest cell
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421  attachment has occurred. Those observations also suggested that increasing PPl content was
422  beneficial.

423 Factors potentially contributing to enhance cell activity include increased permeability, cell adhesion,
424  mobility and spreading. Those could have been influenced by the ink's mechanical and biochemical
425 properties, the presence of the physical anchorage points and antioxidants that the structures of PPI
426 could provide. Additionally, the sulphate groups from Car may have facilitated cell adhesion or
427 sequestered adhesion factors from cultured media, thereby enhancing cell adhesion (Kowalczyriska &
428 Nowak-Wyrzykowska, 2003). Therefore, we have considered that the ink could have the potential for

429  bioprinting.
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432 Fig. 2. Preliminary assessment of C2C12 cytocompatibility in the inks with self-assembled PLL

433  coating. (a) Effect of time and PLL concentration on the total mass deposited on 20uL droplets (n=4).
434  (b) 7P1C samples printed at 10 mm/s structured by in situ ionic and polyelectrolyte self-assembling at
435 various PLL concentrations, with 10 % Gluco and using a 1.07 mm blunt co-axial nozzle (n=3).
436 Dimensional accuracy of the printed samples regarding volume and top-view area. (c) Top area change
437  of the samples self-assembled only with Gluco (sample delamination) or Gluco and PLL after 6 days in
438  culture media at 37 °C (n=3). (d) Schematic illustrating the preparation of the cellular droplets. (e)
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439 Metabolic activity was measured by MTS assay for C2C12 cells embedded in the inks after 0 and 3 days
440  cultured in a growth medium (n=6). Three droplets were measured per well, equivalent to an initial
441  cell concentration of 0.9x10° cells per well. P-values of statistical analysis can be found in Table S3. (f)
442  Confocal microscopy images of the morphology of C2C12 stained for cell nuclei (DAPI) and cytoplasm
443 (TRITC-phalloidin), showing cell spreading after 3 days in culture. The data is represented as average
444  and standard deviation.

445

446

447 3.5. lonic and polyelectrolyte in situ self-assembling bioprinting

448 A key constraint in developing thick cell-cultured structures is the permeability and diffusion of
449 nutrients and cell metabolites. Limited diffusion is a cell stress source due to nutritional imbalance,
450 low oxygen delivery, and poor metabolite removal (McMurtrey, 2016). Estimates suggest that the
451 maximum hydrogel thickness for viable embedded cells can range between 400 to 1400 um for
452 glucose concentrations of 10-20 mM glucose (Tomiyama et al., 2020). The actual thickness will depend
453 on diffusion dynamics, the structure of the gel and the specific requirements of the cells. Ensuring
454  timely and proper cell nutrition is fundamental to optimizing cell activity, including their capacity for
455 protein production.

456  To increase the permeability of the 3D structure, we designed a challenging single-wall prism with a
457  porous structure, as illustrated in Fig. 3. As expected, the 7P1C shape fidelity was inferior without in
458 situ crosslinking, as demonstrated in method 1. When self-assembled with 0.5 % PLL and 10 % Gluco,
459  the 3D structure was unstable, and the wall started collapsing from the outside-in after 5-6 layers —
460 method 2. Thus, the in situ ionic self-assembling of Ca2* ions and the self-assembling of the PLL was
461  insufficient to counteract the gravitational forces and the overlying weight.

462  To overcome this, we applied a polyelectrolyte water-based solution over each printed layer to
463  enhance interlayer binding and provide internal physical support to printed filaments. It contained
464 1.25 mg/mL of gellan gum (GG, pH 7), an extremely fluid gel, and a negatively charged polyelectrolyte
465 (Milasincic et al., 1996). GG is a versatile food hydrocolloid known to form fluid gels, or structured
466 liquids, at low concentrations such as 1.25 mg/mL (Milasincic et al., 1996). The gel strength was

467 reported to be approximately 20 g when crosslinked with 0.6 % calcium and 100 g with 0.15 % calcium.
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As a result, with method 3, a weak gel was formed inside the pores through the self-assembly with
calcium ions from Gluco that the co-axial nozzle had previously deposited. The negatively charged GG
could self-assemble with the positively charged PLL-surface coated filaments of the underlying layers.
Given that the subjacent layers were deposited with a PLL coating, they could also self-assemble with
the PLL-GG-coated subjacent layers, potentially enhancing 3D shape stability. And, indeed, a

reduction in the fibre sagging was observed.
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Fig.3. Schematic representation of the structuration and self-assembling methods and stability
assessment of the phase-separated 7P1C ink co-axially printed at 10 mm/s. (a) Co-axial
microextrusion-based printing of 7P1C. (b) Co-axial microextrusion printing by in situ self-assembling
enabling PLL coating and ink gelation with calcium gluconate and calcium lactate with 10 % Gluco and
0.5 % PLL. (c) Coaxial microextrusion printing by in situ self-assembling enabling PLL coating and ink
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480  gelation, followed by self-assembling with GG and also forming a fluid gel in the open pores. (d) Sliced
481 model model (x= 15.4, y=15.4 and z= 9.8 mm). (e) Total weight of the samples immediately post
482 printing (without PBS rinse) and after incubation in PBS/0.2 % sodium azide for 30, 60 min and 1, 3
483  and 7 days at 37. (f) Total weight of the samples immediately post printing (with PBS rinse) and
484  incubation in PBS/0.2 % sodium azide for up to 7 days at 37 °C. Top view of the samples after
485 incubation. (g) The moisture content of the samples. (h) Total dried mass of the incubated and freeze-
486 dried samples. Data is presented as average and standard deviation, n=5.

487

488  The stability of the 7PC1 samples (method 3) in PBS was analyzed. The weight of both rinsed and
489 unrinsed samples and the total dried mass and moisture content up to day 7 are illustrated in Fig. 3e,f.
490 It was observed that the total weight of both rinsed and unrinsed samples decreased over time,
491 indicating these structures did not swell. The most significant decrease occurred within the initial
492 hours, especially in the unrinsed samples, which is believed to be attributed to the release of the GG
493  fluid gel from the 3D structure. After 3 days, the sample weight, moisture content and dry mass
494  stabilized at approximately 1.06 g (rinsed) or 1.13g (unrinsed), with a moisture content of 93.4 % and
495  adried mass loss of 59.4 % - Fig. 3g,h. According to the build summary generated by simplify3D, the
496  volume of the sliced model is 1.05 ml, theoretically corresponding to 84 mg of solids, excluding in situ
497  crosslinking. After printing, the total solids were 128 + 2mg, decreasing to 74 + 8 mg after 3 days and
498 70+ 3.4 mg after 7 days. This represents a 30 % variation compared to the theoretical model, which

499  could be related to some ink trapped in the printing surface, small variations in the actual printed

500 volume and solids loss during the stability tests.

501
502 3.6. Characterization of the 7-days differentiated bioprinted samples: morphology, texture and
503 protein

504  The bioinks composed of samples with 7P1C and 20x10° cells were bioprinted and cultured for 7 days
505 in differentiation media — Fig. 4a. Preliminary tests were conducted to assess shape fidelity and
506 validate the potential methodology — Fig. 4b. The dimensional accuracy was generally lower in the
507  7P1C bioprinted samples (20x10° C2C12/mL) except for the Z axis — Table S4, Fig. 4b. The cells only

508 reduced the sample length, and particularly on the X axis, by approximately 6 % compared to the
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509 acellular 3D samples. One possible explanation is that the longest fibres in the printing direction align
510 predominantly along the X-axis, and cells induced shrinkage. Interestingly, the embedded cells
511 increased the height accuracy by 5.4 %, permitting a height of 8.5 mm after 7 days in culture. This
512  suggested cell assembling and interactions with ink, increasing 3D structure integrity.

513 Notably, we have not observed the typical high sample shrinkage (lanovici et al., 2022), potentially
514 due to the phase separation. We hypothesise that the cells did not fully occupy the continuous phase
515 (1Car) or the particles were hard enough to contrapose the cellular contraction forces, or a
516  combination of both. Further studies are required to confirm whether the irregular 3D-shaped protein
517  structures were indeed a key factor contributing to the shape stability and when typical cell culture
518 anchorages (Kang et al., 2021) would be required.

519 The MTS assay revealed cells were metabolically active after 7 days of differentiation — Fig. S5. By
520 confocal analysis, it was evident that there was extensive cell spreading and formation of cellular

521 networks between the pea particles — Fig. 4d.
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Fig. 4. Characterization of the bioprinted samples cultured in differentiation medium for 7 days. (a)
Photographies of the side and top-view of the acellular and cellular printed samples. (b, c) Length of
the samples during the culture time on the X and Y axis (n=3). (d) Confocal microscopy images of the
samples stained with phalloidin-TRITC (red, cytoskeleton) and DAPI (blue, nuclei) showing the cell
networks. (e) Confocal immunocytochemistry images for embryonic MyHC (green), nucleus and
cytoskeleton. (f) Total protein with and without cells, quantified by Kjeldahl analysis (conversion factor
6.25), (n=3). (g) Texture properties of the bioprinted samples (n=3). Data is presented as average and
standard deviation.
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532 During differentiation, myoblasts become mononuclear myocytes, which fuse into myotubes. Several
533 myosin-heavy chain (MyHC) isoforms are expressed during muscle tissue formation or myoblast
534  differentiation (Brown et al., 2012). The embryonic MyHC, also known as myosin heavy chain 3 (emb-
535 MyHC, encoded by Myh3 gene), is highly expressed in early myoblasts differentiation (Tang et al.,
536  2023) but not in myoblasts (Brown et al., 2012) or adult muscle except during muscle regeneration or
537 disease (Agarwal et al., 2020). Although relatively unexplored, it plays crucial roles in regulating muscle
538 fibre size, number, and type, as well as myogenic progenitor and myoblast differentiation (Agarwal et
539 al., 2020). The absence of emb-MyHC leads to the misregulation of muscle differentiation-related
540 genes and several diseases. Notably, in vitro knock-down of the Myh3 gene accelerates the initial
541 differentiation rate after 3-5 days, but the rate later declines. Patterns of embryonic/neonatal and
542 adult MyHC isoforms have been identified in vitro in C2C12 cells (Brown et al., 2012), considering emb-
543 MyHC an early isoform. Therefore, emb-MyHC was the target chosen to identify early differentiation.
544  The immunocytochemistry performed on the bioprinted samples after 7 days in culture revealed the
545 presence of emb-MyHC in the cytoplasm in several cells, validating the existence of cells in the early
546  differentiation stage — Fig. 4e.

547  While the protein contribution from adult myofibers is reported as 675 pg per cell nuclei in rat leg
548 muscle (Wisniewski et al., 2014), mono-nucleated myoblasts are expected to have less protein. In fact,
549 20 to 30 % (200-300 pg) is the typical cell protein concentration reported for several mononucleated
550 cells (Wisniewski et al., 2014). Consequently, although the bioprinting was performed at a high cell
551  concentration (20 million/mL), the protein amount introduced by the cells per sample can be
552 estimated as just 4.2 mg for 200 pg/cell. Understanding how to improve cellular protein production
553 through ink design, bioprinting control, and culture is fundamental.

554  According to Kjeldahl analysis performed by a certified laboratory, the initial protein content in the
555  acellular samples was 3.62 % protein. After culture, it increased to 5.2 % in the acellular samples,
556  suggesting protein adhesion to the PLL/GG coated surfaces or incomplete removal of the culture

557 medium. Nonetheless, the protein content was significantly higher in the bioprinted samples,
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558  comprising 7.3 % protein. Subtracting the protein of the cellular and the acellular samples, the result
559  is 2.1 g/100 g. Considering that 1) there was no significant pea protein loss during culture; and 2) the
560  bioprinted sample volume after 7 days was 1.05 mL, then each bioprinted sample contained 76.4 mg
561  of cell-produced protein. Each sample initially contained 21x10° cells, meaning that each cell yielded
562 3638 pg of protein, representing an 18-fold protein increase per initial cell over 7 days.

563 Texture analysis, however, did not reveal an improvement with culture, and all the 3D samples were
564 very soft. In particular, the hardness of the bioprinted samples was 283 mN, similar to the values
565 observed before culture. The exception was a slight increase in the hardness of the acellular samples,
566  possibly caused by the height reduction and the packing of the printed structure.

567

568 4. Conclusion

569 Here, we reported a proof-of-concept for a novel food-grade, animal-free ink and a bioprinting
570 method integrating in situ ionic and polyelectrolyte self-assembly with fluid gels. This innovation
571  enabled the structuration of low-shear stress and low-viscosity food-grade ingredients supporting
572  myoblasts' early differentiation and cellular protein production. After the differentiation period of 7
573  days, long multi-cellular structures (>200 um) were observed, suggesting myoblast differentiation and
574  fusion around the particles. Early differentiation was also confirmed by emb-MyHC in the cells'
575  cytoplasm and we did not observe sample shrinkage, potentially due to the phase separation.

576

577  The method successfully allowed us to created single-wall bioprinted constructs that were shape-
578 stable during the culture period with the 7P1C ink. The resulting bioprinted samples exhibited a soft
579  texture (hardness of 283 mN), which allowed us to isolate the effect of scaffolding on the texture.
580 Nevertheless, we consider our study a proof-of-concept that will benefit from further in-depth studies.

581
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582  While some studies have already explored bioprinting for cultivated fish/meat applications,
583  summarised in Table 1, few have developed food-grade bioinks or studied their effect on texture and
584  nutrition. To our knowledge, this study is the first to report a food-grade ink observing an increase in
585 cellular-derived protein of up to 18-fold/per initial cell after 7 days of differentiation. Bioprinting was
586 performed at the theoretical flow of 32.2 g/h, significantly above the current published research (0.56
587  to 18 g/h). Nevertheless, a C2C12 myoblasts cell line and non-animal-free cultured media were used.
588 Future research should utilize a more product-representative cell line and animal-free culture media
589 alternatives, e.g., replacing albumin and FBS.

590 Compared with FRESH-based approaches, which are the most frequently used to structure low-
591  viscosity ink, our method may have specific limitations regarding resolution and a minimum printable
592  viscosity that have yet to be determined. Future studies should also explore the optimization of
593 printing speeds, with an interest in achieving a speed of up to 120 mm/s while maintaining the laminar
594  flow without resorting to narrow nozzles, which could hinder product flow for food applications.

595 This integrative bioprinting by in situ self-assembling provides a novel approach to potentially
596  produce robust, cell-dense platforms for further studies in cell-based foods. In addition, the effect of
597  different variables (e.g., biopolymers ratio and type, particle size, nozzle, speed) can be studied to
598 increase the knowledge on the effect of bioprinting, bioink, and culture on, e.g., the texture and
599  nutrition of cell-based food.
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