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A B S T R A C T   

3D-bioprinting is an emerging technology of high potential in tissue engineering (TE), since it shows effective 
control over scaffold fabrication and cell distribution. Biopolymers such as alginate (Alg), nanofibrillated cel-
lulose (NC) and hyaluronic acid (HA) offer excellent characteristics for use as bioinks due to their excellent 
biocompatibility and rheological properties. Cell incorporation into the bioink requires sterilisation assurance, 
and autoclave, β-radiation and γ-radiation are widely used sterilisation techniques in biomedicine; however, 
their use in 3D-bioprinting for bioinks sterilisation is still in their early stages. In this study, different sterilisation 
procedures were applied on NC-Alg and NC-Alg-HA bioinks and their effect on several parameters was evaluated. 
Results demonstrated that NC-Alg and NC-Alg-HA bioinks suffered relevant rheological and physicochemical 
modifications after sterilisation; yet, it can be concluded that the short cycle autoclave is the best option to 
sterilise both NC-Alg based cell-free bioinks, and that the incorporation of HA to the NC-Alg bioink improves its 
characteristics. Additionally, 3D scaffolds were bioprinted and specifically characterized as well as the D1 
mesenchymal stromal cells (D1-MSCs) embedded for cell viability analysis. Notably, the addition of HA dem-
onstrates better scaffold properties, together with higher biocompatibility and cell viability in comparison with 
the NC-Alg scaffolds. Thus, the use of MSCs containing NC-Alg based scaffolds may become a feasible tissue 
engineering approach for regenerative medicine.   

1. Introduction 

Three-dimensional (3D) bioprinting is an emerging additive 
manufacturing technology with great potential for use in the field of 
tissue engineering (TE) and regenerative medicine. [1] 3D-bioprinting is 

also applied in the development of drug screening models, as well as 
tumor models and cell-based sensors. [2] Among tissue fabrication 
techniques, 3D-bioprinting has the advantage of being precise in simu-
lating native tissues and mechanical properties. As a result, a great deal 
of progress has been achieved in the fabrication of tissues such as bone in 
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which mechanical characteristics are highly important. [3,4] Addition-
ally, scaffolds to cartilage regeneration have been widely studied too. In 
fact, scaffolds to regenerate articular cartilage have been achieved in 
vitro. [2,5] One of the tissues in which this technology has focused most 
is the skin. It has been reported many available literature with in vivo 
results, which printed skin substitutes for wounds and burns has been 
successfully obtained. [3,6,7] On the other hand, it has been applied in 
more complex structures such as cornea, [8] heart [9] and tendon. [10] 
However, despite the emerging increase in their usage, there is little 
information about its step forward to clinical practice. Thus, more 
research is still needed. 

This technology is based on the deposition of a biomaterial 
embedded with cells in a previously arranged form, in order to create 
complex structures that mimic native biological tissues. [1,2] This 
mixture of one or more biomaterials, together with the cells of interest 
depending on the application, is known as bioink, and requires specific 
rheological and mechanical properties, so it can be used as bioprinting 
material. In addition, bioinks must be non-toxic and biocompatible, 
[2,11] given that bioprinted scaffolds final purpose is their use in clinical 
practise. 

These biological and medical applications require a compulsory 
sterilisation step so that the scaffolds do not cause infections in the 
clinics. [12] Furthermore, unlike other medical devices that are steri-
lised in a final step before their biological applications, [13] bioinks 
must be sterilised prior to the incorporation of the cellular component, 
which is usually carried out just before the bioprinting procedure itself. 
However, despite the importance of this sterilisation step, the alterna-
tives for sterilising different biomaterials have been poorly studied. 

Common sterilisation techniques have focused on achieving the 
highest degree of elimination of pathogens. Nevertheless, for 3D-bio-
printing, not only must sterility be ensured, but also the procedure 
should not be too aggressive for the biomaterials that constitute the 
bioinks. Among the sterilisation techniques filtration, high tempera-
tures, gases and radiation have been applied for the sterilisation of 
hydrogels used for regenerative medicine. [12] However, the high vis-
cosity values that bioinks need to meet in order to be processed by the 
3D printer, render filtration technique difficult to implement. On the 
other side, bioinks containing biomaterials sensitive to temperature can 
be damaged after being exposed to high temperatures by using auto-
clave. [11,14] As an alternative, the use of gases, such as ethylene oxide, 
have safety issues in terms of flammability, highly toxic residues and 
cancerous nature that must be taken into account. [12,15,16] In this 
context, Ultra-Violet light (UV), gamma (γ) radiation and beta (β) ra-
diation have been applied for this purpose. [16–20] Ionising radiations 
have shown good assurance of sterility, [11,16] no chemical residues 
[15] and immediate results. [16] Yet, γ-radiation and β-radiation require 
complex application procedures and have an elevated cost,[16] whereas 
UV sterility assurance is dubious in value due to the low penetration 
capacity in highly viscous bioinks. [17] 

After this review of the commonest methods of sterilisation, and 
given the little information available in the literature regarding the 
application of different sterilisation procedures to obtain safe bioinks, 
we planned to carry out an in-depth study of the effects of the applica-
tion of the most promising sterilisation techniques, such as heat and 
radiation, onto bioinks composed of nanofibrillated cellulose (NC), so-
dium alginate (Alg) and hyaluronic acid (HA). 

These biomaterials have been widely applied in biomedicine with 
promising results in different areas. NC is characterized by its high water 
content capacity, good biocompatibility and excellent physical and 
chemical properties. [18,19] Furthermore, it has stood out in different 
applications as drug and protein delivery, [20] gene therapy [21] and 
wound healing. [22] On the other hand, Alg has become one of the most 
studied biopolymers in 3D-bioprinting. [23,24] It offers fast gelling ca-
pacity when it is mixed with divalent cations, such as calcium, which 
enables the manufacturing of manageable scaffolds after bioprinting. 
[23] Furthermore, its high biocompatibility makes it the ideal material 

for 3D-bioprinting. [2,11,23,25] The NC and Alg mixture as a bioink has 
been applied for the fabrication of 3D bioprinted scaffolds for cartilage 
regeneration as NC mimics the bulk collagen matrix of the cartilage 
tissue and Alg hydrogels have been reported to regenerate cartilage in 
vivo. [2,26,27] 

Additionally, HA has been often used both to modify the bioinks 
rheological properties in order to favour the bioprinting process and in 
the fabrication of hydrogels for regenerative medicine. It has shown 
excellent biodegradability as well as biocompatibility properties, 
[18,28–30] and is involved in many biological processes such as cell 
adhesion, [18,29] migration and growth, [31,32] as well as in inflam-
matory processes and wound healing. [29,33,34] In addition, HA is a 
major component of native cartilage and it has been reported that 
controls chondrocyte metabolism and cartilage regeneration. [29] In 
fact, HA together with NC and Alg, has been applied for the fabrication 
of hydrogels and 3D printed structures for cartilage regeneration. [2,35] 
Furthermore, NC-Alg based hydrogels have resulted in gradual extra-
cellular matrix formation and cartilage regeneration in vivo in nude mice 
models. [36] 

Acknowledging the importance of selecting the best biomaterials to 
develop specific bioinks for 3D-bioprinting, as well as the relevance of 
choosing the correct sterilisation technique, this study is focused on 
evaluating the effect of three different sterilisation methods on these 
highly often employed materials. Two modalities of autoclaving (short 
and long cycle), as well as the sterilisation by β- and γ-radiation were 
used. Then, the effect of these procedures on the main properties of the 
biomaterials were analysed, as they are crucial for a correct printing. 
Next, an evaluation of whether the sterilised NC-Alg based bioinks (NC- 
Alg and NC-Alg-HA bioinks) in the manufacturing of 3D printed scaf-
folds that may be useful for regenerative medicine purposes was con-
ducted. Finally, NC-Alg and NC-Alg-HA bioinks were loaded with 
murine D1 mesenchymal stem cells (D1-MSCs) before printing and the 
biological response of these cells included in 3D printed scaffolds was 
evaluated. 

2. Materials and methods 

2.1. Materials 

Ultra-pure low-viscosity high guluronic acid sodium alginate 
(UPLVG) (Mw > 200 kDa) was purchased from FMC Biopolymer 
(Sandvika, Norway). Hyaluronic acid (Mw 600–800 kDa) was obtained 
from Bioiberica (Barcelona, Spain). Nanofibrillated cellulose was pur-
chased from Sappi Europe (Brussels, Belgium). D-mannitol, calcium 
chloride and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium-
bromid (MTT) in vitro toxicology assay were purchased from Sigma- 
Aldrich (Madrid, Spain). Fetal bovine serum (FBS), fetal calf serum 
(FCS) and penicillin/streptomycin (P/S) were purchased from Fisher 
Scientific (Madrid, Spain). DPBS code BE17-513F was purchased from 
Lonza (Porriño, Spain). Alamar blue was purchased from Bio-Rad 
científica (Madrid, Spain). LIVE/DEAD® Viability/Cytotoxicity kit was 
purchased from Life Technologies (Madrid, Spain). 

2.2. Bioinks preparation 

Two different bioinks were prepared. Nanocellulose-alginate (NC- 
Alg) and nanocellulose-alginate-hyaluronic acid (NC-Alg-HA) bioinks. 

For the NC-Alg bioink, first, a 10% (w/v) Alg solution was prepared 
in D-mannitol (1%). Then, NC was added and mixed until complete 
homogenization. The final bioink proportion of NC:Alg was 80:20 (v/v), 
and the final concentration of Alg in the NC-Alg bioink was 2% (w/v). 

In order to prepare the NC-Alg-HA bioink, Alg and HA were dissolved 
in a D-mannitol solution to make an initial 10% (w/v) and 5% (w/v) 
solution, respectively. Then, NC was added and mixed until complete 
homogenization. The final bioink proportion of NC:Alg-HA was 80:20 
(v/v), and in the NC-Alg-HA bioink the final concentration of Alg was 
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2% (w/v) and the concentration of HA was 1% (w/v). Afterwards, 
bioinks were stored at 4 ◦C. 

2.3. Sterilisation 

Three sterilisation techniques were studied for each cell-free bioink: 
autoclave which includes short cycle and long cycle procedures, β-ra-
diation and γ-radiation. For each technique 5–10 mL were sterilised by 
depositing the bioinks into closed sterile syringes. 

2.3.1. Sterilisation by short cycle autoclaving 
This process was performed by AJL Ophthalmic (Miñano, Spain) in 

an industrial autoclave F0A2/B model. This autoclaving process was 
carried out for 54 min. The cycle started at 0.96 bar pressure and 
15–18 ◦C temperature. Next, for 22 min the pressure and temperature 
increased until being set at 3.70–3.60 bar and 123–124 ◦C, respectively. 
The sterilisation occurred with these parameters set for 3.04 min. Af-
terwards, refrigeration process occurred and pressure and temperature 
decreased to 1.60 bar and 50–55 ◦C for 26 min. Finally, the cycle 
finished after 54 min with 1.05 bar pressure and around 50 ◦C 
temperature. 

2.3.2. Sterilisation by long cycle autoclaving 
The long cycle autoclaving process was performed in a clean auto-

clave ST DRY PV-II 75 L from Biotech (Barcelona, Spain). The steri-
lisation step occurred at 2 bar pressure and 121 ◦C for 30 min followed 
by an atmospheric purge in which pressure decreased around 0 bar and 
temperature was maintained at 121 ◦C. The whole process was carried 
out in 80 min. Fig. 1 shows the differences between short and long cycle 
autoclaving processes. 

2.3.3. Sterilisation by β-radiation 
β-radiation was performed according to ISO 11137 by Ionisos Iberica 

(Cuenca, Spain). [37] The samples were irradiated by a Rhodotron 
TT200, capable of generating a beam with energy of 10 MeV and a 
maximum power of 80 kW. The speed of the samples going under the 
beam was adjusted to guarantee the minimum dose of 25 kGy and ho-
mogeneity of dose was ensured by passing the samples twice. 

2.3.4. Sterilisation by γ-radiation 
The sterilisation of the samples by γ-radiation was performed in a 

Mark I–30137Cs irradiator from J.L. Shepherd and Associates (San 
Fernando, United States). The system was calibrated by relative film 
dosimetry using Gafchromic EBT3 film as a dosimetry system. The 
average dose rate was 3.2 Gy⋅min− 1 for radiation position. A dose rate is 
used for calculating radiation exposure times until achieving the 
required total dose, 25 kGy. 

2.4. Sterility testing 

Sterility testing was conducted for NC-Alg and NC-Alg-HA cell-free 
bioinks after being sterilised by short and long cycle autoclaving pro-
cedures, β-radiation and γ-radiation. 

The test was carried out by direct inoculation of 1 mL of sample 
(bioink) in the microbiology medium to test for the growth of yeast, 
fungi, aerobic, and anaerobic bacteria according to the European 
Pharmacopeia. [38] Two microbiological media were used: Thio-
glycollate Penase Broth (9 mL) (TPB) to detect anaerobic and aerobic 
bacteria, and Tryptic Soy Penase Broth (9 mL) (TSPB) which is a soybean 
casein digest medium, to detect fungi and aerobic bacteria, both were 
purchased from VWR International (Radnor, United States). For each 
media (TPB and TSPB), sterility test and growth promotion test of aer-
obes, anaerobes and fungi were previously verified. The inoculated 
media with each bioink were incubated for 14 days at 35 ◦C and 22 ◦C 
for TPB and TSPB respectively. All samples were visually inspected 
every day to observe if media showed turbidity. After 14 days, if there 
had been microbial growth, the medium would have shown turbidity. 
This assay was performed under aseptic conditions inside a safety cab-
inet in a clean room. 

2.5. Bioinks characterization 

2.5.1. Rheological study 
Rheological properties were measured at room temperature using 

the rheometer AR1000 from TA Instruments (New Castle, United States) 
with a flat stainless steel plate of 40 mm geometry. Two different 
rheological measurements were performed: viscosity and viscoelasticity. 
In the steady flow measurement, viscosity was evaluated through a shear 
rate sweep from 0.1 to 100 s− 1 followed by a second sweep from 100 to 
0.1 s− 1. In addition, to study the bioinks viscoelasticity (storage modulus 
(G') and loss modulus (G")), 2% strain was set and the oscillation fre-
quency sweeps were established from 0.1 to 100 Hz. 

2.5.2. Macroscopic characteristics, osmolality and pH determination 
The physical appearance of the bioinks was inspected visually before 

and after sterilisation. Macroscopic aspect and colour were evaluated. 
Osmolality was determined by the cryoscopic osmometer Osmomat 

030-D Gonotec (Berlin, Germany). In this assay, 50 μL of each bioink was 
analysed by determining the freezing depression point. 

The pH was determined by pH-meter GLP 21 from Crison (Barcelona, 
Spain). Each sample was studied in triplicate. 

2.6. 3D-printing 

The bioinks were printed using an extrusion-based 3D bioprinter Bio 
X from Cellink (San Carlos, United States). Circular grid-like scaffolds of 
14 mm diameter and 4 layers were printed through a 27 G conical 
nozzle. Printing parameters were set depending on the bioink. For NC- 
Alg bioink 4 mm/s printing speed and 20–22 kPa extrusion pressure 
was required. On the other hand, 4 mm/s printing speed and 24–26 kPa 
extrusion pressure were set for the NC-Alg-HA bioink. Finally, printed 
scaffolds were submerged in a 100 mM calcium solution in order to 
perform the crosslinking procedure. 

2.7. Scaffolds characterization 

2.7.1. Scanning electron microscopy (SEM) 
Samples were coated with a thin layer of gold (~ 15 nm) using an 

Emitech K550X ion-sputter after critical point drying. Then, samples 
were observed in a S-3400 Scanning Electron Microscope from Hitachi 
(Elk Grove Village, United States). The voltage used was 15 kV and the 
working distance was around 20 mm. Fig. 1. Comparison between short cycle and long cycle autoclaving procedures.  
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2.7.2. Surface and architectural structure study 
The surface topography and architecture of the scaffolds were 

characterized using an optical profilometer from Sensofar S-NEOX 
(Barcelona, Spain) through focus variation method. The measurements 
were post-processed using the metrological software SensoMAP Pre-
mium 7.4 from Digital Surf (Besançon, France). The scaffolds were 
characterized in hydrated state after wiping with a dry lint free wipe. 

For architectural study, a measurement of 6484 × 4880 μm2 area at 3 
locations on 3 independently printed samples for each condition were 
acquired using a 10× objective (lateral sampling: 1.29 μm, vertical 
resolution: 25 nm). The deposited strut height and thickness were 
characterized and the deposited material volume was computed through 
the 3D parameter Vm. [39] Finally, measurements were binarized, and 
the aspect ratio (Dmax/Dmin) was computed in order to characterize the 
grid morphology. Surface topography was characterized based on 
measurements of 873 × 656 μm2 acquired at 3 different locations with a 
20× objective (lateral sampling: 0.65 μm, vertical resolution: 8 nm). 3D 
topographical parameters belonging to height (Sq), spatial (Sal) and 
hybrid (Sdr) from ISO 25178-2 [40] were computed on cropped areas of 
150 × 150 μm2. 

2.7.3. Swelling 
To evaluate the swelling behaviour, 0.6 × 14 mm2 NC-Alg and NC- 

Alg-HA scaffolds were printed. Then, the scaffolds were lyophilized in 
Telstar cryodos Freeze Dryer (Terrassa, Spain) and weighted in order to 
obtain the dried weight. Dried scaffolds were immersed in Dulbecco's 
phosphate-buffered saline (DPBS) with calcium and magnesium at 37 ◦C 
to estimate their swelling capacity. At selected time points, scaffolds 
were removed from DPBS, water excess was removed using filter paper 
and then scaffolds were reweighed. The swelling in % was calculated in 
every time point by using the following equation: 

Swelling (%)
Wwet − Wdried

Wdried
x 100 

Where Wwet and Wdried correspond to wet and dried weight, 
respectively. 

2.7.4. Degradation study 
To evaluate the degradation process, the 3D printed NC-Alg and NC- 

Alg-HA scaffolds area were measured. Scaffolds were placed in DMEM at 
37 ◦C and, at selected time points, they were measured again. After 
performing the measurements, scaffolds were returned to the culture 
medium. The area loss in % was calculated by using the following 
equation: 

Area loss (%)
Abefore − Aafter

Abefore
x 100 

Where Abefore and Aafter correspond to the scaffold area before 
introducing it in DMEM and after passing selected time inside the media. 

2.8. Biological studies of bioprinted scaffolds 

2.8.1. Cytotoxicity assay 
In vitro cytotoxicity test was determined according to ISO 10993-5- 

2009. [41] Adhesion, indirect and direct methods were performed to 
evaluate potential cytotoxicity of bioinks in mouse L929 fibroblasts. 
Disks were bioprinted following the aforementioned procedure (see 
section 2.6). Cells were cultured in complete media and seeded at a cell 
density of 3.123 × 104 cells/cm2. 

In the adhesion assay, NC-Alg and NC-Alg-HA bioprinted disks were 
set on 24 well plates and cells were seeded on top of them. Then, after 4 
h of incubation, cell viability was measured using the MTT in vitro 
toxicity assay following manufacture's recommendations. Cells directly 
seeded onto the plate were used as controls. 

In the indirect method assay, bioprinted disks were incubated with 
DMEM for 24 h to obtain a conditioned media and cells were seeded at 

the same density as before onto independent wells. Then, disks were 
removed and the conditioned media was added to the cells. In direct 
method assay, cells were also seeded and cultivated for 24 h onto culture 
plates and exposed directly to the printed disk by placing them onto 
seeded cells. After 24 h of incubation, cell viability was measured in both 
assays using the same MTT procedure. Cells not exposed to conditioned 
media or cells with no bioprinted disk exposure were used as controls. 

In all assays, the absorbance was recorded using an Infinitive M200 
microplate reader from TECAN Trading AG (Männedorf, Switzerland) at 
570 nm with reference wavelength set at 650 nm. 

Cell viability was calculated using the following equation: 

Cell viability (%)
Testing sample OD570
Untreated blank OD570

x 100 

Six independent experiments were conducted with three replicates 
per experiment. Cell viability above 70% was considered as non-toxic 
according to ISO 10993-5-2009. 

2.8.2. D1-MSCs culture conditions and 3D-bioprinting 
Murine D1-MSCs from ATCC (Virginia, United States) were cultured 

in T-flasks with DMEM supplemented with 10% (v/v) FBS and 1% (v/v) 
P/S. They were maintained at 37 ◦C in a humidified atmosphere con-
taining 5% CO2. Medium was regularly changed. At 80% of confluence, 
cells were subcultured. 

For the 3D-bioprinting process, cells were incorporated and resus-
pended in the bioinks at 2.5 × 106 and 5 × 106 cell/mL density. Then 
they were bioprinted following the previously explained procedure (see 
section 2.6). Immediately after this, bioprinted scaffolds were cross-
linked by adding a 100 mM CaCl2 solution. These constructs were kept in 
the calcium solution for 5 min after which they were cultured in a 
complete medium. This whole process was performed at room temper-
ature, under aseptic conditions. 

2.8.3. Metabolic activity determination 
The metabolic activity of the embedded D1-MSCs was determined 

weekly using the AlamarBlue® assay (AB). 14 mm circular grid-like 
bioprinted scaffolds were placed in 24 well plates with the solution 
containing 10% of AB in complete medium and then, they were incu-
bated for 24 h at 37 ◦C. The fluorescence was read on an Infinite M200 
microplate reader from TECAN Trading AG (Männedorf, Switzerland) at 
excitation 560 nm and 590 nm emission wavelength. Wells containing 
culture media were used as negative controls. At least five wells were 
placed for each condition. 

2.8.4. Cell viability qualitative determination by fluorescence microscopy 
Cell viability determination was carried out weekly using the LIVE/ 

DEAD® Viability/Cytotoxicity Kit. Constructs were washed four times 
with DPBS before performing the staining with 100 mM calcein AM in 
DPBS on 24 well plates for 40 min at room temperature in the dark. 
Then, the calcein solution was removed and a 0.8 μM ethidium 
homodimer-1 solution was added. The constructs were incubated for 
another 10 min at 37 ◦C and then, they were washed again with DPBS. 
Next, samples were observed under a Nikon TMS microscope (Hampton, 
United States) with the excitation/emission settings for calcein AM 
(495/515 nm) and ethidium homodimer (495/635 nm). At least three 
independent experiments were analysed for each condition. 

2.9. Statistics 

Statistical analysis was performed with IBM SPSS software. Data 
were expressed as mean ± standard deviation and differences were 
considered significant when p < 0.05. Student's t-test to detect signifi-
cant differences between two groups and ANOVA to multiple compari-
sons was used. Depending on the results of the Levene test of 
homogeneity of variances, Bonferroni or Tamhane post-hoc test was 
applied. For non-normally distributed data, Mann-Whitney 
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nonparametric analysis was applied. 

3. Results and discussion 

3D-bioprinting is generally considered to be a powerful manufacture 
technique in TE since it allows the fabrication of scaffolds and artificial 
tissues in a controlled way. [2,11] Nonetheless, when introducing cells 
on supportive inks, the sterilisation assurance must be taken into ac-
count. Thus, three different sterilisation techniques, short and long cycle 
autoclaving, β-radiation and γ-radiation, on the NC-Alg and NC-Alg-HA 
cell-free bioinks were evaluated. 

First, the sterility of all cell-free bioinks was studied according to the 
European Pharmacopeia to ensure no contamination. After carrying out 
the sterilisation methods, bioinks were incubated in the corresponding 
media for 14 days. Bioinks observation resulted in no turbidity detection 
(data not shown), which proved that NC-Alg and NC-Alg-HA bioinks 
were completely free of contaminating microorganisms after steri-
lisation by autoclaving with short and long procedures, β-radiation and 
γ-radiation. All negative control tubes were negative after the required 
incubation period. 

The lack of contamination indicated that any of these methods are 
useful for NC-Alg based bioinks sterilisation. However, these processes 
may imply important physicochemical changes on bioinks characteris-
tics resulting in bioprinting failure. [11] For this reason, the first 
objective was to study whatever these sterilisation methods provoke 
relevant modifications on the characteristics that are of key importance 
for the printing process, such as the rheological and the physicochemical 
features. 

3.1. Effect of different sterilisation methods on NC-Alg-based bioinks 

3.1.1. Rheological properties 
Bioprinting through the extrusion procedure requires the study of 

some fundamental properties of the bioinks such as their rheological 
characteristics. The rheological characterization of the NC-Alg based 
bioinks was studied by steady flow and oscillatory shear measurements 
before and after sterilisation. 

Before sterilisation, NC-Alg and NC-Alg-HA bioinks showed shear 
thinning behaviour with a decrease in viscosity under shear strain. In 
addition, when shear rate values decreased, viscosity values return to 
the initial levels showing a thixotropic behaviour (Fig. 2). These prop-
erties are extremely useful for extrusion-based bioprinting because the 
deposition of the bioink is facilitated when it is extruded through a 
nozzle since the applied pressure decreases the bioink viscosity. Just 
after exiting the nozzle, the shear stress is removed and bioink viscosity 
increases sharply due to thixotropy. [42] Interestingly, the addition of 
HA to the NC-Alg bioink showed an enhancement on the viscosity 
values, achieving around 500 Pa.s at 0.1 s− 1 shear rate (Fig. 2B), 
whereas without HA only a value of 400 Pa.s was achieved (Fig. 2A). 
This suggests that the addition of HA improves the NC-Alg bioink 
rheological properties and, therefore, its printability by extrusion. 

The viscosity increase due to the incorporation of HA has been pre-
viously reported in the literature. One study indicated an improvement 
of the shear thinning property by increasing the HA content up to 50% 
on a gelatin-based bioink. [43] Moreover, higher viscosity values 
improve the printing fidelity, as the formation of filaments is better in 
comparison with low viscosity bioinks, which spread out on the bio-
printing plate when extruded. [42] Therefore, our bioinks were expected 
to be easily bioprinted by the extrusion 3D bioprinter. 

In Fig. 2 it can also be observed the effect of the proposed sterilisation 
methods. Although all samples maintained the thixotropic property, 
there were remarkable differences among the effects of the sterilisation 
procedures. 

Short and long cycle autoclaved bioinks showed similar viscosity 
values compared to the non-sterilised bioinks, which suggests that these 
sterilised bioinks would show good printable properties. Nonetheless, an 

important modification in this parameter was observed on both bioinks 
after the ionising radiation treatments. Sterilisation by γ-radiation 
consists of the disruption of the DNA double helix of microorganisms 
due to the high doses of free radicals that are formed after electron 
excitation. Similar to γ-radiation, β-radiation damages the DNA of mi-
croorganisms but, it does have lower penetration capacity than γ-radi-
ation and requires higher dose rates. [15,44]. In this study, the same 
dose of 25 kGy was applied for both radiation procedures. The rheo-
logical study showed a sharp decrease in viscosity for both bioinks. In 
fact, although ionising radiations have been widely used as sterilisation 
methods in several biomedical fields, their destructive effects are 
known. [11,45] When comparing both radiation types, studies in the 
literature are inconclusive; one study showed that after applying β and 
γ-radiations on PLGA spheres, radicals were formed due to polymer 
destruction, independently of the radiation type. [46,47] However, 
another study on scaffolds fabricated with L-lactide (LLA), ε-capro-
lactone (CL) and 1.5-dioxepane-2-one (DXO) polymers, indicated that 
γ-radiation caused more important damages on the polymers. [16] 
Therefore, the effects of radiation-based sterilisation techniques on 
different materials depends not only on the type of radiation but also on 
the bioinks composition. Regarding this fact, it has been published that 
when these two radiation types were applied on hydroxypropyl-methyl 
cellulose (HPMC) and gelatin hydrogels, the viscosity reduction was 
more evident on HPMC-based gels, probably because its polymer chains 
are longer compared to gelatin. [43] In our case, γ-radiation provoked a 
considerable viscosity decrease in our two bioinks, which is in accor-
dance with other studies reporting that γ-radiation causes chain scission 
on cellulose derived polymers [48] and Alg-based bioinks. [11] 

Comparing NC-Alg and NC-Alg-HA bioinks, it was observed that the 
addition of HA on the NC-Alg mixture appeared to protect this bioink 
from the harmful effects of γ-radiation (Fig. 2B). However, the NC-Alg- 
HA bioink still showed a lower viscosity in comparison with its non- 
sterilised control bioink. In fact, modifications in the physical and 
chemical nature of the polymeric HA have also been reported after ra-
diation. [49] Moreover, degradation of polysaccharides by the cleavage 
of the glycosidic bonds can occur after ionising radiations. [11,48] The 
chain scission results in molecular weight reduction, which is reflected 

Fig. 2. Effect of sterilisation methods on NC-Alg (A) and NC-Alg-HA (B) bioinks 
rheological properties. Viscosity values were measured before and after steri-
lisation by short and long cycle autoclaving, β-radiation and γ-radiation. 
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on viscosity. [42] 
Afterwards, in order to study bioinks viscoelastic properties, fre-

quency sweep measurements were performed. Fig. 3A shows that in 
both non-sterilised bioinks the storage modulus G' and loss modulus G" 
increased under frequency. As G' was higher than G", both bioinks 
showed an elastic solid-like behaviour. The loss modulus G" was higher 
when HA was added (at 100 Hz, NC-Alg G" was 808 Pa and with HA 
1506 Pa), whereas the storage modulus G' was similar for both bioinks 
(NC-Alg was 2200 Pa and NC-Alg-HA was 2295 Pa). Therefore, the 
incorporation of HA in the NC-Alg bioink was able to enhance the 
viscous modulus. 

Next the sterilisation effect on viscoelasticity was evaluated. Inde-
pendently of the applied sterilisation technique, both bioinks main-
tained the elastic solid-like behaviour. However, changes on G' and G" 
values were observed. As Fig. 3B shows, after short cycle autoclaving 
procedure, both bioinks showed similar G' and G" values, but a slight 
increase in viscoelasticity was observed when compared to non- 
sterilised bioinks (at 100 Hz, sterile NC-Alg G" was 1497 Pa and NC- 
Alg- HA was 1655 Pa). In contrast, after long cycle autoclaving, the 
NC-Alg bioink showed higher G' and G" values compared to the HA 
bioink (at 100 Hz, sterile NC-Alg G' and G" were 2592 Pa and 1416 Pa 
respectively, and with HA were 853 Pa and 826 Pa respectively) 
(Fig. 3C). In addition, viscoelasticity values of the NC-Alg bioink were 
slightly higher in comparison with the non-sterilised sample. In contrast, 
the HA containing bioink showed a reduction on G' and G" values after 
sterilisation. This suggests that after the application of a long cycle 
autoclaving process, HA was probably damaged resulting in a lower 
viscous modulus value (G"). Importantly, it has been described that the 
viscosity of 0.5–2% HA aqueous solutions decreases when the temper-
ature increases due to hydrogen bond breakage, resulting in weakening 
of the entanglement couplings. [50,51] 

After the application of β-radiation (Fig. 3D), viscoelasticity prop-
erties of both bioinks decreased comparing to the non-sterilised samples 
(at 100 Hz, NC-Alg sterile bioink G' and G" were 504 Pa and 224 Pa, 

respectively and NC-Alg-HA were 598 Pa and 210 Pa, respectively). This 
sharp reduction on viscoelasticity properties of both bioinks might be 
related with the molecular weight loss of cellulose, which has been 
already reported after β-radiation. [52] After γ-radiation (Fig. 3E) dif-
ferences between the two bioinks were detected; While the NC-Alg 
bioink showed a reduction on viscoelasticity in comparison to the 
non-sterilised sample, the NC-Alg-HA bioink demonstrated higher G' and 
G" values. This suggests that the NC-Alg bioink G' and G" values were 
modified after the application of both radiation types, but the NC-Alg- 
HA bioink only was damaged by β-rays. This may be explained by the 
overheating that β-rays may cause. [44] 

3.1.2. Physicochemical properties 
Next, macroscopic characteristics, osmolality and pH of NC-Alg and 

NC-Alg-HA bioinks were studied before and after sterilisation. Between 
the NC-Alg and the NC-Alg-HA bioinks there were not significant dif-
ferences regarding their physical appearance. Both were white and ho-
mogenous. After applying any of the sterilisation techniques evaluated, 
bioinks maintained their physiochemical characteristics (supplementary 
material). 

The osmolality study indicated no significant differences between 
both non-sterilised bioinks (0.0653 ± 0.0005 Osmol/kg for NC-Alg and 
0.0883 ± 0.0006 Osmol/kg for NC-Alg-HA) (Fig. 4A). NC-Alg-HA bioink 
demonstrated higher osmolality values which suggests more physio-
logical behaviour. Hyaluronic is a component of extracellular matrix in 
many tissues and, as much as the other glycosaminoglycans, may in-
crease the osmolality of solutions [53]. Nonetheless, since physiological 
osmolality values are around 0.28 Osmol/kg, both bioinks showed to be 
hypoosmotic. However, no negative effects have been detected on cell 
behaviour due to cell embedded scaffolds culture is carried out inside 
abundant culture media. Subsequently osmolality was measured again 
in order to know if the sterilisation methods had any effect on this 
parameter. After both autoclaving procedures, NC-Alg bioink showed an 
increase in osmolality (p < 0.001). Similarly, these procedures enhanced 

Fig. 3. Effect of sterilisation methods on NC-Alg and NC-Alg-HA bioinks frequency sweep measurements and viscoelasticity modules (G' and G"). A) Non-sterilised B) 
Short cycle autoclave; C) Long cycle autoclave; D) β-radiation; E) γ-radiation. 
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the osmolality values of the HA-containing bioink (short cycle (p <
0.001) and long cycle (p < 0.01)). In contrast, after β-radiation only the 
NC-Alg bioink osmolality increased significantly (p < 0.001). Impor-
tantly, the effect was more accentuated after γ-radiation. In this case, 
osmolality values increased significantly on both bioinks (p < 0.001). It 
is known that degradation of biopolymers and polysaccharides could 
occur after heating or radiation treatments inducing molecular weight 
reductions. The occurred chain scission might increase the presence of 
radicals and osmotically active solutes in the media. [44,46] Therefore, 
it can be hypothesized that biopolymer structural changes occurring 
because of the sterilisation processes would increase bioinks osmolality. 

On the other hand, both non-sterilised bioinks showed pH values 
close to the physiological ones (7.29 ± 0.04 for NC-Alg and 6.28 ± 0.03 
for NC-Alg-HA), and after sterilisation, the pH values were maintained 
without significant variations, as it is shown in Fig. 4B. 

3.2. Printability determination of bioinks 

Once the NC-Alg and NC-Alg-HA bioinks had been characterized and 
the effects of the different methods of sterilisation had been evaluated, 
printability evaluation was required. Scaffolds were fabricated by the 
extrusion bioprinter following the parameters described before (section 
2.6). The rheological studies in which the NC-Alg-HA bioink showed 
higher viscosity than the NC-Alg bioink resulted in the need of applying 
a higher pressure on bioprinting in order to be able to extrude the bioink 
through the nozzle (from 20 kPa of NC-Alg to 26 kPa of NC-Alg-HA). In 
addition, printability was evaluated after sterilisation. 

After autoclaving (short and long cycle), similar bioprinting pa-
rameters were maintained. As an example, it can be observed in 
Figure 5A1 that the macroscopic appearance complied accurately with 
the computer design of the scaffold. Figure 5A2 shows the scaffold ob-
tained after sterilising the NC-Alg-HA bioink by short cycle autoclaving. 
The printing results, together with rheological properties, indicated that 
bioinks sterilised through autoclave were adequate for extrusion print-
ing. In contrast, when radiated bioinks were used, extrusion led to wide 
viscous strands which required lower extrusion pressures and printing 
speed. The obtained scaffolds revealed lack of shape fidelity (supple-
mentary material). These findings are supported by the accentuated 
decrease in viscosity showed in the rheological study. As discussed 
before, main-chain scission and cross-linking damages caused by ionis-
ing radiations avoided the bioprinting of properly defined scaffolds and, 
therefore, the scaffolds were unable to maintain their shape. 

According to the rheological studies and the analysis of the physi-
cochemical properties of the two cell-free bioinks as well as the print-
ability study, it could be concluded that the sterilisation by using the 

short cycle autoclaving technique had the lowest effect on the original 
characteristics of the bioinks. Therefore, it was elected as the best option 
for sterilising both the NC-Alg and the NC-Alg-HA bioinks. However, 
prior to the introduction of cells in order to analyse the application of 
these scaffolds for TE, other aspects such as the 3D printed scaffolds 
characterization were evaluated. 

3.3. Morphological characterization of printed scaffolds 

3.3.1. Scanning electron microscopy (SEM) 
NC-Alg and NC-Alg-HA scaffolds were analysed by SEM in order to 

observe their external and internal structure that has been recognised as 
important factors for defining cellular behaviour. [39] The superficial 
structure showed that scaffolds with HA presented more fibrous struc-
tures (Fig. 5B, 3). In addition, the inner part of the scaffolds were 
observed by making crosscuts. A porous internal structure with channel- 
like arrangement was found in both scaffolds, which suggests that 
proper oxygen and nutrients transport can be ensured for achieving high 
cell viability and proliferation. 

3.3.2. Surface and architectural structure study 
In order to attain a more in-depth study of the architectural struc-

tures of both scaffolds, an optical profilometer technique was used. No 
reference has been found to this technique being used for studying 
printed scaffolds. Fig. 6A shows representative axonometric 3D images 
of the measurements carried out in the bioprinted scaffolds. Architec-
tural differences can be observed between NC-Alg and NC-Alg-HA 
scaffolds. In fact, the NC-Alg-HA grid morphology is less rounded 
compared to the NC-Alg bioink, which generated more oblong shaped 
grids. In addition, the NC-Alg-HA scaffolds presented a significantly 
higher amount of deposited material compared to the NC-Alg scaffolds 
(3.51 ± 0.55 mm3 NC-Alg scaffolds versus 7.53 ± 2.10 mm3 NC-Alg-HA 
scaffolds) (Fig. 6B). However, both printed scaffolds presented a similar 
grid area and aspect ratio as Fig. 6C shows. The higher amount of 
deposited material in NC-Alg-HA scaffolds could be explained by the 
rheological and printability studies in which the NC-Alg-HA bioink 
showed higher viscosity than the NC-Alg bioink. This enhancement in 
viscosity resulted in the need for the application of a higher pressure on 
the bioprinting technique in order to be able to extrude the bioink 
through the nozzle. This increment in pressure may involve a higher 
amount of HA-containing bioink being extruded and, therefore, the 
amount of material deposited in the scaffolds. 

This phenomenon was also shown in Fig. 7A-B in which NC-Alg-HA 
printed structures resulted in significantly thicker scaffolds on Y axis (p 
< 0.01) compared to the NC-Alg scaffolds (NC-Alg scaffolds, in Y 

Fig. 4. Effect of sterilisation methods on NC-Alg and NC-Alg-HA bioinks A) Osmolality and B) pH. Values represent mean ± SD. ***: p < 0.001; **: p < 0.01.  
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direction 432 ± 30 μm; NC-Alg-HA scaffolds, 552 ± 24 μm). NC-Alg-HA 
scaffolds also resulted in a significantly greater height on two axis (p <
0.01) (NC-Alg scaffold, in X direction 345 ± 30 μm and in Y direction 
215 ± 28 μm; NC-Alg-HA scaffolds, in X direction 549 ± 63 μm and in Y 
direction 476 ± 29 μm) (Fig. 7A-B). The strut shape also varied ac-
cording to the direction for both bioinks, presenting a smaller height and 
thickness of the struts in the Y direction. However, despite the fact that 

NC-Alg-HA bioink was extruded in a higher quantity, the obtained 
scaffolds did not show loss of structure fidelity. In fact, both scaffolds 
grid areas were similar. 

Regarding the surface topography, it has been reported that it affects 
cells differentiation and tissue formation, such as bone. [54] NC-Alg 
printed scaffolds presented greater height characteristics (Sq, Fig. 8A). 
However, the NC-Alg-HA bioprinted scaffolds reported a superior 

Fig. 5. Morphological characterization. A) Computer assisted design of the scaffold (1) vs bioprinted scaffold after autoclaving the NC-Alg-HA bioink by short cycle. 
Scale bar in 1: 14 mm and in 2: 5 mm (2). B) Representative scanning electron microscopy images of NC-Alg (1–2) and NC-Alg-HA (3–4) scaffolds. Scale bar in 1 and 
3: 1 mm; in 2 and 4: 200 μm. 

Fig. 6. Surface and architectural structure study of NC-Alg and NC-Alg-HA 3D printed scaffolds. A) Representative images of the topology measurements and 
binarized areas of the printed scaffolds. B) Deposited material volume analysis. C) Grid area and aspect ratio computed from binarized data analysis. Values represent 
mean ± SD. 
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developed surface area (Sdr Fig. 8B). The biggest topographical differ-
ence was observed in terms of lateral characteristics (Sal Fig. 8C). The 
bigger Sal parameter value on NC-Alg scaffolds indicates in Fig. 8D that 
the NC-Alg surface was dominated by larger wavelength components 
(texture presents bigger spacing) while NC-Alg-HA printed scaffolds 
presented a less spaced texture. However, there were no significant 
differences between both scaffolds, and the implication of these pa-
rameters on cells differentiation should be analysed in future studies. 

3.4. Swelling determination and scaffolds degradation analysis 

Before introducing cells into the NC-Alg and NC-Alg-HA bioinks for 
printing the 3D scaffolds, swelling and degradation analysis of cell-free 
structures was performed. 

The evaluation of swelling is important since it relates to substance 
exchange when used for biomedical applications as well as many other 
properties such as flexibility and mechanical properties. [55,56] In our 
study, water uptake by both printed scaffolds increased over the time 
until they reached the equilibrium with NC-Alg scaffolds reached it 

Fig. 7. Surface and architectural structure study on NC-Alg and NC-Alg-HA scaffolds. Analysis of the strut architecture of the bioprinted scaffolds in terms of 
thickness (A) and height (B). Values represent mean ± SD. **: p < 0.01. 

Fig. 8. Surface and architectural structure study on NC-Alg and NC-Alg-HA scaffolds. A-C) 3D topographical parameters describing height (Sq), lateral (Ssal) and 
hybrid (Sdr) characteristics of the scaffolds. Values represent mean ± SD. D) Representative axonometric projections of the topographical measurements of the NC-Alg 
(I) and NC-Alg-HA (II) scaffolds. 
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within 6 to 8 h, whereas the NC-Alg-HA scaffolds reached this steadiness 
earlier, within 3 to 4 h (Fig. 9A). Our results indicated fast swelling 
properties, which may be caused by the hydrophilicity of NC, Alg and 
HA. Some studies have reported that high elasticity values resulted in 
faster water uptake. [57] This may explain why the NC-Alg-HA scaffolds 
reached the equilibrium faster than the NC-Alg scaffolds. 

On the other hand, although no statistically significant differences 
were detected, the NC-Alg scaffolds water uptake was slightly higher 
(NC-Alg scaffolds swelling 95.61 ± 0.84% versus 94.34 ± 0.01% in NC- 
Alg-HA scaffolds). As it has been reported, dense bioinks swelling values 
decrease due to their dense inner structure. [55] Thus, this may explain 
why the HA-containing scaffolds absorbed less water, as this bioink had 
higher viscosity than the NC-Alg. 

Degradation studies are essential in the evaluation of scaffolds 
behaviour and its implications on cells studies, such as differentiation 
and in vivo tissue formation. [58,59] Furthermore, a desirable feature in 
regenerative medicine would be the synchronization of scaffold degra-
dation with the replacement by natural tissue produced from cells. [60] 
As Fig. 9B shows, NC-Alg and NC-Alg-HA scaffolds decreased their area 
during the first 24 h this reduction being more accentuated for the 
scaffolds without HA (p < 0.001) (NC-Alg 17.21 ± 0.15% area reduction 
versus 11.50 ± 0.36% in NC-Alg-HA scaffolds). The degradation rate was 
more progressive during the remainder of the assay. At the final point 
(day 16th), the total area reduction in the NC-Alg scaffolds was 22.94 ±
3.12% versus 20.10 ± 6.25% in the NC-Alg-HA scaffolds. It is noteworthy 
that the water content uptake ability of hydrophilic scaffolds causes 
major degradation rates because of the decreasing the density of cross-
linking and crystallization, as has been reported in Alg based scaffolds. 
[61] 

As the swelling assay demonstrated, both scaffolds had high water 
uptake capacity; nevertheless, the addition of HA prevented from a 
faster degradation of scaffolds during the first hours after printing. 
Importantly, degradation rate is related with the material characteristics 
and crosslinking procedure. Thus, highly crosslinked scaffolds showed 
slow degradation rates in vitro which made cell proliferation and protein 
release difficult to achieve. [62] On the other hand, fast degradative 
scaffolds have been demonstrated to be inefficient in tissue regenera-
tion. [60] Our both scaffolds showed a controlled degradation values 
over the time, however, modelling of degradation processes in vivo may 
be needed in order to understand how it repercuss in tissue regeneration. 

3.5. Biological analysis 

3.5.1. Cytotoxicity analysis of the bioinks 
Once bioinks and scaffolds were characterized, cytotoxicity evalua-

tion was needed prior to the introduction of cells into inks. To analyse 
any potential harmful effects of NC-Alg based inks on cell viability, the 
adhesion, direct contact and indirect contact cytotoxicity tests were 
performed according to ISO 10993-5-2009 [41] (Fig. 10). 

In the adhesion assay, both bioinks showed similar cell viability (NC- 

Alg bioink 98.55 ± 20.30% and NC-Alg-HA bioink 99.34 ± 12.20%). 
Similarly, the direct contact assay showed that cell viability was above 
70%, which indicates that both bioinks have no potential harmful effects 
on L929 cells (NC-Alg 88.53 ± 32.91% and NC-Alg-HA 74.12 ±
31.62%). Importantly, the addition of HA on the NC-Alg base bioink 
resulted in a significantly higher cell viability (p < 0.001). HA consti-
tutes the basic component of extracellular matrix in some tissues and it 
has been described for being involved in a wide variety of biological 
procedures, such as cell signalling mediation, regulation of cell adhesion 
and proliferation. [63] This assay was performed by adding conditioned 
DMEM that previously had been in contact with the bioink, onto seeded 
L929 cells. It may be that the presence of HA on the media enhanced cell 
viability and proliferation. Another study reports that cell viability in-
creases by adding HA supplemented media as it decreases mitochondrial 
DNA damage while enhancing DNA repair capacity, cell viability, 
preservation of ATP levels, and amelioration of apoptosis.[63]. 

3.5.2. Viability and metabolic activity of D1-MSCs in the bioprinted 
scaffolds 

Once the non-toxicity had been ensured different densities of pre-
viously sterilised – by short cycle autoclave - murine D1-MSCs were 
mixed. MSCs are widely applied in tissue regenerative fields since they 
characterize by their potential to differentiate into a variety of cell types, 
including osteoblasts, chondrocytes, adipocytes and myocytes. [64] D1 
cell line was previously reported to have the capacity to differentiate 
spontaneously into osteoblasts, and in adipocytes when using pro- 
adipogenic agents. [32,64] After an analysis of the available literature 
no unique adequate cell density to seed was found; in fact, in other 

Fig. 9. NC-Alg and NC-Alg-HA printed scaffolds swelling determination (A) and degradation rate (B). Values represent mean ± SD. ***: p < 0.001, comparison 
between both scaffolds. #: p < 0.05, comparison between days in the same scaffold. 

Fig. 10. Cytotoxicity analysis of NC-Alg and NC-Alg-HA bioinks in adhesion, 
direct contact and indirect contact assays. Values represent mean ± SD. ***: p 
< 0.001. 
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studies a wide range of densities have been used. Thus, in this study, cell 
densities between 1 × 106 and 5 × 106 cell/mL were selected. However, 
the lowest density of 1 × 106 cell/mL showed very low viability values 
and proliferation rates (supplementary material) and therefore, the as-
says were continued with 2.5 × 106 and 5 × 106 cell/mL. Then, circular 
grid-like constructs of 14 mm diameter and 4 layers in height were 
bioprinted through a 27 G nozzle by the extruder bioprinter. In order to 
evaluate the feasibility of NC-Alg and NC-Alg-HA constructs as adequate 
3D structures to maintain cell survival, the metabolic activity as well as 
viability of embedded cells were determined at several time points. 

As Fig. 11 shows, cells were alive in the NC-Alg scaffolds as well as in 
those containing HA at both cell densities after the bioprinting process. 
Several studies have previously indicated that cell viability may 
decrease after extrusion-based bioprinting procedures due to the huge 
stress that cells might suffer during the process. [56] In this study, 
however, biological assays demonstrated high cell survival in both 3D 
constructs after the bioprinting process, which suggests that the shear 
thinning behaviour of bioinks may be acting as a protection factor for 
the cells. [30] 

The metabolic activity of these cells was assayed over 3 weeks 
(Fig. 11A). As expected, the metabolic activity was higher when a higher 
cell density was added to the bioink before 3D-bioprinting. Over time, 
apart from a reduction on the arbitrary fluorescence units (RFU) on day 
7 for the 2.5 × 106 cell/mL density in the NC-Alg scaffolds, the measured 
metabolic activity was stable in both scaffolds at both cell densities. 
Now, when a comparison is made, the HA seems to protect the cells 
during the first days or the first week. This effect was more prominent 
for the lower cell density condition (day 1, p < 0.001 and day 7, p <
0.01). The significantly higher cell metabolism in the HA containing 
scaffolds may be related to the improvement of the rheological prop-
erties of the bioink when HA was added. Besides, the positive effects of 
HA on cells have been widely described. It has been reported that the 
addition of HA on Alg hydrogels promotes MSCs viability and func-
tionality. [31] Other studies have shown that HA containing bioinks 
improve cell differentiation of hMSCs. [65] In fact, stem cells receive 

signals from the environment; therefore, HA, as an extracellular matrix 
component, significantly influences all these biological responses. 

The live/dead staining was carried out for 21 days. Fig. 11B 
corroborated cell survival and shows that embedded cells were homo-
geneously distributed in bioprinted scaffolds. Then, L/D pictures were 
analysed using Image J software in order to show the percentage be-
tween cells alive (in green) and dead (in read). At D1 after bioprinting, 
results showed that cell viability was higher on scaffolds containing HA 
at 2.5 × 106 cell/mL density (NC-Alg scaffolds 80 ± 23% and the HA 
containing scaffolds 90 ± 12%). This tendency was repeated at 5 × 106 

cell/mL density, being on NC-Alg scaffolds 72 ± 6% and on NC-Alg-HA 
scaffolds 95 ± 7%. Furthermore, at D21 after bioprinting NC-Alg-HA 
scaffolds showed higher cells alive than NC-Alg scaffolds too. This cor-
roborates the protective function of HA that has been previously dis-
cussed. In addition, when comparing the two cell densities, cells 
aggregates were found at 5 × 106 cell/mL density on both constructs at 
the end of the assay. As one study reported, cell aggregates may be 
necessary to induce the differentiation of MSCs into chondrocytes in 3D 
cultures, [66] which suggests that NC-Alg based scaffolds may become a 
feasible tissue engineering approach for cartilage regeneration at high 
cell densities. 

4. Conclusions 

First, this study was focused on sterilisation of bioinks for 3D-bio-
printing. Since UV has been found to be ineffective [17] and ethylene 
oxide resulted in cancerous chemical residue, [15] a study was carried 
out the most commonly used sterilisation techniques in the biomedical 
field: autoclave by short and long procedures, β-radiation and γ-radia-
tion. All techniques were effective ensuring the sterility of NC-Alg and 
NC-Alg-HA cell-free bioinks. Nevertheless, based on fundamental 
properties for bioinks such as rheology, physicochemical and print-
ability, short cycle autoclaving was found to be the best sterilisation 
technique for NC-Alg based bioinks. Moreover, the addition of HA to the 
bioink resulted in the improvement of rheological properties which had 

Fig. 11. Cell viability studies. A) Metabolic activity assay at two different cell densities: I) 2.5 × 106 cell/mL and II) 5 × 106 cell/mL. Values represent mean ± SD. 
***: p < 0.001; **: p < 0.01; *: p < 0.05. B) Representative fluorescence micrographs of live/dead stained scaffolds I) 2.5 × 106 cell/mL and II) 5 × 106 cell/mL, 
showing live (green) and dead (red) cells at day 1 and 21 after bioprinting. Scale bar 200 μm. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.) 
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repercussions on the printing procedure, as well as in bioink physio-
logical behaviour. 

Further, an evaluation of the bioprinted scaffolds to be used for tissue 
engineering was also conducted. The structure, swelling and degrada-
tion of both scaffolds were also evaluated. In addition, the biological 
studies with D1-MSCs-loaded constructs showed better results in HA- 
containing matrices, which indicates that NC-Alg-HA mixtures are an 
excellent bioink for the development of 3D bioprinted scaffolds for TE 
and regenerative medicine of cartilage tissue. 
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