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Abstract

Collagen and chitosan are widely employed as bierads, including for 3D-bioprinting. However, thge of
collagen and chitosan (col:chi) blends as bioiskstiil scarce. In this work, the rheology of diffat hydrogel
precursors (0.5-1.50 % wi/v chi: 0.18-0.54 % w/) @ghs analyzed through frequency and strain sweeps,
well as at different shear rates. Col:.chi blendsagdd a shear-thinning behavior, with viscosity eslat low
shear rates between 0.35 and 2.80 Pa.s. Consideerggrain rate determined by the applied flowa BD-
bioprinter, precursor viscosities during the extiansvere in the interval 0.5-0.8 Pa.s. Printabi(ly) was

measured comparing images of the printed meshetharabrresponding CAD grid design, using photolgrap

analysis. Col:chi 0.36:1.00 was chosen to print oalayered scaffolds for tissue engineering (TE)dose of
its suitable viscosity, printability and polymeticacontent. Hydrogels were obtained through NaHCO
nebulization and 37° incubation, and NHS/EDC weldea to obtain scaffolds with improved mechanical
behavior. They were stable after 44 h in PBS witllagenase at physiological level and showed notoyic
effect in NIH-3T3 fibroblasts.

Keywords: 3D bioprinting; hydrogel precursor rheology; collagen; chitosan; bioinks.
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Introduction

Resorbable scaffolds intend to emulate the extidaelmatrix (ECM), needed for cell adhesion and
proliferation, and thus for tissue regeneratiorfalet, they serve as temporary constructs whets padliferate
and produce their own ECM. Methods to obtain sédéfevere profusely inquired in the literature, sliaig out
hydrogel sponges by freeze-dry [1], hydrogels tbdmdivery by injection [2] and particles for cell
encapsulation [3]. Biodegradability, biocompatilyiland a highly interconnected porosity are requerts for
a proper performance of these scaffolds [4].
3D bioprinting technology is the newest techniquevbrking with biomaterials and build wet cellukraffolds
[5]. The technique allows materials to be dispensedcontrolled, repeatable and relatively fashne; in
addition, the technique enables to add autologells ftom the patient to be treated [6]. The 3Dgioting
process involves three steps: generation of CABtGISTL of shapes to be printed - which can beigdétom
medical images, giving personalized scaffoldsenthiomaterials and cell dispensation, and finatlgted
post-processing. This last step involves crossiigknethods and the assessment of cell viability and
functionality [7].

In 3D bioprinters, hydrogels loaded in syringes thie feeding material, accurately connected vii¢h t
software design. These viscous fluids can be dyrecinted with cells in suspension - bioinks -adso as cell-
free polymers, generating a supporting layer, adteng with cells printed from a second syringé¢hair
culture medium, in a process called indirect biofmg. Hydrogels have largely proved to be suitdbiecell
proliferation and represent a high focus researdissue engineering. Correspondingly, hydrogedstiae most
used materials for 3D-bioprinting [7]. A limited nety of natural polymers are suitable for biopingt
standing out collagen, gelatin, alginate, hyalurauid, chitosan, dextran and fibrin. As for othgdrogel
applications, blends of them have shown improvetbpmances, combining mechanical structure and
biocompatibility [8]. Indeed, 3D bioprinting hasdreused to generate, for example, a heart val\realginate
and gelatin [9], myocardial tissue with alginatel &GD-modified alginates [10], a scaffold for viabl

hepatocytes with gelatin and chitosan [11] or nasviissue using soybean, collagen and fibrin [12].

Even this background, as far as we could know tiseséll a lack of work regarding the use of cgka and
chitosan blends as bioinks. Collagen is an anim@km extracted from connective tissues, largsldias
biomaterial due to its excellent biocompatibilitydeavailability. Type | collagen is abundant indens, skin

and ligaments, where its fibrilar organization pdes mechanical support to these tissues. Chitiesam
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aminated polysaccharide composed of randomly diged monomeric units @ (1-4) D-glucosamine and N-
acetyl-D-glucosamine. It is a semicrystalline pogyrobtained from the deacetylation of chitin, a
polysaccharide mainly extracted from crustaceaxdskeleton.

As mentioned above, two aspects in the 3D ink dgrebnt must be considered: i) features ofyueogel
precursor to achieve proper injectability and shape fideidyhe digital design, and ii) suitable mechanical
properties of théaydrogel obtained after crosslinking, in order to allow $oklf integrity and cell proliferation.
We emphasize, in this contribution, on the rhealalproperties and shape fidelitprintability - of the
hydrogel precursors containing different proportions of chitosan awotiagen.

Both collagen and chitosan were reported as extgoftseudo-thinning behavior in diluted solutiohS]|
Thus, viscosity in the shear rates at applied steduring the extrusion becomes relevant sinoéluences
printing accuracy. In these sense, a suitable sigctange for extruding is between 0.30 and 3@,Pince
higher values bring large pressure to hydrogelsxtn out of the nozzle, and the process beconséshile
[14].

Printability (Pr), is affected not only by ink feaés but also by process parameters such as extredd speed,
ejected material volume, extrusion nozzle sizedisthnce between nozzle and substrate. Severatstelate
printing parameters to the process results by measnts methods, even if it doesn’t exist an ordy vo
determine Pr. One method, for instance, is by imgngrids and relating the hole designed areaergtid to the
real area obtained by printing; another method/iprinting sharp angles and assessing overlap leetliges
[14]. In other cases, also working with meshesdesigned squared holes, Pr can be determined bguneg
the circularity of the closed area and the perimet¢he printed square [15].

After printing, the pathway from hydrogel precursmhydrogel is given by intermolecular forces agtime
polymer chains. For chitosan, pH neutralizatioarisugh to trigger gelation process; in the casmltgen,
pH neutralization and temperature, commonly 37fedgiired. In addition, to obtain stronger gelsssrlinking
agents such as genipin [16] [17] glutaraldehydé [18], NHS and EDC/EDAC [20] are widely employexs
promoters of covalent links between chains. Finahg swelling or contraction features in physiatag
medium are considered so that the deformationefitfal construct can be minimized.

Collagen and chitosan blends are very well charaei# as biomaterials with excellent featuresssue
engineering; studies have strongly focused in daffelds, sponges [1] [19] [20] or microspheres][@& well
as dry scaffolds including hyaluronic acid in tegllends [22][23]. However, the study of thesentlle
properties as viscous fluid, is less explored. émial and rheological study for a blend 1:1 ratbahi, has

been carried out, performing frequency sweeps aaparent viscosity determinations, in which blends
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viscosities values (~ 1-0.1 Pa.s) at different shat@s were between collagen alone (~ 10-0.2 Badg)
chitosan alone (~ 0.01-0.006 Pa.s), both three stittar thinning behavior [13]. In another study;ato at five
different ratios from 1:1 to 50:1 were assessedibingectability as hydrogels carrying endothetialls,
determining the onset of gelation measured as ediependent change in viscosity [24]. Reis and ckeve
[2] studied col:chi hydrogels with a peptide-moedifichitosan, assessing different ratios in finalcemtrations
between 0.25 and 0.50 % w/v, performing rheologisalays, cardiomiocytes culturevitro and animal
injections with. In another study, col:chi hydragielith bioactive glass nanoparticles for injectagystems
were assessed, using chi 2 % w/v and col 0.20 %mav70:30 ratio and performing rheological asgays
evaluate gel formation at different temperaturés [3

Col:chi blends as inks for 3D bioprinting are gbitlorly characterized. Indeed, Murphy and cowork2s$
assessed twelve different hydrogels for bioprinforgskin regeneration, one of which was col:chi%
w/v:1.5% w/v. The study comprised cell viabilityegradation and gelation; however, rheological ssigere
not part of this work, neither printability for tlelosen col:chi blend. Taking into account theadah and
collagen features and the wide bibliography abouthi scaffolds for tissue engineering, the ainla$ work
is to study rheological features and printabilitycol:chi blends, seeking for proper inks for esion 3D

bioprinting.

Materials and M ethods

Collagen Extraction
The extraction protocol was made according adaptatdf previous works [26][27]. Briefly, fresh wilvere

placed in 96% ethanol and incubated at -20° fbeast 24 hours. The skin was removed, exposinglttie
tendons, in which their composition is approxima&0-90% collagen fibers. Tendons were detachela avit
clamp and placed in sterile PBS. Exposed fibergewat into portions of approximately 1 cm long avete
placed in 1:1000 glacial acetic acid, at a voluih®&doml per tail. They were left under magneticrstg at 4°
during 48 h. A first centrifugation was made at @@pfor 20 minutes at 4° and supernatant was recovéred
second centrifugation was carried out for 15 mid@Q0Xg at 4°, also obtaining the supernatant: a very
viscous solution. 2 ml aliquot, by triplicate, wiaseze-dried and weighted to know collagen coneiotn.
Fresh collagen was usually used; the rest of swlwtias freeze-dried and resuspended in 1:100Cca®d to
obtain desired concentrations. Extraction protecas repeated three times with similar resultslageh fibers

and fibrils were observed with an Atomic Force Mgxope (Supplementary Data Fig. 1).
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Collagen:Chitosan (col:chi) Inks

Low molecular weight powder chitosan (Sigma-Aldrideacetylation degree 92% and viscosity 46 cpthter
1% solution) was employed to preparing solutions0® acetic acid was used as a solvent to aclaed/eo

w/v solution by magnetic stirring at room temperaturinal pH was 4.50. Col:chi blends were obtained from
different volumes of chi 2 % w/v and col 0.72 % wteck preparations, to obtain, in % w/v: col:6t86:0.50;
col:chi 0.54:0.50; col:chi 0.24:1.0; col:chi 0.3@:col:chi 0.18:1.5 and col:chi 0.45:1.binal blends had
pH=4.50 and showed excellent miscibility. All bm were used as hydrogel precursors — inks —tanebisat
40,

3D-Bioprinter

A low-cost bioprinter (3-DonorRes, trademark LIFE A&gentina) with two syringes, one of them
thermostatized, was used for printing. Softwareapeaters allowed to control ejection time, matearabunt in
each dot, and the distance between dots; twopinstmeters were changed in Printability assaysdardo
obtain different flows. In all cases, a 25G neewuts used and the distance between needle and lsed wa
approximately 1 mm. Temperature during extrusi@tess was room temperature, both in ejection chambe

and in at deposit bed.

Flow estimation
Strainy imposed by syringe piston during the extrusiorcpss was estimated according to the equation 2,

wheredz represents the lengthwise displacement, and Rebdle radio (Fig. 1). This simplification is
possible because the Reynold’s number is under,2@@@h is the limit where a laminar flux may be

supposed.
v = (4z/R) (eq.1)
So, strain rate was obtained as the derivative rgpect to time, as it is expressed in eq. 3.

y=1/R Az/At (eq.2)
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Figure 1: Schematic lumen needle with radio R and distahdeaminar flux approach is considered due to R&/asmumber under
transitional level to turbulence. Adapted from Areerl [28].

Displaced volumelVin the cylindrical geometry of the lumen is relateith Az as indicated with equation 3.
AV = mR*Az (eq.3)

By combining equations 3 and 4, shear rate and (rﬁetw are related according with equation 4.

v =1/(mR*) AV /At (eq.4)
Rheology
A rheometer TA Discovery Hybrid HR-3 was used, vath0 mm diameter 2-degree cone plate geometry, a
truncation gap of 60 um and a solvent trap to predeying. Only when total polymer concentrationswender
1.00 % w/v concentric cylinders geometry was ustdrage modulus (Gand loss modulus (G were
recorded as a function of strain [0.25- 450] %atstant frequency 1 rad/s (oscillatory mode). Feaqgy
sweeps [0.15-10] rad/s at constant strain amplifi®d€oscillatory mode) was performed to obtainsterage
modulus (@), loss modulus (G and complex viscositynf). Apparent viscosities were measured as a functio
of the shear ratg [0,015-100]3 (flow mode). All experiments were made at 25° ankbast by duplicate.

TRIOS software in the rheometer was used to fib zate viscosity with the best model.

pH neutralization and gelation
Immediately after printing, NaHCG®.80 M nebulization was made to neutralize théfslcs. A San-Up

Model 3042/3059 ultrasonic nebulizer was used, wpiovided drops with diameters between 1.5 angu®.,7
at an oscillation frequency of 2.5 MHz and a flaerof at least 0.5ml / min. Three 5-minutes cyuelese

performed, controlling the pH increase after eagbutization cycle with pH paper, until pH.50 was



170 reached; the last control of pH was performed wiffHmeter. Then, nebulized scaffolds were incubat&y°

171 in a water bath during 30 minutes.

172 Crosslinkers addition before printing
173 EDC (1-ethyl-3- (3-dimethyl aminopropyl) carbodiohe) and NHS (N-hydroxysuccinimide), both from

174 Termofisher, were added in powder form into therbgel precursor solutions, until 15 mM and 6 mM ever
175 achieved, respectively. The crosslinked col:chi mas vortexed and kept at 0 °C until loaded inedyringe
176 until printing. Subsequently, to achieve the hyaiddbe protocol was the same as in the previousosedut

177 with a 10 minutes nebulization cycle and a 5-miswtabilization.

178 M echanical properties
179 1mm thickness and 12 mm diameter round-trip sanypérs printed. A dynamic mechanical analyzer (DMA)

180 model Q800 was used (TA Instruments, DE, USA) temheine their mechanical response. Compressios test
181 were performed on the substrates using the 12 rameater geometry, in controlled force mode, at 3Tle

182 preload force was 0,01 N, the force ramp 0,02 N/amid the force limit 1N. The compression moduluswgs
183 calculated as the slope value in the linear seafdhe curve "tension vs. deformation” between $©%0 % of
184 deformation (n=3).

185 Printability
186 To measure Printability (Pr), a mesh with squade$iof 4 mm on each side was chosen (Fig. 2). Trhad

187 thickness was 0.3 mm so that the software that camdimg the printer, slic3r, generates in the GCQ@DE
188 single path of the extrusion head per side. Thegdegas made with CAD software. Three differentprig
189 conditions - 1, 2, 3 - were assayed taking advantdghe software possibilities, varying speed enaderial

190 amount, so that flows were 0.19 uL/s, 0.42 pL/s@B8 pL/s, respectively.

191 Pr index by area compares printed area versus thasigital design [6] [7], according to the eqaat5, where

192 nearer to 1, better the printing fidelity.

193 Pr = A/A theoretical (eq.5)
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Figure 2: Digital model.and parameters:measured.in each fnoin printed-grids

A'is the printed area, determined by images anththge-J®, andA;jqoreticar 1S the grid area according to the
design.P refers to the printed square perimeter 4rid the measured area. To construct the meshesydsid
precursors were loaded in a 1 ml syringe. A gléds svith a 1-2 mm thickness was used as suppothi®
mesh. Images were acquired immediately after i least 24 squares were measured in ordertesrdae

A mean values.

Stability in PBS and in PBS/collagenase.
15mm x 15mm x 1mm height square geometries werggariwith approximately 250 pl of ink (n = 5).

Samples were weighed to determine their initialgieiWg, and were immersed in PBS pH=7.4, at 37° during
72 h. Scaffold weight was controlled each day,aeting them from the solution and drying them bagiing
by gravity, supporting the scaffolds with a pie¢gaper. Residual mass (M.R.) was calculated asatine

between the weight of the dry substrate at a ti(Wé)and the mass of the initial test piecepg]VASM.R. (%) =
Wt/Wo0 *100%

In parallel, a solution of PBS pH 7.4 was prepanetuding 60 pl of 1mg /ml collagenase solutioro(fr
Clostridium histolyticum, Sigma) each 5 ml of PBS. Samples (n=5) obtaisad the paragraph above, were
immersed in 4 ml of collagenase/PBS solution. Tesi pieces were used as positive control, prinyetthé
same way but containing only collagen 0.72% w/\eyltvere incubated at 37° for 48 h, or until themplete
breakup in the case of positive controls. Each $ampight was taken at different times after beidngined by

gravity and by blotting paper. The residual massgr@age was calculated by the M. R. % equation.

Scaffolds Cytotoxicity
Direct Toxicity. NIH/3T3 cells were incubated in direct contadtvihecol:chi scaffolds. 1.10cells were

incubated in a 24-well plate (Corning Costar, MAB@° for 24 h in a 5% C£humidified incubator. Samples



218 and control materials were put in each well, ocaugy0 % of the well area. Complete culture medas

219 used as null control. As a positive control, wedlsgex rubber. Teflon (DuPont, DE) was used asgative
220 control, since it has no known vitro cytotoxic effects. Cells were incubated in contaith the samples for 24
221 h at 37° in a 5% Cohumidified incubator. The cytotoxicity was assekgaalitatively. Cells were examined
222 microscopically in a Nikon TE2000-U inverted miccope coupled to an ORCA-ER CCD camera

223 (Hamamatsu). Changes in general morphology, vazatain, detachment and cell lysis were assesséd. Al

224 experiments were performed in triplicate.

225 Indirect Citotoxicity. Material extracts were prepared by incubatindfetds and control samples in complete
226 medium with a material area (Emmedia (ml) ratio of 6:1, for 72 h at 37° in anidified atmosphere

227 containing 5% C@Q Scaffolds extracts were compared with mediumrobnpositive control (latex rubber)

228 extract and positive negative control (Teflon, DoP®E). 1.16 NIH/3T3 cells were incubated in a 24-well
229 plate (Corning Costar, MA) at 37° in a 5% £iumidified incubator. After 24 hours of incubatidhe culture
230 medium was replaced for the pure extract or 1/i@idn of the extract in complete medium. Cells gver

231 incubated with the extracts for 24 h. Cells weramed microscopically in a Nikon TE2000-U inverted

232 microscope coupled to an ORCA-ER CCD camera (HartamaChanges in general morphology,

233 vacuolization, detachment and cell lysis were assksAll tests were performed by triplicate.

234 Results and Discussion

235 1. Rheology of theinks
236

237 Rheological analysis to six col:chi hydrogel prestus were performed, under rotational mode (Figrg)
238 under oscillatory mode (Fig. 4 and 5). Apparentessty fapy and corresponding stressg (nder different
239 shear rates (0.50 to 100 1/s) are presented irBFhear-thinning behavior was evident for alhilg as

240 viscosities decreased with the shear rate. InFay.two inks with the same chitosan concentrgtlo®0 %
241 w/v) but differing in collagen content (0.24 an@® % w/v) are presented, with their duplicatesrésorted
242 previously in col:chi blends rheological analysi8], collagen component strongly contributes towiseosity.
243 Zero rate viscosities were 0.383 + 0.01 Pa.s (ob0@24:1.00) and 1.16 + 0.08 Pa.s (col:chi 0.3®}.

244 according to our data and to Carreau-Yasuda mbd€igure 3.b, viscosity curves from four blendsit@ining
245 chitosan 0.50 % w/v (col:chi 0.36:0.50 and col@i4:050) or 1.50 % w/v (col:chi 0.18:1.50 and clail
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0.45:1.50) are presented, in this case one repgetsensweep of each blend. They exhibited sinbknavior

than both chitosan 1.00 % w/v inks regarding shié@mning behavior as well as collagen viscosifjuience.

Beyond the total polymer concentration, collagdiuance may be appreciated, for instance, compaahghi

0.54:0.50 with higher viscosity curves by comparigoth of col:chi 0.18:1.50.
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Figure 3: Apparent Viscosity as a function of shear rajdgatwo pH= 4.50 col:chi blends sharing chitosamposition 1% w/v;
(b) for four pH=4.50 col:chi blends, with chitos@/0 % w/v or with 1.50 % w/v; for clarity one régate is shown, and (c) for
col:chi 0.36:1.00 in comparison with the same aftler adding in crosslinkers (col:chi 0.36:1.00ENHS) and after raising its pH
to 6.00 (col:chi 0.36:100, pH=6.00).

In Fig. 3.c, a comparison between one selectedcolkchi 0:36:1.00) and its viscosity behavior Bi5%.00 is
shown. Considering the possibility of direct biopimg, hydrogel precursor pH increase becomes sacgs
the results indicated that viscosity increasedwatshear rates (zero rate viscosity col:chi 0.3& JhH=6.00
2.50 Pa.s) and was almost non variable valueseatr shtes upper than 40 (1/s). Similar results wbtained
with col:chi 0.54:0.50 at pH=6.00 (data not shown)addition, col:chi 0.36:1.00 including NHS anBE&
crosslinking activators is showed in 3.c. In thase, viscosity increase was considerable and tfezatice

with the original ink started decreasing since 28)( As it was introduced above, viscosity in shear rates at
applied stresses during the extrusion becomesaeias influences printing accuracy. Fig. 3.c shthas
working range shear stress - 30-60 (1/s) - with3debioprinter that will be exposed in Section ZR&fsults.

Ink treatment with NHS/EDC to improve printed scédffinal mechanical properties will be discussed i

Section 3 of Results.

Although low-viscosity precursors are important ¢efl viability in a direct printing approach, somethors

emphasize about the importance of high viscositiesiprove printing process [29] suggesting theossty

11
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modulation using pre-crosslinking methods; e.gpddially crosslink increasing viscosity at thediggel

precursor state. Several works haged this approach tipically with calcium to algealn our case, a pre-

crosslink by pH increase, was observed in Fig.I8.the same way, a higher effect was observedien t

viscosity by adding NHS/EDC crosslinkers into thiscursor stage.

Storage Modulus G' (Pa)

01

Storage Modulus G' (Pa)

-
1

—— col:chi 0.24:1.00
—0— col:chi 0.24:1.00 rep
—@— col:chi 0.36:1.00
—O—col:chi 0.36:1.00 rep

—M—col:chi 0.24:1.00
—0O— col:chi 0.24:1.00 rep
—@— col:chi 0.36:1.00
—O— col:chi 0.36:1.00 rep

8=8—-8-06-0-p =0=0=0=0=0=0=0=0=q__

~0p
o a_a 3 -R-A=B=0=B=R=R= i@j\‘:“‘”*nn
o . __

i %O -
4._],-/" o —0—f—N :ﬂ?:ﬁ:ﬂ\

o Sl
O D/D/D b

N

"

0,1

-
2l

o
N
1

T T T
1 10 100

Oscillation Strain (%)

—0-—0—0-0-0-0-0-0—-0—-0-0—0_0 0
A—A—A A A A A A A A A A 4 4 oy
A

. —0—0—0—0—0—
e S = S A
A
PUEPGEPUEESSS Be S e B B B2 . o
\\‘\\

* o \
"“"\*(,x T S SO 2
= '\,‘/t— “"’*\m;, i \x\\*

O
.

—A— col:chi 0.54:0.50
—®— col:chi 0.45:1.50
—X—col:chi 0.18:1.50
—&— col:chi 0.36:0.50

—A— col:chi 0.54:0.50
—@— col:chi 0.45:1.50
—%—col:chi 0.18:1.50
—®— col:chi 0.36:0.50

110

— 0,1

ol 1) iEm ) 4 e
1 10 100

Oscillation Strain (%)

(ed) ,© sninpop sso7

0,1

(ed) .O sninpo sso7

(@)

(b)

12



281
282
283

284
285
286
287

288

289

290

Figure 4: Storage Modulus (G’) in blue and Loss Modulus’)@i black as a function of the oscillation strga) for two pH= 4.50
col:chi blends sharing chitosan composition 1% Mivduplicate and (b) for four pH=4.50 col:chi bdisnwith chitosan 0.50 % w/v

or with 1.50 % w/v; for clarity one replicate isosin.

In Fig. 4, G’ and G” from amplitude sweeps of 8ig col:chi blends are shown. Linear viscoelastitge
(LVR) could be observed in G’ curve, showing lingabetween 5 and 80 % of oscillation strain. Bbth. 4.a
and 4.b graphs exhibit materials with viscous congmbd more important than solid component, accordiitig

these low-viscosity hydrogel precursors.
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Figureb5: (a) Loss modulus (G”) in black , storage modu{@s) in blue and complex viscosity¥) in the inset as a function of the
frequency for two pH= 4.50 col:chi blends sharihgg@san composition 1% w/v and col:chi 0..36:1.0pt=6. (b) Loss modulus
(G”) in black and storage modulus (G’) in blueafunction of the frequency for four pH=4.50 col:blends, with chitosan 0.50 %

wiv or 1.50 % wi/v. For clarity in the graphs onlyeorepresentative sweep of each ink is showed.

In Fig. 5, frequency sweeps show that in all céilsedoss moduls  (G™") was therier than the storageulus,
prevailing the viscous-like behavior in these videstic fluids. pH=6.00 ink in (a) exhibited sintilaehavior
than the original at pH=4.50, but with higher vaugince no crossover between modulus, all ofrtke $how

stability at 25 © under these conditions.

In bioinks research, it is known that shear thignperformance contributes positively to 3D biogngt being
advantageous for print fidelity and also for cebhgection. Shear thinning performance enables eedsing
proportional stress with increasing flow that résuh less stress for the cells [29]. Yield strasd recovery

time are another interesting aspects to consideviren bioinks rheology is deepen [30].
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2. Printability
Using eg. 4 from Methods, the shear rate appligtaank at three different conditions in the 3D@ginter,

has been estimated. Table 1 presents the sheawvadtes, for a 25 G needle (260 um internal diamet the
flow imposed in each condition. Even if Printalyilis usually described as dependent of the hydnagebsity
[31], it is important to note that for the same mkdifferent set conditions, e.g. different floates, viscosity
and printing quality may change. In addition, tighhpressure and small nozzle diameters represssilpe
damages to cells. Material amount and printing dgktermine the line width of the construct [31[thaugh,
low pressures and bigger sized nozzle may be falefar cell viability after printing, but it caresult in a
structure with low shape fidelity. So, the advaetagnd drawback are important to select printingltmns.
By last, at one determined condition the needléatiped printing distance may influence the finadliy; in

this work prints were always performed at the cantstlistance of about 1 mm.

Printing

Condition Flow [ul/s] Shear rate[1/s]
1 0,1¢+0,0¢ 30+ 1C
2 0,42+ 0,04 62+7
3 0,35+ 0,07 50+ 1C

Table 1. Estimated shear rates for the flows at the workimgditions in the 3D-bioprinter, fed with differectl:chi inks.

Three inks printability in conditions 1, 2 and 3re@nalyzed. Inks were chosen so that they représen
variety regarding polymer contents while those Wathiest viscosity were discarded. So, col:chi (5D,
col:chi 0.36:1.00 and col:chi 0.18:1.5 were selécke addition, thinking in a future bioink and ta§ into
account the low pH of all these blends, col:ch60l30 was used to generate a new hydrogel prec{asiochi
0.36:1.00 pH ~ 6.00) by carefully adding NaOH 1IM@rops with fast and enough vortexing. Given that
ratio 1:1 was quite explored in the scaffolds &tere, col:chi 0.36:1.00 was selected becausedd g
rheological features (always nearby to col:chi @D, in viscosity above all at the 3D printer ahetes) and
because the possibility of more physiologicallyp&ascaffolds — more chitosan content — [1].

From image analysis and according to eq. (6) froethdds, Pr values were obtained (Table 2). Pr as
representing a measure about some material tendenitiatate or to flux, in the case of this desigducing

the hole area. In our inks, we could appreciatetti@higher the flow - the lowest viscosity durig
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extrusion - the worst performance in Pr measurésndimese observations were in agreement withatettat

too low viscosities do not allow to maintain theph in relation to the digital design (see below 6=b).

Shear rate 30 Shear rate 62%s Shear rate 50's

Ink (col:chi) Flow 0.19 pl/seg| Flow 0.42 ul/seg Flow 0.35 pL/seg
(PC 1) (PC2) (PC3)
Pr Pr Pr
0.54:0.50 pH=4.50 067+0.11 0.68+0.13 0.7540.12
0.36:1.00 pH=4.50 0.74+0.20 0.49+0.18 0.67+0.13
0.36:1.00 pH=6.00 0.69+0.12 0.72+0.15 0.68+0.19
0.18:1.50 pH=4.50 0.69+0.18 0.56+0.18 0.7240.15

Table 2. Printability values assessed by square areau(fgr three different printing conditions (PC) withtermined flows and
associated shear rates, for four different hydrpgetursors (inks) made with collagen (col) andodan (chi).

A B C

Figure 6. Printed grids with col:chi 0.36:1.00 ink, undenditions 1 A, flow 0.19 ul/s; shear rate 30/s),R, flow 42 ul/s; shear rate
60/s) and 3, flow 0.35 ul/s; shear rate 50/s).

Fig. 6 shows printed grids representative pictureder each printing condition, using col:chi 0.360Link.
Condition 1 (Fig 6.A), is associated with the lowi#ésw (0.19uL/s) given that its low ejection speed and a
small material amount: this condition seemed tdb&nthe better results, also quantified by Pr intiekable 2.

Under condition 2 (Fig 6.B), a filament thickne$®et was observed, probably due to a high matanaunt

16



351
352
353
354
355
356
357
358
359
360
361
362

363
364
365
366

367

368
369
370
371
372
373
374
375
376
377

378
379

needed to achieve the flow 0.4R/s, resulting in poor shape fidelity. Finally, kg 6.C results of printing
condition 3 is observed; in this case, the flonbQiB/s was reached increasing the ejection speedmneltt
printing conditions 1. A slight line undulation éenced the higher speed and influenced negatikielptinting
quality. Depending of the future use of printedrier these observations could be important if sordihear
geometries are required. However, they could beileportant in big printed areas (e.g. wound pafchiere
probably the insuming time becomes a more critieailable. For the first case, results under thelR@d PC 3
seem to be independent from inks viscosities irrdnge here used (0.50-1.80 Pa.s), showing sifrlaalues
among inks. Conversely, with the higher flow (PC&)ly inks in the higher range of viscosity valséewed
acceptable performance, exhibiting their capadityatding the size without spreading. In this semrsen if
the pH increase to the chosen ink col:chi 0.36:h&d null effect under PC 1 and PC 3, it had soos#ipe
impact according in PC 2, probably because of eogity change. According to rheological determioragi for
the pH=6.00 ink similar features to the originard (pH=4.50) were found but greater G’ and sm&ér

As it was mentioned above, regarding Pr some asittimphasize the pre-crosslinking approach to ingtog
shape quality, instead of a change in polymer canggon affecting cells. So, to be able to regubldscosity
and shape quality, for example by calcium ionsangerature, in the profusely studied alginate/gedank,
for example [15] [29].

3. Substrate for Tissue Engineering

Squares of 1 cm x 1 cm x 1 mm thickness were hintiéh the selected col:chi 0.36:1.00 ink. Triggerthe
gelation through NaHC{nebulization and 37° incubation, we observed altiag homogenous hydrogel but
fragile and deformable substrates were obtainers. §dme feature have shown scaffolds obtained @ritwer
assayed inks as col:chi 0.54:0.50. Given that, MB& crosslinkers activators were added to the doyelr
precursors in solid form just before printing. Théso agents covalently link carboxyl or phosplgataips to
primary amines giving covalent unions amide bottwieen collagen-collagen and between collagen-dhitos
According to the literature, this treatment appednsays by immersion in NHS/EDC solutions [20] [3&hd

as far as we know it is the first report under gpproach.

After printing and gelation, obtained substrated saitable manipulable features (Fig. 7) and takistic

modulus E was estimated as 1.95+0.14.
17



380 Even if the printing quality and performance in Hyginge were accurate, when we analysed the mecur
381 col:chi 0.36:1.068pc/nHs by rheological properties, an increase in the iskasity (app Was detected, in

382 comparison with the original ink (see Fig. 3.c)sAsiated values with shear rates in printing comott 1, 2
383 and 3 were 0.52 Pa.s, 0.34 Pa.s and 0.37 Pa.sctiegy, in comparison with 0.35 Pa.s, 0.25 P&27 Pa.s
384 for the original col:chi 0.36:1.00 Measurementsev@ade immediately after adding the crosslinkans,
385 during approximately 40 minutes. We noticed a gjrtamdence to viscosity increase at room tempexasar
386 that keeping on ice was always necessary aftesrteslinker addition. Time sweeps at 0° in rheomedee
387 confirmed that at least during 40 minutes gelatloas not occur, even if G’ approachs to G” (SeplF

388 Supplementary Data).

DMA

EY E R
Strain (%) Universal V4 SA TA Instuments C

389

390 Figure 7. Example of mono-layered substrate from col:cB60L.0Qpc/nHsink obtained with the 3D-printer (A) Just afterrgiing
391 (B) After gelation by pH (nebulization) and tempera. Representative pictures showing their intggmd manipulability (C) One
392 curve resulted from compression DMA mechanical ysisl

393

394 4. Cytotoxicity

395

396 Direct and indirect cytotoxicity of the col:chi ®:3.0Qpc/nns Scaffolds were evaluated according to the
397 international standard 1SO10993-5 for biomedicalides. In the direct assay, no alterations in cell

398 morphology were observed, indicating null toxiceetf Monolayers cultivated for 24 hours in direzhiact
399 with the substrates are shown in Fig. 8, in congoariwith controls. In the indirect cytotoxicity tethe

400 exudate of the construct immersion in culture medidid not affect the cells, which showed normal
401 morphology, both in pure extracts and 1/16 dilution

402
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Figure 8. NIH/3T3 fibroblasts monolayers after direct cytdtoty assay. (A) Null control (culture mediun
(B) Negative control (Teflon®). (C) Positive contfbatex®). (D) Hydrogel constructcs made of col:0186:1
crosslinked with EDC/NHS. Magnification 100x. Schbr 100um.

5. Degradation of scaffoldsin PBS and PBS/collagenase

Substrates obtained 8. from the ink 0.36:1.Q@cnnsWere subjected to stability tests at 37 °C in PB&. 9
shows three curves data: on the first one, % RakMass after immersion in PBS at 37 2C (squaieshe
second one, a similar protocol but PBS containimgslogical collagenase was used for the incubatio
(circles). By last, constructs made by the samestirtking method but with collagen only, were uasd

comparison and as positive control of enzymatio/éigt(triangles).
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Figure 9. Degradation kinetics (% residual mass, % R. Mr)5 col:chi 0.36: 1gpcnns constructs in PBS (black points, squares)
and in PBS/collagenase (red points, circles). @eltesubstrate, also crosslinked with EDC/NHS, veaslas positive control (blue
points, triangles). Data represent the averagestartiard error of 5 determinations

Mass loss after 48 h in PBS was important, more 8%, considering possible uses for tissue eegimg.
Even with this mass reduction, constructs weregodsf tractable, having kept their integrity. Dederg on
cell type to be seeded, this feature could be ingatdy other crosslinking methods or by changinigrper
concentrations. We could confirm that most of th&sImass corresponded to water mass, accordinigwe a
viscous hydrogel. By scaffolds freeze-dry beford after incubation determined mass was quite urgddn
being almost all polymer mass, taking into accqgssible inclusion of PBS salts.

When the PBS curve is compared with PBS+collageriageenzyme effect was evident but moderate,
considering the % M.R. at 45 h, with also integuadl manipulable substrates. In this sense, thagmil
construct was fully degraded in 20 h, evidencirgglibneficial chitosan content in the selected i@lahi
0.36:1.00.
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Conclusions

Taking advantage of the chitosan and collagen prqueperties as biomaterials, in this work inks 3@-
bioprinting made of both biopolymers were assességrogel precursors were evaluated by rheology,
exhibiting low viscositiesizp= 0.35-2.80 Pa.s) and shear-thinning behavior.

The extrusion process in the 3D-bioprinter was @atald both by printability and rheology. For thieles with
different polymer ratios (col:chi 0.18:1.50; coli€h36:1.00 and col:chi 0.54:0.50), acceptable &uas were
found under printing flows between 0.19 ulL/s arPQuL/s.

Col:chi 0.36:1.00 was selected in this study andluated as a biomaterial for 3D constructs forugss
engineering. The possibility of printing with NH®E into the ink was a suitable way of improving firel
construct mechanical properties. Other ways shbaldxplored in this sense, taking into account kikeeping
on ice the mix as a condition to minimize the viEtpincrease is also time-dependent.

Regarding the acidic pH, an apparent drawback atieet solubility of both precursors, a final constrat
neutral pH by nebulization was achieved, obtaimmano-layered scaffolds suitable for cell seediftge main
goal of this work was to assess Col-Chi formulaieaeking proper rheological properties and prilitiglthe best
formulation—col:chi 0.36:1.08- was used to print mono-layered scaffolds. Thinkdhgulti-layered scaffolds,
nebulizationin situ just after printing might be an alternative.

From these results, other blends partially assebsed, such as col:chi 0.45:1.50 or 0.54:0.50, lshbe
considered for further evaluation. In the same vadtgrnative crosslinking methods for the seledtddcol:chi
0.36:1.00 could be assayed in order to obtain miffe modulus E for applications in tissue engimegrin
addition, more stability at physiological conditsoand higher Pr values may be inquired.

We consider the results encouraging, taking intcoact the innovative 3D-bioprinting technique aie t
extensive knowledge of collagen and chitosan amierials. Since concentrated materials would plea
restrictive environment for cells, these low coricated inks show a perspective, using pre-crosstink

modulation to achieve higher printability and filyaduitable hydrogel scaffolds.

Declarations of interest: none.

Acknowledgements: FAN (Nanotechnology Argentiniaméfation) and Mr Bernando Villares and Ms. Camila
Ruiz for the AFM images. LIFE-SI and its developetén Diaz Nocera because of his constant suppdint wi
the 3D-bioprinter.

21



470
471
472
473

474

475
476
477
478

479
480

481
482
483

484
485

486
487

488
489

490
491

492
493

494
495

496
497
498

499
500

501
502

503
504

505

Funding: This work was supported by the Argentinidimistry of Education through its Secretary of
University Policies (granfgregando Valor, Project: Bioinks). A.C.H. was a Biomedical Enginag student
with a fellowship of the National InteruniversityoGncil. M.P.R was a posdoctoral fellow of CONICET.
A.G.W. and E.B.H. are CONICET researchers.

References

[1] J.Si, Y. Yang, X. Xing, F. Yang, P. Shan, Qofied degradable chitosan/collagen composite slusfffor
application in nerve tissue regeneration, PolyngrBé. Stab. 166 (2019) 73 - 85.
doi:10.1016/j.polymdegradstab.2019.05.023.

[2] L.A.Reis, L.L.Y. Chiu, Y. Liang, K. Hyunh, AMomen, M. Radisic, A peptide-modified chitosan-agkn
hydrogel for cardiac cell culture and delivery, &@&iomater. 8 (2012) 1022-1036. doi:10.1016/j.ac#811.11.030.

[3] C.D.F. Moreira, S.M. Carvalho, H.S. Mansur, M.Rereira, Thermogelling chitosan-collagen-bioactilass
nanoparticle hybrids as potential injectable systéontissue engineering, Mater. Sci. Eng. C. 58.6) 1207-1216.
doi:10.1016/j.msec.2015.09.075.

[4] P. Deb, A.B. Deoghare, A. Borah, E. Barua, 8sDala, Scaffold Development Using Biomaterialféview,
Mater. Today Proc. 5 (2018) 12909-12919. doi:1064j0hatpr.2018.02.276.

[5] W. L. Ng, C.K. Chua, Y.F. Shen. Print Me Amgan! Why We Are Not There Yet. Progress in Polguai. 97
(2019) 101145.

[6] W.L. Ng, S. Wang, W.Y. Yeong, M.W. Naing, iBBioprinting: Impending Reality or Fantasy?, Taden
Biotechnol. 34 (2016) 689-699. doi:10.1016/j.tibt&016.04.006.

[71 J.K. Carrow, P. Kerativitayanan, M.K. Jaisw@al, Lokhande, A.K. Gaharwar, Polymers for bioprigtiEssentials
3D Biofabrication Transl. (2015) 229-248. doi:1A.&MB978-0-12-800972-7.00013-X.

[8] J.Malda, J. Visser, F.P. Melchels, T.g&thW.E. Hennink, W.J.A. Dhert, J. Groll, D.W. lracher, 25th
Anniversary Article Engineering Hydrogels for Biofabrication, (20113)18. doi:10.1002/adma.201302042.

[9] B. Duan, L.A. Hockaday, K.H. Kang, J.T. Bhber, 3D Bioprinting of heterogeneous aortic valeaduits with
alginate/gelatin hydrogels, J. Biomed. Mater. RéZart A. 101 A (2013) 1255-1264. doi:10.1002/jhB4420.

[10] R. Gaetani, P.A. Doevendans, C.H.G. M&tAlblas, E. Messina, A. Giacomello, J.P.G. StnjjCardiac tissue
engineering using tissue printing technology anché& cardiac progenitor cells, Biomaterials. 33 @Qr82—-1790.
doi:10.1016/j.biomaterials.2011.11.003.

[11] Y. Yan, X. Wang, Y. Pan, H. Liu, J. Chem@brication of viable tissue-engineered constrwitts 3D cell-
assembly technique, 26 (2005) 5864-5871. doi:1@/].6lomaterials.2005.02.027.

[12] S. llkhanizadeh, A.l. Teixeira, O. Hermansinkjet printing of macromolecules on hydrogelsteer neural stem
cell differentiation, Biomaterials. 28 (2007) 393843. doi:10.1016/j.biomaterials.2007.05.018

[13] A.A.S. Machado, V.C.A. Martins, A.M.G. PlispThermal and rheological behavior of collagehit@an blends,
J. Therm. Anal. Calorim. 67 (2002) 491-498. doilD23/A:1013953316829.

[14] Y. He, F.Yang, H. Zhao, Q. Gao, B. XiaFi, Research on the printability of hydrogels ihtdoprinting, Sci.
22



506 Rep. 6 (2016) 1-13. doi:10.1038/srep29977.

507 [15] L. Ouyang, R. Yao, Y. Zhao, W. Sun, Effe€bioink properties on printability and cell viity for 3D
508 bioplotting of embryonic stem cells, Biofabricatid@(2016). doi:10.1088/1758-5090/8/3/035020.

509 [16] L.P.Yan, Y.J. Wang, L. Ren, G. Wu, S.Gridade, J.B. Fan, L.Y. Wang, P.H. Ji, J.M. Oligeil.T. Oliveira,
510 J.F. Mano, R.L. Reis, Genipin-cross-linked collaghitosan biomimetic scaffolds for articular catje tissue
511 engineering applications, J. Biomed. Mater. Ré%art A. 95 A (2010) 465-475. doi:10.1002/jbm.a.3286

512 [17] L.Bi, Z. Cao, Y. Hu, Y. Song, L. Yu, B.ang, J. Mu, Z. Huang, Y. Han, Effects of differemss-linking
513 conditions on the properties of genipin-cross-lthkbitosan/collagen scaffolds for cartilage tissngineering, J. Mater.
514 Sci. Mater. Med. 22 (2011) 51-62. doi:10.1007/sB83850-4177-3.

515 [18] L. Ma, C. Gao, Z. Mao, J. Zhou, J. Shen, X, BuHan, Collagen/chitosan porous scaffolds witprioved
516 biostability for skin tissue engineering, Biomadési 24 (2003) 4833-4841. doi:10.1016/S0142-96 )R8 4-0.

517 [19] V.A. Reyna-Urrutia, V. Mata-Haro, J. V. Cauitodriguez, W.A. Herrera-Kao, J.M. Cervantes-Ude&ifof two
518 crosslinking methods on the physicochemical antbbical properties of the collagen-chitosan scaffpEur. Polym. J.
519 117 (2019) 424-433. doi:10.1016/j.eurpolymj.2019006.

520 [20] A. Martinez, M.D. Blanco, N. Davidenko, R.Eaf@eron, Tailoring chitosan/collagen scaffolds fssue
521 engineering: Effect of composition and differerasslinking agents on scaffold properties, Carbohipdtym. (2015).
522 doi:10.1016/j.carbpol.2015.06.084.

523 [21] D.Wang, M. Wang, A. Wang, J. Li, X. Li, Hali, S. Bai, J. Yin, Preparation of collagen/chitosacrospheres
524 for 3D macrophage proliferation in vitro, Colloi8sirfaces A Physicochem. Eng. Asp. 572 (2019) 268-27
525 doi:10.1016/j.colsurfa.2019.04.007.

526 [22] K. Lewandowska, A. Sionkowska, S. GrabskakBczmarek, M. Michalska, The miscibility of
527 collagen/hyaluronic acid/chitosan blends invesédan dilute solutions and solids, J. Mol. Liq. 22016) 726—730.
528 doi:10.1016/j.mollig.2016.05.009.

529 [23] A. Gilarska, J. Lewandowska-heucka, W. Horak, M. Nowakowska, Collagen/chitosgaltironic acid — based
530 injectable hydrogels for tissue engineering apfilices — design, physicochemical and biological ahtarization,
531 Colloids Surfaces B Biointerfaces. 170 (2018) 1%2-10i:10.1016/j.colsurfb.2018.06.004.

532 [24] C. Deng, P. Zhang, B. Vulesevic, D. Kuraifis,Li, A.F. Yang, M. Griffith, M. Ruel, E.J. Suuren, A collagen-
533 chitosan hydrogel for endothelial differentiatiamdaangiogenesis, Tissue Eng. - Part A. 16 (2010938109.
534 doi:10.1089/ten.tea.2009.0504.

535 [25] S. V. Murphy, A. Skardal, A. Atala, Evaluatiofi hydrogels for bio-printing applications, J. Bied. Mater. Res. -
536 Part A. 101 A (2013) 272-284. doi:10.1002/jbm.aZ#3

537 [26] J. Habermehl, J. Skopinska, F. BoccafoschiSidnkowska, H. Kaczmarek, G. Laroche, D. Mantoyani
538 Preparation of ready-to-use, stockable and recatedi collagen, Macromol. Biosci. 5 (2005) 821-828.
539 doi:10.1002/mabi.200500102.

540 [27] N. Rajan, J. Habermehl, M.F. Coté, C.J. DaillD. Mantovani, Preparation of ready-to-use, $tlerand
541 reconstituted type | collagen from rat tail tendontissue engineering applications, Nat. Proto@07) 2753—-2758.
542 d0i:10.1038/nprot.2006.430.

543 [28] M.H. Amer, F.R.A.J. Rose, K.M. Shakesheff, Modo, L.J. White, Translational considerationsrjectable cell-
544 based therapeutics for neurological applicationscepts, progress and challenges, Npj Regen. M@0 17).

23



545
546
547
548
549
550
551
552
553
554
555
556
557
558
559
560

561

562
563

564
565

566
567
568
569

doi:10.1038/s41536-017-0028-x.

[29] N. Paxton, W. Smolan, T. Bock, F. Melchelsdoll, T. Jungst, Proposal to assess printakilitigioinks for
extrusion-based bioprinting and evaluation of rbglal properties governing bioprintability, Biofédation 9 (2017).
doi:10.1088/1758-5090/aa8dd8.

[30] J.M. Townsend, E.C. Beck, S.H. Gehrke, C.JkB@d, M.S. Detamore, Flow behavior prior to clivésng: The
need for precursor rheology for placement of hyd®in medical applications and for 3D bioprintifgpg. Polym. Sci.
(2019). doi:10.1016/j.progpolymsci.2019.01.003.

[31] F. Pati, J. Jang, J.W. Lee, D.W. Cho, Extrud@printing, Essentials 3D Biofabrication Tran(®@015) 123-152.
doi:10.1016/B978-0-12-800972-7.00007-4.

[32] M.M. Laronda, A.L. Rutz, S. Xiao, K.A. WhelaR,E. Duncan, E.W. Roth, T.K. Woodruff, R.N. Shah,
bioprosthetic ovary created using 3D printed miorops scaffolds restores ovarian function in sid mice, Nat.
Commun. 8 (2017) 1-10. doi:10.1038/ncomms15261.

Supplementary Data

Line fit 31 *
Line fit 373m\

Phase range

. DN i 1A "
om X* 10pum 0m Naname 10pm

Supplementary Data Fig. 1: Collagen fibrils obtained from rat tail by exttian in acetic acid, observed by AFM
images. In addition to the morphological obsenrgtitiameter sizes were calculated from the imageyparing with
those reported for collagen fibrils in literatug®, - 120 nm. Green arrow shows a representati@enrOwidth fibril.
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571 Supplementary Data Fig. 2: Time sweep at 0°C to col:chi 0.36:1.0&epc .Until 2500 secondes no gelation was
572 observed.
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3D-bioprinting is a powerful emerging field in which ink composition isacritical issue.
Collagen and chitosan are very well-known biopolymers.

Blends of collagen and chitosan composing a bioink are poorly explored.

Collagen and chitosan blends behavior through a 3D-bioprinter were assessed in this
work.

Printed and crosslinked scaffolds for tissue engineering were obtained from col:chi
0.36:1.00, both % wi/v.
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