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Abstract

The major limitation of 3D bioprinting is the avatlilility of inks. In order to develop new ink
formulations, both their rheological behavior totab the best printability and the target bio-
printed objects conformities must be studied. Ins tipaper, the preparation and the
characterization of novel ink formulations basedtwn natural polysaccharides, chitosan (CH)
and guar gum (GG), are presented for the first timeour knowledge. Five ink formulations
containing different proportions of CH and GG w@mepared and characterized in terms of
rheological properties and solvent evaporation.ifTpentability was assessed (by varying
nozzle diameter, pressure and speed) using ansextrbased bio-printing process performed
directly in air at 37°C. Results showed that theonporation of GG improved both the
printability of the pure chitosan inks by increasithe viscosity of the solution and the shape

fidelity by accelerating the solvent evaporatione Whowed that the ink containing 15% of GG



had the best printability. This formulation wasréfere used for the preparation of membranes
that were characterized by infrared spectroscodyR}-and X-Ray Diffraction (XRD) before
and after gelation as well as for their mechanpecaperties (Young modulus, strength and strain
at break). In this case, optimal process printpagameters were determined to be 27 G
micronozzle, printing pressure below 2 bars anatblead speed between 20 and 25 mm/s. This
novel ink formulation is a guideline for develogi?D scaffolds (such as auto-supported

membranes) or 3D scaffolds for biomedical applarai
. Introduction

Due to the persistent problem of organ shortage, asificial methods have been developed
in order to find alternative solutions to transplaiotat[1-3]. 3D bioprinting has emerged as a
promising method to fabricammplex devices to regenerate or replace tissug@oggans that
could be processed using natural polymers [4]. Agntdre different technologies, extrusion-
based 3D bioprinting is the most commonly usedhefield of health care applications [5]. Two
approaches can be used for the extrusion-basedirtiog: the older one that consist on the
deposition of the bioink on a flat surface in airdaa more recent one where the bioink is
extruded into a suspension bath that prevent therrahto collapse [6]. However, the first one
offers lower cost processability and less complexity. Dtestghe great progresses that have
already been made, extrusion-basedBaprinting is still at its early stages and thare still
lots of improvements to be made concerning thenkiavailability [7]. One of the biggest
limitations of this technology is the developmehto@inks that, in form of hydrogels, present
adequate mechanical properties to ensure a goothlpitity and shape fidelity post-printing [8]
without compromising the cell viability [9]. Eithewynthetic or natural materials can be used to
prepare bioinks, which generally show opposite attaristics. In fact, while synthetic materials
present strong mechanical properties simplifying phinting process and shape fidelity of the
printed constructs, the natural ones present lomunogenicity and higher biocompatibility,
biodegradability, andbioactivity properties [10]. Among the differentobaterials, natural
polymers have been gaining increased interest Beaafitheir ability to mimic the extracellular
matrix (ECM), offering the adequate environmenstpport cellproliferation and viability [11-
12]. Chitosan (CH) is the second ma&tundant biopolymer found in nature, obtained kg th

deacetylation of chitin that can be extracted frihvm exoskeleton ofrustaceans [13]. CH has



several biological properties such as biocompdtgbibiodegradability and bioactivity [14].
Furthermore, it has antimicrobial properties thahke it suitable for tissueengineering
applications [15]. However, because of the lacktodng mechanical properties and slow rate of
gelation (that is important for the shape fidetafier printing) CH alone is nauitable for proper
and easy printing [16].Therefore other macromolecules are often necessaH. was
alreadymixed with synthetic materials like PLA [17] or hyatyapatite [18], natural ones like
gelatin [19] and catechol [20] to produce bioinks 8D bioprinting. We hypothesize that the
combination of CH with other natural polysacchasideuch as Guar Gum (GG), could create a
new component of bioink suitable for the extruso@sed 3D bioprinting. GG & water-soluble
microbial polysaccharide, composed of a linetain of 1,4-linked mannose residues to
which galactose residues are 1,6-linked at evagond mannose [21]. GG has been used as a
stiffener agent and appropriate for many pharmaceutical aatl fapplications [22]. For
example, CH-GG hydrogels have been used to creatsdermal patch for the delivery of
paracetamol and showed low cytotoxicity and antiob@l activity in vitro [23]. Furthermore,
thanks to its ability of forming gels in water, G§&used to increase the viscosity of solutions
representing a great candidate as a componentoofkbi [24]. The aim of this study was to
developCH/GG ink formulation using different proportionstbe two polymers and optimizing
the printing parameters in order to achieve a gpodtability. Ink formulations were then
characterized in terms of viscosity, solvent evapon, dimensional stability and shape fidelity
before and after gelation by neutralization. Membsa created using the formulation that
showed the best printability were object of furtBardies such as infrared spectroscopy, X-ray
diffraction and mechanical properties (Young's madu strength and strain at break), before
and after gelation. We will show that the inclus@inGG improved the mechanical properties
and consequently the printability of pure CH aslvesl its dimensional stability leading to a

better post bio-printing behavior.

. Materialsand methods
2.1. Materials

Chitosan (CH) 90% deacetylated, 15 mPascosity was purchased from Heppe
Medical Chitosan GmbH, Germany. Guar Gum (GG), Citric Atidnohydrate (CA) and Acetic



Acid (AA) > 99.8% were obtained from Sigma-Aldrich. Ethanolaiie® came from Carlo Erba.
NaOH was obtained from VWR.

2.2. Inksformulations

Ink formulations were adapted from the previoushuods used to elaborate films [25, 26, 27].
Pure CH solution and pure GG solution were mixedlifferent proportions to create the ink
formulations (labelled C100, C95, C85, C75 and Gf#scribed iMmable 1, by pouring GG into
CH [26]. Pure CH solutions were prepared by dissghL0% w/v CH in a 40% (v/v) acetic acid
solution in Deionized Water (DW) at 25°C. Then, 8#v) CA followed by 10% w/v CH was
slowly added to the solution, and mechanical mixedernight. Then, the solution
was centrifuged at 3,000pom for 10 min (Heraeus Multifuge X) and kept tstréor 2 hours at
25°C toremove undissolved particles and air bubbles. Bpgme pure GG solution, 1.5% w/v
GG was first mixedvith absolute ethanol (0.5 mL of ethanol for 100 aigGG) toavoid GG
aggregation in the solution, then poured into DVB@RC and mixed for 5 mins [28]. Then, the
solution was kept resting for 2 hours at 25°C tdHe viscosity increase with the decrease of the
temperature. Finally, different proportions of p@# and pure GG solutions were mixed under
agitation at 70°Cfor 30 mins and kept for 1 h at 25°C. Then, eadk formulation was
centrifuged at 3,000 rpm for X@ins to eliminate all remaining adubbles, before being poured
into a syringe Syringes were sealed, covered with aluminfioihand stored in a fridge at 4°C
until usage. The density of each ink formulatioalcalated by measuring the mass of 1 mL of
ink (in triplicate), is presented ihable 1.

Table 1. Composition of the different ink formulations witlespective densities CH:
chitosan, GG: guar gum

C100 | C9 Cc85 C75 C65
CH (%) 100 95 85 75 65
GG (%) 0 5 15 25 35
Density (g.cm™) 1.186 | 1.183 | 1.182| 1.175  1.158




2.3. 3D Bioprinting processes

In this study, a 4tlgeneration 3D-Bioplotter from EnvisionTEgOntrolled with Visual Machine
software, was used to perform all the printing psses. This bprinter was equipped with a
temperaturesontrolled platform (-10 to 80°C) fixed 46°C and a low temperature dispensing
head(0 to 70°C) fixed at 37°C to print all the ink foahations under uniform conditions. The
ink wasinserted in a 30 mL syringe equipped with a I#ad cap to prevent ink flow before use.
Then awhite SmoothFlodM piston was inserted and tegringe was fixed to a high-pressure
blue adapter (Nordson EFD). Ink formulations weextruded through SmoothFIdW
taperedmicronozzle (22 G: 410 um, 25 G: 250 p&Y, G: 200 pm, Nordson EFD) under

appliedpressure controlled by an air-powerdigpensing system.

2.4. Rheological characterization of theink formulations.

Shear viscosities and shear thinnjrgperty of the ink formulations were determinedhgsa
rotationalrheometer Malvern Kinexd¥ (Malvern Instruments Ltd., Malvern, UK) fitted Wit
cone plategeometry (4° and 40 mm diameter) at shrates range of 0.01-1000 at 37°C. The

edge ofthe cone-plate was covered with mineral ojptevent solvent evaporation.

2.5. Solvent content and evapor ation rate

The variation in thesolvent content and the evaporation rates of allGIH ink formulations
were investigated. Individual lines (length: 78 mroalled filaments in the followingwere
extruded through a 25 G micronozzle at a robot fegeed of 5 mmi’sand at a pressure of 1.2
bars. The weight loss, representative of a decrigatee solvent content, waseasured using a
high precision balance (OHAUSdventurer Pro) for 3-4 hours and afteying the filaments for
2 days at 25°C. The evaporati@te was then calculated by dividing the weighiatam by the

initial weight of printedfilaments.

2.6. Deter mination of optimal bio-printing parameters

The flow rate of the five ink compositions underffelient pressures and nozzles were
determined. In order to study the effect of thenfimg parameters, filaments (length: 78 mm)
were printed on a Petri dish using the 5 ink foraiohs (presented ihable 1) under different

pressures, robdtead speed and extruded from different nozzlesd22nd 27 G). The images



of the printed filaments were captured weéth optical binocular Stevui S11. Three random parts
of each filament (from three samples per each grotgre measured and the best printability
was obtained for the ink formulation that preserttezllowest filamendiameter (d), the lowest
variation between thneoretical surface (Sth) and the real surface {l%)lowest sprawl and the
highest dimensionatability. The ink formulation C65 was used to selhe appropriate nozzle
size. In order to do this, the ink was extrudedhgghe 25 and 27 G nozzles at a fixed speed of
5 mm.$" under a pressure range of 0.9-2.5 bars. Theripthrulation C85, printed using a 27 G
micronozzle, was used to evaluate the influencdiféérent robot head speed (15, 20, 25 and 30
mm.s") and extrusion pressure (from 1.5 to 4 bars).lizaste influence of the ink composition
on the diameter of printed filaments was assesygeprinting the 5 different ink formulations
with a 25 G micronozzle, a robot head speed of B6ghand a pressure range between 0.9 and
2.5 bars. Eventually, the ink formulation C85 wsaected as an optimal composition for

extrusion based-printingnd was the object of further studies after prontin

2.7. Gelation by Neutralization

After printing C85 rectangular membran@gdth = 20 mm, length = 80 mm) were printed using
a 25G micronozzle, under a pressure of 1.5 bar andatfeeadspeed of 10 mm’s Gelation

was obtained by immersing membramesa 1M sodium hydroxide (NaOH) solution for 18h.
After this time, membranes wekgashed with DWto remove excess of NaOH until neutral
pH was achieved and dried in an oven58°C for 4h. For this and the following studies,
neutralised membranes in a wet state will be nal&t while neutralized membranes in a dry
state will be named ND. Similarly, as-printed meam®s in a wet state will be named APW,

while as-printed membranes in a dry state will amed APD.

2.8. Dimensional stability analysis

To determine the effect of gelation dimensional stability, neutralized C85-based memésa
(length=79 mm, width=39.5 mm) were comparedaseprinted ones. The size variation (length
and width) was measured using Pands3s3 Software while they were drying at 25°C0 a2, 4,

18 and 24 hours. All measurements were performéapincate.

2.9. X-ray diffraction (XRD)



XRD spectra of as-printed in a dried state (APDJ aautralized in a dried state (ND) C85-based
membranes were recorded using a Axszance diffractometer. Data were collected in e
scan angle range of 5-55° with a scan rate of ®u6°(2s/step) an@.02°/step. The machine was
set at 40 kV and0 mA at RT. All samples were dried in an oven ngdh att0°C before use.

2.10. Fourier transform infrared spectroscopy (FTIR)

FTIR spectra were obtained with a Thermo Scienfificolet machine on as-printed in a dried
state (APD) and neutralized in dried state (ND) ®&5ed membranes. Analysis wpsformed

with 64 scans and a 4000-400°tspectral range (4 chresolution).

2.11. Mechanical properties of the printed rectangular membranes

Young’s modulus and tensile properties (strengthsirain at break) of the as-printed (APW and
APD) and neutralized (NW and ND) rectangular membsgwidth = 20 mm, length = 80 mm)

prepared using C85 as ink were investigated usingelectromechanical machine with a
100N load cell and following the standard of ASTIMB822/D3822M. To achieve a wet state,
samples werémmersed in DW during 24h before use. The tengtdst were done at least 5

times per each condition.

. Results and discussion
3.1. Rheological properties

The size of the nozzle and the ink compositionta@important parameters that determine the
flow rate, described as the quantity of ink filamkaving the nozzle tip per unit time. The effect
of different nozzle diameters and pressures on(68& ink formulation and the effect of the
composition of the inks extruded using the samezleodiameter were examineBigure 1A
shows the volumetric flow rate of C65 ink undeifeliént extrusion pressures and three different
micronozzles (22 G: 410 um, 25 G: 250 um, 27 @ 2m). Without any surprise, the flow rate
increased when the nozzle diameter increased atven goressureFigure 1B shows the
evolution of flow rate for all ink formulations,xing the micronozzle (25 G), under different
pressure. All the curves had a general tendenagsepted by a monotonous linear increasing as
applied pressure increase. Using C100 as refereanose, two ink presented curves located
below it (C85 and C95) while two inks presentedvesrlocated above it (C65 and C75). This



phenomenon could be explained by the thixotropltal®r of inks. As mentioned in [25], it is
worth noting that, on the one hand, the amino gsafplCH are protonated to NHin the acetic
acid solution and on the other hand, the ordetadttsres of GG are destroyed with the
solubilization process, resulting in intermolecutdrogen bonding between MHof the CH
backbone and OHof the GG. From pure CH to 15% of GG content theenfation of hydrogen
bonding increased the viscosity. When the conceotraf GG increase from 15% to 35%, a

reduction in viscosities of inks formultations caining GG was observed.
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Figure 1: Volumetric flow rate as a function of applied me=e. (A) C65 ink deposited using
three micronozzles (22, 25, 27 G) and (B) fiveatiint inks (C65 to C100) extruded with a 25 G

micronozzle.

Ink viscosity is one of the most important paramefer a successful bioprinting. Inks should
preferentially present a shear thinning behaviogrider to allow an easy continued and regular
flow through the nozzle when pressure is appliednduthe extrusionFigure 2 shows the
viscosity of the different ink formulations. All knformulations exhibited a shear thinning
behavior and could be suitable for extrusion-babexprinting because they decrease their
viscosity under increasing pressure. Results shatvthe inclusion of GG on pure CH solution

increase its viscosity, although this increasednhdirectly dependent on the added quantity. In



fact, C75 presented the highest viscosity at steteeof 0.1%, followed by C65, C95, C85 and
lastly C100. The higher viscosity of C95 comparedC85 could probably be explained by the
fact that the initial increase in GG’s concentmatresulted in intermolecular hydrogen bonding
between NH+ of the CH backbone and Ohf the GG, but further addition of GG led to
decrease the puncture force as mentionned in §],could be attributed to the aggregation of
the GG double helices. These observations cannkedito the amphiphilic nature of the two
polysaccharides used. Both C95 and C85 results shatwa reduced shear rate is necessary in
order to achieve the loss of viscosity: 0.8 Paabisined at 63 5for C95 and 125.97sfor C85,
against 1585 for C100. This property is interesting becausalliiws a potential reduction in
applied pressure during bio-printing, that couldaoantageous if the inclusion of cells during
the bioprinting is considered. Furthermore, the abdow pressure and thus the creation of
thinner filaments could improve the shape fideéfter printing. For instance, viscosity of C85
and C95 dropped from 100 Pa.s at a steady stfle8dPa.s at a shear rate of 200 All this
type of ink became unstable above 100skear rates. Results concerning C75 and C65 were

unstable, probably due to their lack of homogenaitg phase separation of the ink over time.

10000

C85 —(C95
-..__.. +-C100 =C75
- 100 ‘e
£
£ 10
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0,01 0,1 1 10 100 1000
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Figure 2. Viscosity (Pa.s) as a function of shear rat® {sr C65, C75, C85, C95 and C100 ink

formulations.



3.2. Solvent evapor ation rate

Solvent evaporation rate is an important parantéir can affect the dimensional stability and
printability of bioinks [27]. In fact, a faster s@nt evaporation rate leads to a faster
solidification of the printed structure. Conseqignthe possibility to build complexes 3D
structures without collapsing phenomena increases.

Solvent content (%)

0 2000 4000 6000 8000 10000 12000
Time (s)

Figure 3. Time dependency of the solvent content insidditaments printed with all inks,
obtained through weight measurements at 25°C.

Figure 3 shows the evolution of the solvent content (%)aafunction of time for all ink
formulations. All samples exhibited a large tendetw stabilize around a solvent content of
25%, proving that GG did not influence drasticdty final solvent content. This amount was
similar to the results presented by Wual. [27] for a 8% CH solution prepared in acetic acid
while the same solution prepared in an acidic meiof 40% AA, 20% Lactic Acid (LA) and
3% CA lead to a final solvent content of 40% dué<$dower vapor pressure (0.0813 mmHg at
25°C for LA and 15.7 mmHg for CA). These resultewhd that acetic acid is more prone to
evaporation into air than lactic acid. But the awitkture used contained non-volatile CA, which
results in residual solvent in the filaments and ¢herefore minimize the drying-induced
shrinkage. The evolution of the solvent conten€@b, C85 and C95 follow similar trends with a

10



fast initial decrease while C100 and C65 show aenioear dependence. Furthermore, there is
no significant difference in the curve of C85 an@5Cn comparison to C65. This can be
explained by the fact that the presence of GG resltlce oxygen barrier property of the bio-
printed structure which led to a better exchangh wie atmosphere [14]. Moreover, according
to Kester and Fennema [29], a higher concentraifo®G (as in C65) increases the oxygen
permeability, meaning that a part of the evaporatddent is rapidly replaced by oxygen. The
ink evaporation rates, showedTiable 2, were obtained from the linear regression of thieent
content loss curves in its linear part. The evapamaate was lower for the pure CH ink and for
the formulation containing the highest % of GG (&6 values of 0.0016%sand 0.0130 %,
respectively. However, the ink formulations witlcdeEasing content of GG presented an increase
of the evaporation rate.

Table 2. Evaporation rate of the ink formulations obtairfiexn the linear regression of the

solvent content loss curves during the first 50srfor C95, C85 and C75 inks and the first
90 mins for C100 and C65 inks in the initial stage

Ink C100 C95 C85 C75 C65

Evaporation rate (%.s% 0.0116 0.0333 0.0254 0.0273 0.0130

In comparison with Wit al. results, an acidic mixture of AA and LA could bema@appropriate

to increase solvent retention and to induce lowenkage [27]. However, to be used as bio-ink,

it would be preferable to have a faster solvenpevation rate to avoid negative consequences
after the incorporation of cells. Because of thstdla evaporation rate, the ink formulations

containing a percentage of GG comprised betweerd®8 resulted more appropriate in order to

obtain greater shape fidelity after printing.

3.3. Influence of speed, pressure, nozzle diameter and ink composition on printability

The study of the printability of filaments is arfegftive way to define the potential of inks for 3D
bioprinting. Despite the absence of a standarchiiefin of the term printability there are some
basic requirements for an ink to be consideredtaie. First of all, the extrudability that

represent the capability to achieve extrusion agwbrsd of all the shape fidelity of the final
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construct that can be evaluated on single layersyégsuring the size of printed filaments [9].
Figure 4A shows the diameter of C65 printed filaments abl#ot head speed of 5 mm/s under
different pressure using two different gauges (88 a7 G). Using the 27 G it was possible to
print filaments with smaller diameters for any apgl pressure, due to the smaller nozzle
diameter and higher shear rate in it. The diffeeencfilament diameter was from 2.84 (0.9 bars)
to 4.36 times bigger (2 bars) when using the 25l phenomenon can be attributed to a high
pressure in the micro-nozzle, inducing an increagbe shear rate and,fortiori, an alignment

of the ink macromolecules. Then, after extrusidm tmacromolecules tend to reorganize and
take on a less dense configuration. Moreover, wihi& pressures rise, the amount of ink that
flows out is much higher as well. Therefore, 271Bves a higher precision during printing. The
influence of different robot head speed (15, 20288 30 mm/s) and extrusion pressure (from
1.5 to 4 bar) was examined by printing C85 ink wétli27 G micronozzle (seeigure 4B).
Results show that when a 200 um nozzle (27 G) wad and the pressure was higher than 2.1
bars, the diameter of the filaments was higher tB88 um. In addition, the high-pressure
relaxation effect indicated that it would be monéeresting to work with pressures below 2.1
bars. Under this pressure, the values of the gtridt@meters split in two distinct regions: thetfirs
one for speeds of 15 and 20 mm/s with filament iram§B00 um - 400 pum], and the second one
for speeds 25 and 30 mm/s with D ranging [200 pi@43M]. To study the influence of the ink
composition, the nozzle (25 G) and the speed (29sinmere fixed and the different ink
formulations were extruded under different pressyfeom 0.9 to 2.5 barFigure 4C shows a
representative 3D map of the diameter of printéghfents. As expected, the diameter of the
filaments was smaller for lower pressures, whilagwthe pressure increases, the ink flow was
higher and consequently, the diameter. For a gpessure, we obtained better results for the
inks referenced C75, C85 and C95. Indeed, an alsysmetric tendency around C85 was
observed, which means that C85 was the best cdrdifhe lowest possible diameter for C75
and C95 using a pressure of 0.9 bar was betwead 1.8 mm, whereas using the same pressure
but C85 as ink, the diameter decreased at valuggprsed between 0.5 and 1 mm. As a
consequence, keeping in mind the wish to have élasidiameters the closest possible to the
diameter of the nozzle used (DDG), the optimal parameters for 3D bio-printinggged 25

mm/s and pressure below 2 bars) were given byréengegion of the 3D map kigure 4C.
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Figures 4. (A) Process map illustrating the diameter of Q@6 abtained filaments (colors) with
respect to the applied pressure during extrusioth mmcronozzle used. (B) Process map
illustrating the diameter of C85 obtained filame(dslors) with respect to the applied pressure
and robot head speed used. (C) 3D map of the dhalink formulation diameter obtained with

respect to applied pressure and ink used. Zonesewhe diameter is the lowest are privileged.

The optical images ifrigures 5 highlight the ink’s sprawling for all formulationsf filaments
printed at a pressure of 2 bars, a speed of 5 Thamd a 25 G nozzle. The filaments printed
using C65 and C100 ink exhibited sprawling along #udges and gave non-linear filaments,
while C75 and C95 resulted in less sprawling effaatl a slight roughness was still present.
Instead, the filament printed using C85 as ink badight and smooth edges. The filaments
printed with C85 ink had had the best stabilityntigfter printing.
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Figures 5. Optical images taken by a binocurowing the visual sprawling of all inks at 2
bars, 5mm/s and 25 G micronozzle.

An alternative method for the study of the sprag/léffect is presented iigure 6. This method

is based on the measure of the difference betweerapparent and the theoretical surface,
calculated by multiplying the average diameter lod filament by the length of the filament
(hypothesis of the zero-default ink). The appasemtace was measured using Panasis software.
When this value is close to 0% it means that theaemt surface of printed filament fit the
theoretical surface it should have. C65 and Cl@DJadues between 5% and 10% of difference
between the apparent and theoretical surface, roanfy the sprawling effect. C75 and C95
showed also a difference between 5 and 10% fordmgsure and high pressure respectively.
Instead, C85 had values between O and 5% for aplyedppressure, representing the best ink
formulation in terms of sprawling effect. Theseules suggested also that the inclusion of GG
between 5% and 25%, allowed a good printabilityhwéference to the diameter of the filaments
and the sprawling effect (Figure 4C, 5 and 6).
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Figure 6. Mapping of the difference in percent between tloabmprinted surface and real
surface in function of pressure and ink used. Valgeal to O means that there are absolute
no sprawl.

3.4. Dimensional stability of as-printed and post-neutralized membranes

Membranes printed with C85 ink formulation weredige study the dimensional stability. Right
after printing, membranes were stored at 25°Cltmasolvent evaporation. The shrinkage of the
printed membranes was evaluated by measuring kegth (L) and width (W) after 0 (as-
printed), 2, 18 and 24h. The same data were cellech membranes after neutralization with 1
M NaOH. Experiments were done in triplicate. Bessaaf there were no variations in the width,
only the length was measur&sgure 7 shows the effect of this shrinkage over time tamients

as printed and after neutralization.
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Figure 7. Length variation over time of C85 printed membsapest-printing and post-
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The length of membranes printed with C85 ink didl clwange after 24 hours indicating that it
could be possible to print entire scaffolds reeugrilong-printing time without shrinkage
problem. No shrinkage was detected after 24h ofeswlevaporation. The neutralization step
with 1M NaOH was used to remove the residual and @tain hydrogelgzigures 8 shows the
morphological variation of membranes during thefeddnt processing step$igure 8A
corresponds to as-printed or directly post-printintembrane (initial state). The printed
membranes directly after printing were completefyosth. After 24h at 25°C, the dried
membranesKigure 8B) presented a wrinkled surface and air bubbles gbatstuck. After 24
hours of neutralization with 1M NaOH, the samplesy(re 8C) had a visible size reduction and
started to shrink (2.5 to 10% reduction) due to #eporation of water. During the
neutralization, NH' groups are deprotonated, the ionic repulsion beivike chains of the two
polysaccharides decrease and the release of watrease thus the packing of the
macromolecular chains and gel shrinkage were prednf9]. A shrinkage of 55-62% of the
initial length of neutralized membranes was obsgafter 24 h dryingKigure 8D). Membranes

were completely deformed after drying 24h in air.
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Figures 8. Morphological variation of rectangular membran28 inm x 80 mm) using C85
ink formulation during different steps: (A) as-ged or directly post-printing (initial state),
(B) after 24h drying at 25°C, (C) post-neutralinatiand (D) after 24h drying after
neutralization.

In order to study the shrinkage post process, caspabetween as printed, after neutralization
and after the washing step, were proceeded. Merabrg@ngth=79 mm, width=39.5 mm) were
prepared using C85 ink. The shrinkage was quadtifieasuring the relative size reduction over
the processl able 3 shows the dimensional variation of membranes attetralization and after
washing with DW. Washing step allo remove excess of NaOH solution and to obtain
membranes at neutral pH. This step could be irtiaged the introduction of cells is wished
after printing.

Table 3: Dimensional variation over the process of C8%ated sample with 79 mm length

and a square section of 39.5 mm width. Measureg veen right after the steps without
any modification.

As-Printed After neutralization After Washing
Length (mm) 1 0.96 0.95
Width (mm) 1 1.02 0.98
Width (mm) 1 0.95 0.91
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The length and width of the samples were reducesh 5% and 3% to 10% respectively. This
may be explained by the fact that the printed samalsorbed a great amount of water during

neutralization and washing steps. During thesesstpsamples maintained their shapes.

3.5. XRD characterization

XRD patterns of as-printed in a dried state (APD{l aeutralized in a dried state (ND) C85-
based membranes are presentdéigure 9. ADP membranes presented a sharp peal at12°
(from 10° to 14°) and a broad peak from 16° to 26th a maximum at 20°. Wet al. [27]
showed that pure CH printed filaments did not pnedke peak at 12° while it appears after
neutralization with NaOH. The presence of this p@akH/GG membranes could mean that the
introduction of GG allows a higher crystallinityalding to greater mechanical properties [15].
However, the large peak around 20°, associated antbrphous phase of CH [20], implies that
some solvent remained after drying. GG macromoécudan expand the spacing between
chitosan chains, interaction between the amino pggaf chitosan and the carboxyl group in
citric acid. Same observations have been done whieg lactic acid [21]. After neutralizing, the
same peak is seen & 2 12° but the peak at 20° became much thinnela@stdts intensity. This

could be due to the loss in acidity and to an iaseeof crystalline degree.
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Figure 9: XRD spectrum of as-printed in a dried state (APDY aeutralized in a dried state
(ND) C85-based membranes

3.6. FTIR analysis

FTIR spectra presented Figure 10 highlight the bonding and functional groups présen
CH/GG as-printed in a dried state (APD) and neizedl in a dried state (ND) C85-based
membranes. In general, both states showed the spaotrum with no significant difference in
peaks position. In both states, a broad peak iereed between 3100-3600 ¢nwith a
maximum at 3550 ch linked to stretching vibration of -OH groups [28)]. In addition, the
peak at 2890 crhis characteristic of C-H vibrations from Glgroups. A tiny residual peak due
to ring stretching of GG at 1700 &nihas been also determined. Amide | groups repregeatt
1530 cnt from CH, and at 1350 cfrone sharp peak representing C-H bending. Thentanse
peak of all C-C groups at 1200 ¢rrFinally, at 1070 ci and 980 cri there were ether C-O
stretching vibration and C-OH stretching [23, 26]. 3here was no evidence of linkage between
GG and CH that would form a durable polymer. Addingross-linker would solve this problem
as mentioned before [23]. Indeed, chitosan forms'Nkhen exposed to acidic environment,

offering opportunities for anionic groups to esistblelectrostatic interactions.
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Figure 10. FTIR spectra of as-printed in a dried state (ABck) and neutralized in a
dried state (ND, red) C85-based membranes- ADPdsiad in an oven after printing, ND
was neutralized after printing before being drie@m oven.

3.7. Mechanical characterization

Young’'s modulus and tensile properties of as-pdmembranes at a wet (APW) and dry (APD)
state and neutralized membranes at a dry (ND) state investigated. Due to their fragility, it
was not possible to perform the mechanical testthemeutralized membranes in a wet (NW)
state. All membranes were printed using C85 asamtk had a rectangular shafength = 80
mm, width= 20 mm). Young modulus values of the rieergd membranes were 1MPa, 280 MPa
and 1GPa for APW, APD and ND membranes, respegtiféle values are determined at around
20%. As expected, ADP membranes stiffness was hitfiren APW. Drying increases the
rigidity of the membrane and the neutralizatiorpsteakes the membranes more flexible. This is
consistent with regard to the different protocdadedifor these steps. APD membranes presented
a stress at break of 35 MPa whereas the stressak for APW and ND was only 0.3 MPa and 7
MPa respectivelyKigure 11). This last value was similar to the neutralizeet vnembranes
made of pure CH (6 MPa) presented by ¥¥al. [27]. Figure 11 also shows the strain at break.
Dry printed samples showed a low strain, whichlise to the pure CH. Chains flexibility was
not influenced by the presence of GG. The wet lodpd membranes deformed to 31% of its
initial length. Finally, GG mainly increase the itrstrength break by increasing the interaction
between CC and GG. Nonetheless crosslinking willstie necessary in order to maintain a

better stability at the wet state.
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Figure 11. Tensile stress at break (red) and strain at bfielale) of as-printed membranes at a
wet (APW) and dry (APD) state and neutralized meambs at a dry state (ND) C85-based.

4. Conclusons

We proposed for the first time the combinatiorcbitosan (CH) and guar gum (GG) to develop
new inks for extrusion-based 3D piinting. The influence of the ink composition, abb
headspeed, pressure and micronozzle size on the pilitgadf 5 different ink formulations has
been studied. Moreover, the inks characteristics such rmological properties, solvent
evaporationat different proportion of CH/GG gavenportant information on its printability
and stability. 1D and 2D structures wersuccessfully printed and analyzetinproved
mechanical properties and bettdimensional stability were obtained with a 85% CH5%
(w/v) GG ink. Further investigation must beade to examine the feasibility in the creatio3Df
structures and to examine thielogical properties such as biocompatibility dodegradability.
The ink presented in the study showed a good (iiitiaand the potential to be used in the field
of the health care applications.
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