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ABSTRACT
3D food printing allows creation of foods by depiogj food material according to computer

aided designs. However, the number of printableen@s for food is still low which limits the
possibilities of creating specific structures aextires. A novel approach is tested of using food
printing materials incorporating plant cells in erdo print foods that resemble plant tissues in
various ways. A 3D printing method was developeskdaon the extrusion of bio-inks composed
of a low-methoxylated pectin gel and embedded dettieaf cells. Bovine serum albumin was
added in order to increase the air fraction ingheted gel matrix. Objects containing up to 5 x
10° cells/mL were successfully 3D printed. The mectahstrength increased by the pectin
concentration and decreased with the increaser dfaaition and concentration of encapsulated
cells. The viability of the encapsulated plant £elepended on the pectin concentration and

varied from 50 to 60 %.

Keywords: additive manufacturing; encapsulation; plant cells; porosity; 3D food printing

1 INTRODUCTION

Additive manufacture (AM) constitutes an evolvinggp of technologies based on a digitally-
controlled, robotic process and is successfullyduser object manufacturing and rapid
prototyping in many industrial applications [1,Zhe object is generally build up layer by layer

from the bottom up from computer-assisted desighO)Cdrawings by using a large variety of
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materials (powder, liquid, or sheets) [1,3,4]. Rele interest in food layer manufacturing,
commonly referred to 3D food printing (3DFP), hdsoancreased [5—7]. 3DFP fits within the
concept of digital gastronomy, which combines tiiadal food cooking with 3D printing and
aims at creating food with new structures, flavargl textures taking into account consumer
organoleptic and nutritional needs [8-11]. Fusegdod#ion, extrusion deposition and laser-
sintering are the 3D printing technologies mostgdito build food structures [8]. Sugar-based
objects of complex geometries were obtained throlagkr-sintering technology [12]. Fused
deposition material and extrusion deposition tetdgies were used with several food products
including chocolate [13,14], cookie dough [15,1fgpsta dough [8] or mashed meat and
vegetable with gelatin and xanthan gum as gellgents [17,18]. Le Tohic et al. investigated
how melting and extrusion during printing affectbd micro-structure and textural properties of
3D printed processed cheese. They compared theniexgpof printed cheese products to those
of untreated cheese and highlighted the impacki@ision rates [19]. Severini et al. investigated
the printability of a cereal-based dough and theharical and structural properties of cooked
printed samples by varying the infill density armydr height [16]. Derossi et al. designed a
printable fruit-based snack that was compatiblehwilte nutritional needs of children and
characterized the texture and structure propedfetheir food material as a function of the
printing settings [20]. So far the number of foodterials to be printed are still few compared to
those for other food manufacturing. Moreover, theiity of texture and structure properties of
printed food remains limited as they are rarelyetalto account by structure design or adjusted
by using more complex printing materials. One ieséing option would be the 3D printing of
cells- or even artificial cells to yield foods wighcellular tissue-like structure of arbitrary dgsi

Plant tissues are of particular interest becauskeadf unique texture properties that are related t
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both their particular porous microstructure andttirgor pressure of cells [21-24]. 3D printing
of such artificial plant tissues would offer exodi possibilities to create new combinations of

textures and flavours yet unseen with a large piatien personalized foods.

Here we introduce and test the idea of 3D printwfg artificial plant tissues for food
manufacturing using bioprinting concepts. Varioigphinting technologies have been developed
to fabricate tissue constructs by means of sotdlie-inks composed of biomaterials including
cells. Hydrogels are often used as biocompatibl@rixnanaterial [25]. The selection and
development of printing materials is based on sdyspmetimes conflicting criteria, including
flowability (easy manipulation and extrusion), cahbility (limitation of shear stress), and final
rigidity (stability of the 3D structure) [25-28]. xEusion is appropriate for cm-scale
biofabrication of cell/matrix suspensions havingigh cell density and high viscosity [28,29].
However, those techniques resulted in lower celbiity in comparison to other AM method,
because of shear stress occurring during the éotrg7,28,30,31]. While great progress has
been made in the development of AM technologies awmedical applications using
encapsulated human/animal mammalian cells in hydsoglant-derived cell types are barely
described. Lode et al. [32] demonstrated that raigae can be immobilized and cultured in a
3D alginate-based scaffolds that were construcyeexktrusion deposition. In addition, scaffolds
with a co-culture of human and algae cells werei¢aked in which sustained delivery of oxygen
or other metabolites could be provided by the malgae to human cells. 3D printing of land-

plant cells-laden material has not received argnétin yet.

In a previous study, we reported that low methabegdgLM) pectin gel can be a promising food-
ink for the 3D printing of customizable water-bageatous food. The formulation of pectin

food-inks was adjusted by changing the pectin, s8gaup or bovine serum albumin (BSA)

3
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concentration in order to obtain edible printed starcts having variable microstructure and
texture properties. [33]. The gelation of the LMcpe food-ink is generated through the
formation of calcium crosslinks between free cagtha@xoups [34,35]. The addition of €awas
required and adjusted according to the stoichidmestio (R = 2[C&7]/[COO1) in order to
obtain suitable flowability of the gel [33]. Owirtg its cytocompatibility and the possibility to
tune its properties, pectin makes it a suitabledckte for delivery systems and scaffold
materials in food and biomedical applications [3&-Further, pectin is the obvious choice of
matrix material as it is the main constituent a thiddle lamella in plant tissues that glues cells

together [39,40].

The objective of this work was to proof that a hgghount of plant cells and air bubbles can be
successfully encapsulated into pectin-based bis-amd then 3D printed at room temperature by
an extrusion based method. We also wanted to shatittis possible to 3D print objects with

variable texture and porosity. We focused on treeafscells isolated from plant tissue (leafs) as

an ingredient in 3D printed foods. The culture wéls cells was beyond the scope of this article.

2 MATERIALS& METHODS

Table 1 presents a timeline overview of the muidtipteps necessary to print objects having
encapsulated plant cells. Those steps include tioeluption of the cell suspension, the

preparation of the bio-ink, the 3D printing proceasd, finally, the methods used to characterize

the printed objects. All production steps are detkin the following sections.

2.1 Gelingredients and reagents
The following ingredients were used for the pedoiution: high methoxylated pectin from

citrus peel ¥ 74% Galacturonic acid, Sigma-Aldrich P9135), aaicichloride dihydrate (Chem-
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Lab, cat. no. CL00.0317.1000). The following reagemere used for the maceration and buffer
solutions: D-glucose anhydrous (VWR, cat. no. 0188norpholineethanesulfonic acid hydrate
(MES, pH 5.8; Sigma Aldrich, cat. no. M2933), magjnen sulphate heptahydrate (Sigma
Aldrich, cat. no. M5921), bovine serum albumin (BS8igma Aldrich, cat. no. A7906),
pectinase from Aspergillus niger (Sigma Aldricht.a@. 17389). For viability characterization
we used: Evans blue (Fluka, cat. no.46160), flumies diacetate (Sigma Aldrich, cat. no.
F1397), and Hoechst 33258, pentahydrate (bis-bade)n(Life Technologies, cat. no.

H1398).

2.2 Solution preparation

Low methoxylated pectin having a degree of methatgh of 12 £ 0.5 % was produced from
high methoxylated (HM) pectin by the saponificatiamethod described by Vancauwenberghe et
al [33]. HM pectin solution was set at pH of 11 ditcated with 2M NaOH for 1 h at 17 °C. The
degree of methoxylation was determined by infraspdctrometry following the protocol of
Kyomugasho et al. [43]. For the Lamb’s lettuce e&lation, a maceration solution of 240 mM
glucose, 15 mM MES buffer pH 5.8, 2 mM Mg$énd 1% (w/v) pectinase was prepared. The
solution was incubated at 55 °C for 10 min to atBvthe pectinase and put on ice for 10 min to
cool to room temperature. Then, 3 mM Caand 0.2% (w/v) BSA were added to the maceration

solution.

An isotonic glucose buffer (240 mM glucose, 15 mNE§buffer pH 5.8, 2 mM MgS)3 mM
CaClb) containing 0 or 2 % (w/v) BSA was used as soltergrepare the solutions necessary for

the bio-ink preparation, 3D printing and viabiltgst:

- The pectin solutions: 30 or 70 g/L LM-pectin withdawithout 0.2% (w/v) BSA
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- The CaC{ solutions: 26 or 40 mM CagWwith and without 0.2% (w/v) BSA
- The post-treatment solutions: 50 mM Ca®ith and without 0.2% (w/v) BSA

- The Evans blue solution: 0.5 % (w/v) Evans blue @286 (w/v) BSA

Stock solutions of 1% (w/v) fluorescein and 1% (WHoechst were prepared in acetone and

distilled water, respectively.

All the solutions were prepared the day beforeettece cell isolation and were kept at 4°C.

2.3 Lamb’s lettuce cells isolation and viability tesigo printing

According to the protocol developed by Baiye Mfartilbong et al. [44], Lamb’s lettuces cells
(valeriandla locusta, L. var. ‘Gala’) were isolated from commerciallyatare plants with fully-
developed leaves provided by a commercial groweiffd) Belgium). To prepare about 20 mL
of bio-ink, 8 flasks of 30 mL maceration solutioontaining 15 striped leaves each were
prepared and then, vacuum infiltrated for 15 mimakly, the leaves were incubated in the
maceration solution in the dark for 1.5 h at 20widle flushed with air (21 kPa 0 kPa CQ,

at 15 L/h). The isolation was performed in two bat of 16 flasks: one batch was used to

prepare the bio-inks made of 15 g/L pectin, theeotne for the bio-inks made of 35 g/L pectin.

After the isolation process, the suspension wasrdétl through a nylon mesh (pore size 35-75
mm) in 2 beakers of 250 mL. The filtrate was washa&ith equal amount of isotonic glucose

buffer and decanted after a few minutes. The psoéslecanting was repeated three times. The
suspension was finally poured in equal volume wr fialcon tubes (50 mL) and was decanted

overnight at 1 °C.

Live and dead cells were evaluated by the Evane Bkclusion staining technique [45,46]. The

cell suspension (50 pL) was stained with few drop&vans blue solution for 30 seconds at

6
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room temperature (20 °C) which stains the dead.c&lhe percentages of dead and live cells
were determined by counting on a haemocytometeeruadight microscope (BX40-Olympus,

Japan).

2.4 Bio-ink preparation

The bio-ink consisted of the mixing of a pectinud@n with a cell/CaGlsuspension (1:1). Eight
different bio-inks with and without embedded letdwezlls were prepared varying the pectin and
BSA concentrations in order to change the viscosihd the porosity of the food-ink

respectively. Their composition is given in Table 2

Before the preparation of 20 mL bio-ink, 10 mL pectolution was mixed for 10 min under
10000 rpm stirring (IKA® T25 Digital Ultra-Turraxhead size 18 mm) resulting in the
incorporation of air bubbles which were stabilizB8SA was in solution [33]. After the high
speed stirring, the pectin solution was stirredenndagnetic stirring. 2x 10 mL of lettuce cell
suspension were collected from 2 falcon tubes @f saspension decanted overnight, and
washed with the same volume of 26 mM or 40 mM Ga@lution. The resulting cell/Cagl
suspensions containing 13 mM or 20 mM Ga@lere decanted for 20 min and the viability was
estimated by the Evans Blue Exclusion staining riegke. Then, 5 mL of each falcon tube of
cell/CaC} suspension was added into the pectin solution bdyogrop. The mixing of the pectin
solution with cell/CaClsuspension resulted immediately in the formatioraafel having the
composition listed in Table 2. The bio-ink was dgrstirred with a spatula for 5 min before
being transferred to the syringe. The bio-inks aommihg 0 % (v/v) cell suspension were prepared

in a similar manner.
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Some chemicals used in this step were not ediladegrFor this reason, we preferred using the
term “bio-ink” instead of “food-ink”. More focus othe food-grade material selection will be

addressed in future research.

2.5 3D printing and post-treatments

The 3D printing process based on extrusion deposii room temperature (23 °C) has been
described previously [33]. The 3D printer prototypensisted of a 3D robotic system (CNC
Bench 3D 4046, GoCNC.de, Germany), control softs#vamPN-CN USB, Lewetz, Germany),
a pressure system and an injection device. A sgringnp (Harvard Apparatus, Holliston, MA,
USA) was used as a pressure system to providecasereontinuous extrusion flow rate. The
STL files were designed and exported using AutoGADtoCAD; Autodesk, Cupertino, CA,
USA). The open-source CAM software Slic3r (slicBy,aconsulted on February 2015) was used
to generate the G-code files, providing the XYZhpaty instructions of the printer, from the
STL file. The following printing setting were usesktrusion nozzle diameter of 0.838 mm, layer
height of 0.838 mm, extrusion flow rate of 0.34 mid and infill velocity of 10 mm/s. The
shear ratey) during the extrusion printing was calculated adow to Eq. 1 [47]:

=— Eqg. 1
d q

8 _ 8
y:_

d
wherev is the average velocity (mm/g),is the nozzle diameter (mn1}, is the extrusion flow
rate (mm3/s) and\ (mm?2) is the cross-sectional area of the noztlejak found to be equal to

21.8 §.

Cubes of 1.5 cm edge were printed for visual comparand mechanical characterization. The

cubical geometry allowed an easy qualification led printability and build quality features
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(shape reliability, edge aspect, material layering) simplified the mechanical characterization.
Then, thin square layers of 1.5 x 1.5 x 0.25 cmfewminted for the cell density and viability
estimation by confocal microscopy. Finally, cub&9d cm edge were printed for the structural

characterization by micro computed tomography (CT).

After the printing, the cubes of 1.5 cm and 0.7 exlge were incubated into the post-treatment
solution for 60 and 30 min, respectively. This pwsatment was required to solidify the pectin
gel and let the Gaions diffuse through the gel. The square layenevircubated into the post-
treatment solution composed of 50 mM Ca@D pg/mL Hoechst stock solution and 1.5 pg/mL
fluorescein diacetate stock solution for 30 mirthie dark. Hoechst 33258 stained cell nuclei and
protoplasts of dead and damaged cells becauseenflthv permeability [48,49]. Fluorescein

diacetate stained alive cells [50].

2.6 Confocal microscopy and image analysis

The same day of 3D printing, the square layer abjaecre analyzed using a Leica TCS SP5
confocal microcope (Leica Microsystems, Germanyjofescence pictures (512 x512 pixels)
were recorded using a HCX PL APO CS 20x (NA: 00tgective. Hoechst 33258 was detected
using 405 nm excitation and emission wavelengtésvéen 410 and 460 nm, fluorescein
diacetate and chloroplasts were imaged after 48&xuitation and emission detection between
493 and 550 nm, and 584 and 666 nm, respectivetya@ks of 90 cross-sections with qurh
step-size and an area of 775 um x 775 um werenaotailThe brightness and contrast of the

recorded images were improved using ImageJ soft(tae NIH, Bethesda, MD).

The cell viability and distribution in the confoaalage stacks with a prismatic volume of 90 um

X 775 pm x 775 um were visualized and characterirgdg the Avizo image processing
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software (version 9.0.1, VSG, France). The workflo#vthe image processing (Figure 1)
included color deconvolution followed by mediantdiing. Then, the color channels were
binarized and separated by interactive thresholdiing red, green and blue (RGB) channels
corresponded, respectively, to chloroplasts, flsceen diacetate and Hoechst 33258 stains. RGB
channels were superposed by using “OR” operatiovidualize the complete cell distribution
while avoiding the counting of overlapping objectie resulting stack was despeckled by
morphological closing and opening operations. Bn#he aggregated cells were separated with
a watershed algorithm and the cell count was obthby 3D analysis. The G channel was used
separately to count the viable cells by using #rmes processing workflow (see Figure 1). The
density of cellsd (cells/mL) was calculated as the total number géctbobtained by the image
processing of RGB channels, divided by the imagekstolume. The cell viability (%) was
obtained from the division of the amount of viabédls obtained by the image processing of the

G channel by the total amount of cells calculatgthie image processing of RGB channels.

2.7 X-ray micro-CT and image analysis

The day after 3D printing, X-ray CT was performedsisualize the porous microstructure of the
printed cubes of 0.7 cm edge using a Skyscan 1Br@ké¢r microCT, Belgium). Micro-CT
settings were set at a source voltage of 60 kVouace current of 167 pA with pixel image
resolution of 4.87 um. A radiographic image of 10#8 2000 pixels was acquired with an
averaging of 3 frames for each rotation step of @&r 180°. The projection images were

reconstructed using NRecon software (version 1.8, Bruker microCT, Belgium).

The reconstructed images were analyzed using thenGbftware (Bruker microCT, Belgium)
to determine the porosityy); All image datasets were trimmed to a circulgiore of 1150 pixel
diameter in order to perform the analysis on anclylcal volume of 2.80 mm of radius and 4.56
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mm of height. The sliced images were treated withedian filtering, an automatic thresholding
by the Otsu method and, finally, closing and opgnmimorphological operations with a radius of

two pixels. The workflow of the image processingusnmarized in Figure 2.

2.8 Mechanical characterization

The day after 3D printing, the printed cubes of dnb edge were physically characterized by
force-deformation measurements using a TA.XTPIutute analyzer device with a cylindrical
metal compression plate of 75 mm diameter (Stablerddystems, Godalming, UK). The
compression test was performed with a load ford@®N and maximal strain of 80 % at a speed
of 1 mm/s. The engineering Young’'s modulug/as determined by the slope of the linear part of
the stress-strain curves [51]. The linear part estemated by the line of best fit obtained from
the stress-strain curve having a constant coeficed regression of more than 0.98. This
corresponded to a straig) (nterval of [0.02, 0.12] for samples composedLbfg/L pectin and

[0.05, 0.15] for samples composed of 35 g/L pectin.

The maximum compressive stress or yield strggsvas also estimated as an indicator of the gel
strength [52,53]. It was defined as the point atdtress/strain curve where a drop or no increase
in stress occurred with an increase in strain [Bdihe case of large deformations such as during
yielding, true strains and stresses should be derexil. However, common expressions for true
stresses and strains are based on conservatiatuohe which is not assured here because of the
high air fraction of some samples [55]. We, therefaised the engineering stress and strain to

estimate the yield stress.
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2.9 Statistics

The bio-inks were prepared in one batch and thefocah microscopy, micro-CT and
compression test were performed in triplicate. &bmeasurements and bio-ink compositions,
the mean value + standard error was calculated.nigen values were analyzed through t-test at
confidence level of 95 % in order to highlight teenificance and independence of the

investigated parameters on measured properties.

3 RESULTSAND DISCUSSION

3.1 3D printing

The bio-inks were successfully 3D printed using {nting parameters established by
Vancauwenberghe et 4B3]. The bio-ink deposition and the 3D structutabdity during and
after printing were carefully observed in orderegiimate the build quality. This observation is
shown in Figure 3 which compares the printed cutied.5 cm edge. For all the bio-ink
compositions, the deposition occurred regularlyoatiog to visual observation. The edges of
printed objects were manually measured and comgar#te design. The manufactured objects
kept their 3D shape without spreading, leading gmad printing accuracy. However, the edges
measuring 1.3 cm in average were slightly smaliantexpected. This difference could be due to
the syneresis of the pectin gel which was causedlby shrinking of pectin chains upon
increasing of the CGAion concentration after the post-treatment. Tkisulted in a release of
water from the gel involving a decrease in its wedudimensions [56,57]. This effect was
probably independent of bio-ink composition as ditaensions of all printed samples with and
without embedded cells were in average the same.c¥lve also established based on the
independence of bio-ink composition on shape dsioers that the encapsulated lettuce cells did

not affect significantly the bio-ink flowability fusted by the stoichiometric ratio of pectinfCa

12
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gel (R = 2[C&")/[COO]) [33]. The R-value corresponded respectively 880and 0.22 for the
bio-inks made of 15 g/L and 35 g/L pectin. Aftee thost-treatment, the printed objects were
solid enough to be easily manually handled for ¢haracterization tests as they kept their

structural integrity through these manipulations.

We could examine the build quality from the laygrimpples of the printed objects (Figure 3).

They appeared uniformly straight for all printedemts with the exception of samples made of
35g/L pectin with encapsulated cells which got léspwith a very slight curvature. This was

probably due to swelling effect during the postatneent [33]. The colour of the printed cubes
varied with the composition of the bio-ink: the pegel gave a yellowish colour to the samples
while the green colour was provided by the chlamed of the lettuce cells. The printed cubes
composed of BSA had a lighter colour indicating ginesence of air bubbles that caused light

scattering [58].

3.2 Characterization of the porosity

The porosity or air fraction of the 3D printed cabef 0.7 cm edge was obtained from the

structural analysis of the X-ray CT scans. The aequ2D slices are compared in Figure 4. The

black spots on the CT cross-sections represebudainles which are surrounded by the pectin gel
with or without embedded cells in grey scale. Letteells and the pectin medium cannot be

distinguished on the CT slices as both material® ll|amass density close to water and, thus, a

similar x-ray attenuation coefficient [59,60].

An increase of the porosity is clearly noticedttoe printed samples containing BSA as reported
in Table 3. Particularly, the porosity of samplesd® of 15 g/L pectin and 2 g/L BSA with and

without 50 % (v/v) embedded plant cells increase@Q@ % while it only slightly increased for

13
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samples the samples made of 35 g/L pectin and B&A with and without embedded plant
cells. As already discussed previously [33], tremporation of air bubbles is promoted by high
stirring of the bio-ink before printing. In additipthe foam is stabilized by the adsorption of
BSA proteins at the air-liquid interface [61,62]nel gel state of the bio-inks reduced the air
bubbles motion and coalescence [63-65]. For thidystthe high stirring was performed on the
30 g/L or 70 g/L pectin solutions before mixing vthe lettuce cell/Cagbkuspension in order to
prevent cell damage. Those solutions were prepasaty isotonic glucose buffer as solvent
which contained only 3mM CaglIThis low C&" concentration resulted in stoichiometric R-
values of 0.1 and 0.05 for 30 g/L and 70 g/L pesthutions, respectively, and was probably not
sufficient to significantly increase the viscostythe solution [66]. This made the solution more
susceptible to foam collapse especially in the caseghe 70 g/L pectin solution. The
encapsulated cells in bio-ink led to a slight desesin the porosity of the printed object. Due to
the complex formulation of the bio-inks comprisitigee distinct phases (air, gel and plant
cells), the variation of the porosity was diffictidt interpret. The embedded cells may affect the
adsorption rate of the protein at the air-liquittnfiace. Several factors may be responsible of this
change including change of the visco-elastic prig®{67,68] or additional interactions between

BSA and cell wall [62,69,70].

3.3 Mechanical properties obtained by compression tests

The mechanical properties were estimated from tiessstrain curve obtained by performing
compression test on the printed cubes of 1.5 cre.dfigamples of the stress-strain response for
each sample and the estimation of the Young’'s nusdahd yield stress are given in Figure 5.
For the printed samples made of 15 g/L pectinbeng’s modulus varied between 30 and 65

kPa and the yield stress varied from 5 to 10 kRPan@es made of 15 g/L pectin with

14
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encapsulated cells had lower values of the mechbpioperties in comparison to the reference
samples made of 15 g/L pectin suggesting that tlvapsulated cells affected those properties
negatively. However, similar stress-strain respsngere found for the samples made of 15 g/L
pectin and 2 g/L BSA with and without 50 % (v/v) leadded plant cells with values of the
Young's modulus and yield stress that were staiyi equivalent. Those samples had lower
values of mechanical properties in comparison ¢ostimple composed of 15 g/L pectin with and
without encapsulated cells due to their high payoshich tended to disrupt the continuity of the
cell/gel mixture [71]. The presence of cells did mopact significantly the mechanical properties
for such high porosity. The printed samples mad8%0f/L pectin resulted in higher values of
mechanical properties with Young’s moduli varyimgrh 140 to 200 kPa and vyield stresses
varying from 30 to 90 kPa. The increase of pectincentration in the bio-ink involved higher
mechanical strength because of a denser crossilimé®vork as discussed in Vancauwenberghe
et al. [33]. For those samples, the reference gulicibes made of 35 g/L pectin with and without
2g/L BSA, gave similar mechanical behavior undempoession in comparison to the printed
cubes composed of 35 g/L pectin having embedddd weth and without 2g/L BSA. The
encapsulated cells clearly influenced the mechapicperties of printed object more than the
trapped air bubbles because the air fraction wasuiticient enough to affect the continuity of
the gel matrix [71,72]. The printed samples contgirembedded cells can be considered as
composite material in which the LM-pectinCael was the matrix and the lettuce cells were
particulate filler. A simple description of the namical properties of composite material is the
rule of mixtures in which the properties of compesnaterial are computed as the weighted
mean of the properties of matrix and filler matefi8—75]. According to this general rule, the

embedded cells would have lower mechanical pragsettian the pectin matrix. This would lead
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to a decrease of Young’s modulus for the printe@gaib having encapsulated cells. In addition,
the decrease of the bio-yield stress would sugbasthe lettuce cell were unbound to the pectin
matrix according to the Nielsen theory (1966) [dpwever, BSA may affect positively the

adhesion of the lettuce cells into the pectin matecause samples made of 15 g/L and 35 g/L
pectin with 2 g/L BSA and 50% (v/v) embedded celi&l mechanical properties closer to their
respective reference. However, the actual resoftsnat sufficient to confirm this observation.

More investigations would be necessary to spedify impact on the mechanical properties

induced by the encapsulated plant cells into penatrix with and without BSA.

3.4 Cell density and viability

After each isolation of Lamb’s lettuce cells, thel wiability was determined by counting dead
and alive cells by the Evans blue exclusion stgiriethnique. Two batches of cell suspension
were produced: one for the bio-inks made of 15ggttin and the other one for bio-inks made of
35 g/L pectin. The viability, given by Table 4, waound 85 % for each suspension after the
isolation process which was an acceptable effigigacfurther manipulation. The day after, the
cell suspensions were decanted into GaGlutions of 13 mM or 20 mM in order to produce
bio-inks made of 15 g/L or 35 g/L pectin, respeeyv Note that the Caglsolutions were
prepared using a glucose osmotic buffer as solweatder to maintain the osmotic equilibrium
of the cells (see §2.2). After the decantation@fi#n, the viability was evaluated again in order
to qualify the effect of CaGl From the results presented in Table 4, we obdemvdecrease of a
few percent in the cell viability after the 20 noh decantation which was independent of the
CaClk concentration. The viability of the cell suspensisemained relatively high before being

mixed to the pectin solutions.
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Figure 6 reports the cell viability and densityeaf8D printing obtained from the image analysis
of confocal microscope scans. In general, the Wgluf the printed objects varied from 50 to 60
%. This is a promising results as the 3D printifi@rcapsulated land-plant cells has never been
tried so far. Moreover, for the first time, cellslarge size (+ 40 um diameter) were used for 3D
printing application. Samples composed of 15 g/ttipeand encapsulated cells with and without
BSA had the highest viability which was independeihthe addition of BSA. The increase of
pectin concentration seemed to affect the viabdgyshown in Figure 6. Bio-inks made of 35 g/L
pectin resulted in gels of higher visco-elasticgamies which probably impacted the shear stress
during extrusion, and, thus, increased cell danmjagg’7—79]. The density remained the same
for all samples (5 x facells/mL) with the exception of samples compositisog/L pectin, 2 g/l
BSA and 50 % (v/v) lettuce cells, having a density4 x 10 cells/mL. This difference was
obviously because of the higher air fraction ofstn@amples. Finally, the distribution of cells
appeared homogeneous for alive and dead cells vaichot form clusters as shown in Figure
7. The method developed to encapsulate plant il pectin was successful and reproducible
for variable gel composition. However, at this stag the research, the printed object did not
have cell density comparable to those of planuésswhich may be up to 16 16 cells/mL

[80-82].

4 CONCLUSION AND PERSPECTIVES

This research successfully tested the concept girBiding of alive plant cells. For the first time,
we showed that land-plant cells can be encapsuiatpdctin gels at high density and can be 3D
printed with good accuracy and reproducibility. Tieemulation of bio-ink at different pectin
concentration and the 3D printing process did matrgtically alter the cell viability. However,

the increase of the pectin concentration resultddwer viability due to the higher viscosity of
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such bio-ink. The encapsulation of cells in bio-tdnded to decrease the mechanical and
structural properties of the printed object in camgon to their reference results. More
investigations would be necessary to understancktiieet of encapsulated plant cells on these

properties.

The methodology presented in this study may beideredd as a first step to produce 3D printed
cellular or particulate foods. Nevertheless, furttesearch would be necessary before being able
to manufacture cellular edible material having smproperties than real plant tissue. Future
research should address exploring the formulatioantapsulating different kind of filler which
can be plant cells, pulps or artificial micro-peles. Notably, methods to increase the cell
density would be required to get microstructuresetao those of plant tissue. Several ways can
be tried to reach that objective including the ioy@ment of printing method or the culture of
cells. More attention on the edibility of the prothiand consumer acceptance should also be

addressed as a final step to validate the methddoadevelop more variety of products.
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Table 1 Overview of the production steps.

Timeline Production step Description
Day O Preparation of maceration and buffdsotonic solutions used for the cell isolation
solutions
Day 1 Isolation of Lamb’s lettuce cells Incubatirlettuce leaves into maceration buffer
Determination of cell viability
Preparation of pectin solution Dilution of LM petinto buffer solution
Day 2 Bio-ink preparation Incubation of cell susgien into CaC] buffer solution
High stirring of pectin solution with or without BS
Mixing of cell/CaC} suspension into pectin solution
3D printing Extrusion deposition of bio-ink layley layer at room temperature
Incubation in CaGlcrosslink solution
Confocal microscopy Visualization of alive and deatl in the 3D printed objects ard
viability characterization
Day 3 Micro computed tomography Visualization andaracterization of the porosity in the ZD

printed object

Photography

Determination of the build quality lné fprinted objects

Compression test

Measurement of the mechanicakpiep of the printed objects




Table 2Bio-ink compositions

Label LM pectin | CaCl, | BSA | Lamb’s lettuce cell suspension
g/L mM g/L % (VIV)
15p ref 15 6.5 0 0
15p BSA_ref 15 6.5 2 0
15p_cdl 15 6.5 0 50
15p BSA_cdll 15 6.5 2 50
35p_ref 35 10 0 0
35p_BSA_ref 35 10 2 0
35p_cdl 35 10 0 50
35p _BSA_cdll 35 10 2 50




Table 3 Porosity (p) + standard error of 3D printed objects.

Samples (0]

%
15p_ref 1.38+£0.16
15p_BSA_ref 26.42 +0.45
15p_cell 0.30+0.24
15p_BSA cell 23.15+0.79
35p_ref 0.46 £0.07
35p_BSA ref 5.25+0.09
35p_cell 0.02 £0.02
35p_BSA cell 151+£0.21




Table 4 Viability £ standard error (%) of the cell suspenms after isolation (initial suspension) and after
the decantation into the CaQolutions with and without 0.2% (w/v) BSA. For bitk made of 15 g/L
pectin, the cells were decanted into 13 mMGalution. For bio-ink made of 35 g/L pectin, thalls
were decanted into 20 mM CaGblution.

Batch Initial After 20minin 13or 20mM CaCl, + 0.2 % After 20 minin 13 or 20 mM
suspension (w/v) BSA + buffer CacCl, + buffer
For bio-inks made of 15 85.7x5.4 82.2+5.0 81.4+5.6
g/L pectin
For bio-inks made of 35 84.3+4.7 77.7+5.1 81.2+7.2
g/L pectin
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Highlights

* Objects were 3D printed using pectin gel and encapsulated alive plant cells.

*  Objects with variable properties were printed by changing the bio-ink composition.

e Bovine Serum albumin increased the air fraction in the printed gel matrix.

e Theincrease of pectin concentration increased mechanical properties of printed object.
e The viability of encapsulated plant cells depended on the pectin concentration.



