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ABSTRACT: Robotic dispensing-based 3D bioprinting represents one
of the most powerful technologies to develop hydrogel-based 3D
constructs with enormous potential in the field of regenerative medicine.
The optimization of hydrogel printing parameters, proper geometry and
internal architecture of the constructs, and good cell viability during the
bioprinting process are the essential requirements. In this paper, an
analytical model based on the hydrogel rheological properties was
developed to predict the extruded filament width in order to maximize
the printed structure’s fidelity to the design. Viscosity data of two
natural hydrogels were imputed to a power-law model to extrapolate the
filament width. Further, the model data were validated by monitoring
the obtained filament width as the output. Shear stress values occurring
during the bioprinting process were also estimated. Human mesen-
chymal stromal cells (hMSCs) were encapsulated in the silk fibroin−
gelatin (G)-based hydrogel, and a 3D bioprinting process was performed to produce cell-laden constructs. Live and dead assay
allowed estimating the impact of needle shear stress on cell viability after the bioprinting process. Finally, we tested the potential of
hMSCs to undergo chondrogenic differentiation by evaluating the cartilaginous extracellular matrix production through
immunohistochemical analyses. Overall, the use of the proposed analytical model enables defining the optimal printing parameters
to maximize the fabricated constructs’ fidelity to design parameters before the process execution, enabling to achieve more controlled
and standardized products than classical trial-and-error approaches in the biofabrication of engineered constructs. Employing
modeling systems exploiting the rheological properties of the hydrogels might be a valid tool in the future for guaranteeing high cell
viability and for optimizing tissue engineering approaches in regenerative medicine applications.
KEYWORDS: 3D bioprinting, cartilage tissue engineering, analytical deposition model, silk fibroin, hydrogel,
human mesenchymal stromal cells

1. INTRODUCTION
Extrusion-based 3D bioprinting provides a strategy to deposit
alive cells in a defined position to prepare neo-engineered
tissue constructs to foster the regeneration of target tissues.1−5

In this strategy, precisely controlled extrusion of a hydrogel
provides a 3D structure design in which cells can be
homogeneously embedded and distributed in a spatially
controlled manner throughout the volume of the printed
construct, to allow an efficient diffusion of nutrients and permit
the cells to undergo self-assembly.6−8 The properties of the
bioprinted construct depend on the hydrogel materials,9−11

strategies to induce sol-to-gel transition, and the fabrication
process (printing parameters).12 Different natural biopolymers
(i.e., alginate (A), methylcellulose, agarose, gelatin (G),
collagen, gellan gum, hyaluronic acid, and silk fibroin (SF)
are used in regenerative medicine.13−15 These natural polymer
hydrogels are biodegradable, allow diffusion of nutrients, and
support cellular differentiation processes. The fabrication

process must be performed following precisely controlled
parameters (i.e., accurate prediction of filament deposition),
ensuring the fidelity of the fabricated constructs to the
designed internal architectures, mechanical compliance, cell
viability, and the promotion of new tissue formation.2,16

Nowadays, efforts in the 3D bioprinting field are mainly
driven by experiments and trial-and-error approaches.17

Various factors affect the printing process, such as the printing
pressure speed and temperature, needle length and inner
diameter, as well as characteristics of the hydrogel (sol-to-gel
transition time, viscosity, temperature, and rheological
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characteristics).5 Gelation strategies also play a crucial role in
controlling printability, such as covalent bond formation
through ultraviolet irradiation, enzymatic cross-linking, or
noncovalent bond formation through hydrogen bonds using
ionic interactions.15,18,19 Appropriate models would allow to
save time and resources and have more predictable and reliable
results, allowing higher repeatability and standardization of the
process,20 as well as preprocess evaluation of shear stresses
applied to the cells. Few studies in the state of the art focused
on analytical and/or computational models to understand and
plan bioprinting processes. For example, Paxton et al.21

developed an approach to estimate the printing window of
different materials, including Pluronic and alginate-based
formulations, considering printing parameters such as pressure
and speed. Computational fluid dynamics (CFD) simulations
concerning pressure drop over the printing head and maximal
shear parameters at the outlet were proposed by Emmermach-
er et al.22 to optimize the process, focusing on material
properties, flow parameters, and needle diameter. Zhao et al.23

presented a systematic investigation on the influence of 3D cell
printing parameters, evidencing that the cell survival rate
increased with the bioink viscoelasticity. Finally, Suntornnond
et al.24 proposed a model to predict the printed width of a
continuous synthetic hydrogel line in which the resolution was
expressed as a function of nozzle size, printing pressure, and
speed.

Generally, bioprinting models were developed based on the
rheological properties of fully synthetic bioinks (i.e., Nivea
cream21 and Pluronic21,24), but no models have been proposed
and validated so far for natural polymer-blended bioinks.
Among the natural polymers used for tissue regeneration, SF−
G-based hydrogels have emerged as promising biomaterials for
cartilage25,26 and bone regeneration27 thanks to their chemical
and biological properties. Interestingly, silk fiber produced by
the silkworm consists of two-component proteins, namely,
fibroin (70−80%) and sericin (20−30%).28 Fibroin exists in
three distinct structural conformations: silk I, silk II, and silk
III.28 The sericin protein may create an immunological
response, so it must be removed.29 A degumming process
can be performed to remove sericin proteins and to obtain a
pure SF solution.30 Three-dimensional printing of only silk
protein is highly challenging. The first report of 3D printing of
only SF solution was done using advanced direct-write
techniques,31 which required the exposure of silk solution in
an alcohol coagulation bath. Regenerated silk solution is
formed by the dissolution of the silk cocoons. During the
processing of silk cocoons to silk solution, silk chains are
fragmented into small sizes,32 causing the reduction in the
overall molecular weight. This fragmentation is reported to
drastically affect the rheological aspects of the silk chains. In
comparison, native silk solution of 24% concentration
displayed a high shear viscosity of 1722 Pa·s,33 which dropped
to about 0.5 Pa·s for regenerated SF.34 This vast change in
viscosity of the silk solution, in both native and regenerated
solutions, might be due to the denaturation of the silk chains
during degumming and dissolution of the silk cocoons. This
drop in the viscosity was being recovered by blending silk
solutions with high-viscosity fluids, such as gelatin, gel-MA,35

and so forth. Native SF produced by the silkworm show shear-
induced gelation. However, for bioprinting using regenerated
silk solution, a cross-linking mechanism needs to be devised for
the fabrication of stable constructs. The addition of gelatin
with SF protein allowed the development of a printable bioink,

as the elastic modulus of the blend was improved.34 A number
of reasons are responsible: first, the SF−G blend facilitated
interchain interactions due to the hydrophobic interactions
between the two protein macromolecules.36 Differences in the
isoelectric point of silk and gelatin could lead to the formation
of the physical gel. The isoelectric point of silk is lower than 7,
while that of gelatin is greater than 7. Under physiological
conditions (pH 7.2−7.4), opposite charges of these two
biomacromolecules develop electrostatic interactions.34 How-
ever, the printability window for this SF−G-blended bioink
composition needs to be carefully optimized.

Achieving an agreement between proper shape and porosity
of the cell-laden matrix and the overall stability of the construct
are still challenges in the field of 3D bioprinting. This also
concerns gelatin-based hydrogels, for which no model has been
developed so far, which is essential to optimize their printing
and to predict the best fabrication parameters needed to
achieve porous and stable structures matching the design
parameters, thus permitting good nutrient diffusion and high
cell viability. The analytical models can be useful to achieve
more controlled and standardized conditions than classical
approaches for designing clinically useful engineered con-
structs. Indeed, preliminary studies have to focus on selecting
the ink owing to the best physicochemical conditions to ensure
both good printability and biological responses. Scaffold
features like the fiber diameter need to be considered as they
are crucial environmental cues that strongly influence the cell
behavior.37 Our study mainly addressed modeling natural
bioinks which better recapitulate biological mechanisms
implicated in tissue repair. We focused on SF because of its
promising results in osteochondral repair. In this study, the
optimal printing parameters set to achieve optimal fidelity of
the fabricated constructs with respect to the design parameters
were identified for two gelatin-based hydrogels, starting from
the evaluation of material rheological properties. An analytical
model to predict the deposited filament width using the
extrusion-based 3D bioprinting system was implemented and
validated.24 Variations in the key printing parameters, such as
pressure and speed, were evaluated by using different
combinations of needle lengths and inner diameters for an
experimental validation of the model. Additionally, the shear
stress occurring during SF−G bioprinting was predicted to
ensure subsequent cell viability during the printing process.
Viability was evaluated on embedded human mesenchymal
stromal cells (hMSCs) in SF−G-based bioinks. Finally,
cartilaginous extracellular matrix (ECM) production was
assessed through immunohistochemical analysis.

2. MATERIALS AND METHODS
2.1. Materials. The Bombyx mori cocoons were provided by

Central Silk Technological Research Institute (Central Silk Board,
Bangalore, Ministry of Textiles, Government of India). Lithium
bromide (LiBr, Merck), sodium carbonate (Na2CO3, Merck), and
dialysis cassette (Merck) were purchased to extract the SF solution.
Gelatin powder from porcine skin type A (Merck), mushroom
tyrosinase enzyme (Merck), and sodium alginate (Merck) were used
to form hydrogels. Calcium chloride (CaCl2, Merck) was used to
carry out ionic cross-linking. Cell expansion and culture were
performed using Dulbecco’s modified Eagle’s medium (DMEM)
high-glucose medium (EuroClone), fetal bovine serum (FBS)
(EuroClone), penicillin/streptomycin (Gibco), and trypsin/EDTA
(EuroClone).

2.2. SF Extraction. A SF-based solution from B. mori cocoons was
obtained following a previously published extraction protocol.30
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Briefly, 2.5 g of cocoons was cut with scissors and boiled twice in 0.02
M Na2CO3 for 20 min and then washed in distilled water to remove
sericin. The fibers were dried at 37 °C overnight and then dissolved in
9.3 M LiBr solution for 4 h at 60 °C. After cooling at room
temperature (RT), the SF solution was dialyzed using a dialysis
cassette (12−14 kDa cutoff) against deionized water at RT. Water
was changed six times during the first day and three times during the
second day (total dialysis time: 48 h). Then, the SF solution was
stored at 4 °C. Finally, the protein percentage determination of the SF
solution was performed as previously described.30,38

2.3. Bioink Preparation. G (5% w/v, 75 mg) and SF solution
(5% w/v, 1.2 mL) were blended and then mixed to obtain a final
volume (1.5 mL) of the bioink. To achieve a limpid solution, the
blended materials were incubated in a thermostatic bath at 37 °C for
30 min. DMEM (10×, 150 � L) and 10% FBS (150 � L) were added to
the SF−G solution. Finally, the mushroom tyrosinase enzyme (430
U/1.5 mL) was added to the bioink, as previously reported.38

G (3% w/v) and A (7% w/v) powders were dissolved under
constant magnetic agitation at 60 °C for 1 h and at RT for the other 2
h.39 The A3G7 blend was heated at 37 °C for 45 min and then
transferred in syringes to be stored at 4 °C until they were used.
Before printing it, the syringe was heated at 37 °C for 1 h, and the
bioink was transferred to a new cartridge. The cartridge was left for 2
h at RT to reach 25 °C before starting the printing. Finally, 1 mL of
CaCl2 solution (1% w/v) was added on top of the printed construct
to cover it completely and to perform ionic cross-linking. After 5 min,
the solution was removed.

2.4. Rheological Characterization. The rheological properties
of the blends were measured by a rheometer (Anton Paar MCR-302)
with a plate−plate geometry, using a plate with 25 mm diameter and a
gap of 1 mm. The viscosity of SF−G was measured 20 min after the
addition of the mushroom tyrosinase enzyme at 21 °C, whereas the
viscosity of A3G7 was measured at 25 °C for shear rates ranging from
0.1 to 1000 s−1 in rate-controlled modality. The flow behavior was
further evaluated in the linear region by plotting viscosity against the
shear rate in a log−log scale graph.

2.5. Analytical Model for Filament Width Prediction. To
understand the influence of the printing parameters such as pressure
and printing speed on the width of the deposited filament at different
needle sizes, an analytical model of deposition was developed. The
rheological characterizations evidenced that, as the applied shear
stress was increased, the viscosities decreased; so, both fluids showed
a pseudoplastic behavior. We assumed the flow to be a Hagen−
Poiseuille flow, with a non-Newtonian viscosity (shear thinning), to
be modeled with a power-law function.40 In this case, when the
reference shear rate (� �0) has unit value, we can express the
relationship between viscosity and shear rate as follows

� �= �ŠK n 1 (1)

where � is the apparent viscosity, K is the consistency index (initial
viscosity), � � is the shear rate, and n is the power-law index.

The model was based on the relationship between stress and shear
rate, assuming that the extrusion-based 3D bioprinting strategy is
similar to that of a capillary rheometer,24 namely

� ��= �w w (2)

where � w is the maximum stress. In a capillary, in the presence of
laminar flow, this can be expressed as

� =
RP
L2w (3)

where R and L are the radius and length, respectively, of the extrusion
nozzle, while P represents the printing pressure. The shear rate, which
depends on the volumetric flow rate (Q), can be expressed as

�
�

� =
+�L

�N
�M�M�M

�\

�^
�]�]�]
�L

�N
�M�M�M

�\

�^
�]�]�]

n
n

Q

R
3 1

4
4

w 3 (4)

The volumetric flow rate, under the assumptions of constant strand
geometry during the deposition process, is expressed by

�
=Q

d
v

4

2

(5)

where d is the strand diameter, and v is the printing speed. By
substituting eqs 3−5to eq 2, the following relationship (6) can be
obtained, which links d to the pressure applied (P), the printing speed
(v), the nozzle diameter (D), and other parameters

�
=

+
�L

�N
�M�M�M

�\

�^
�]�]�]d v P D

Lv
n

n
P( , )

1
32

4
3 1th

2

(6)

This model was used to predict the achieved fiber diameter as a
function of the key parameters used in the fabrication process. To
validate this, different parameter values were set. In particular, P was
varied from 0 to 3 × 105 Pa for the SF−G bioink and from 0 to 4 ×
105 Pa for the A3G7 bioink with 0.2 × 105 Pa steps; v was varied from
0.5 to 3 × 10−3 m/s for the SF−G bioink and from 0.5 to 6 × 10−3 m/
s for the A3G7 bioink with 0.5 × 10−3 m/s steps; D was evaluated at
0.05, 0.2, 0.41, 0.5, and 1 mm; and L was tested for 6.35, 12.7, and
25.4 mm needles. The different needle types are summarized in Table
1.

2.6. Experimental Validation of the Model. 2.6.1. Bioink
Filament Printing and Imaging. Experimental tests with the SF−G
and A3G7 bioinks were performed to assess the width of the filaments
by varying the different parameters, thus, to validate the model. We
designed the desired pattern through the software BioCAD
(RegenHU, Villaz-St-Pierre, CH) that was subsequently converted
into a G-code and deposited through a 3D Discovery platform
(RegenHU) utilizing a direct dispenser printhead, using stainless steel
cylindrical shaped needles for all the tests. The needles were chosen
for experimental tests with lengths of 6.35, 12.7, and 25.4 mm, and for
each length, the following diameters were tested: 0.2, 0.41, and 0.5
mm, for a total of nine different needles (Table 1). The design
consisted of a layered square with an internal pattern composed of
two parallel lines at relative angles of 0 and 90° with an interfilament
distance of 1 mm in both directions (x and y). Each pattern was
printed three times using the needles previously described in all
combinations of both P and v used in the analytical model. At the
beginning of the process, the distance between the printing needle tip
and the printing bed surface was set as 2/3 of the needle diameter;
thus, for the needles having diameters of 0.20, 0.41, and 0.50 mm, we
set distances of 0.13, 0.27, and 0.33 mm, respectively, following a
criterion previously reported in the literature.21 Moreover, the layer
height chosen for each needle was equal to 80% of the inner diameter
to ensure proper layer adhesion. The bioprinter internal temperature
was kept at 21 ± 1 °C during the printing process of SF−G and 25 ±

Table 1. Characteristics of the Di� erent Needle Types
Considered in This Study

needle ID
diameter (D)

[mm]
length (L)

[mm]
verified through

experiments

D0.05_L6.35 0.05 6.35 no
D0.05_L12.7 0.05 12.7 no
D0.05_L25.4 0.05 25.4 no
D0.20_L6.35 0.20 6.35 yes
D0.20_L12.7 0.20 12.7 yes
D0.20_L25.4 0.20 25.4 yes
D0.41_L6.35 0.41 6.35 yes
D0.41_L12.7 0.41 12.7 yes
D0.41_L25.4 0.41 25.4 yes
D0.50_L6.35 0.50 6.35 yes
D0.50_L12.7 0.50 12.7 yes
D0.50_L25.4 0.50 25.4 yes
D1.00_L6.35 1.00 6.35 no
D1.00_L12.7 1.00 12.7 no
D1.00_L25.4 1.00 25.4 no
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1 °C during the printing process of A3G7. The printing bed surface
was always kept at RT without allowing any cooling or heating of the
surface. An image of each printed pattern was captured through an
optical microscope (Nikon Eclipse 90i, DS-Ri2, Nikon Instruments
Europe BV, Tokyo, Japan). The width of the deposited filaments was
measured using a dedicated image processing software (NIS-
Elements, Nikon Instruments Europe BV, Tokyo, Japan). The
extruded filament width was measured, considering the filament
included between two filaments’ cross-points. Images (N > 20) were
captured, and the width values were compared with the ones
predicted by the model. Data were expressed as average value ±
standard deviation (average value ± SD).

2.6.2. Model Validation. To validate the analytical model with the
experimentally acquired data, we calculated the percentage error for
each condition tested. Such an error was calculated as follows

= ×
Šd d

d
% 100err

exp

exp (7)

where d was the filament width predicted by the model and dexp was
the experimental result obtained. The error percentage gave
indications on the ability of the model to correctly predict the
output. Moreover, it also allowed evaluation of the filament width to
determine whether it was underestimated or overestimated by the
model for the different printing parameters and needle features. In the
state of the art, no specific cutoff values for the error are indicated as
acceptable ones. In our case, we identified 20% as an acceptable error
cutoff. This choice was related to the specific case selected for our
proof of concept (filament width = 238 ± 26 � m). We considered it
acceptable to have a possible real filament width of 246 � m
(corresponding to a 20% error); as this variation would have no
crucial implications on cell viability, the designed 3D structure would
keep a relatively high porosity value, also in the worst case.

2.6.3. Shear Stress Estimation. During the bioprinting procedure,
cells are subjected to inevitable shear stress. To guarantee good cell
viability, such shear stress should be minimized.41

To calculate the maximum shear stress values applied during the
printing of the SF−G bioink, the volumetric flow rate (Q) was first
quantified. Several SF−G bioink dispensing tasks were conducted to
quantify Q at varying pressures and needle sizes and lengths. An
integrated camera (DinoCamera, Dino-Lite Europe, The Nether-
lands) included in the 3D Discovery platform was positioned
perpendicularly to the needles to capture the extruded filaments, as
shown in Figure S1.

For each video, a fixed distance was defined, drawing a line (red
line in Figure S1), and it was established by camera calibration
defining the magnification length, considering it as a known distance
from the nominal outer diameter of the needle. The magnification was
equal to a fixed distance of 11.86 mm. Several videos (three for each
pressure value) were captured at four different pressures (1, 1.5, 2,
and 2.5 × 105 Pa) during the extrusion procedure for all needles with
a diameter of 0.2 mm. The average time employed by the filaments to
cover the fixed distance (from the top to the bottom of the red line)
was measured and was then used to extrapolate the velocities of
filament extrusion for each needle at different pressures used. The
corresponding volumetric flow rates (Q) were calculated through eq
5. Under the first assumption, namely that the flow is a Hagen−
Poiseuille one, with a non-Newtonian viscosity modeled with a
power-law function, the analytical equation of the bioink velocity is
expressed by (8)

=
+
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n
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P
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1 2
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n n n n
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To compute the maximum shear stress using eq 2, P can be
extrapolated by computing the volume flow rate Q by averaging the
velocity solution
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From (9), we obtained the expression of P as follows

= Š
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Finally, in the case of capillary and laminar flows of non-Newtonian
fluids, the maximum shear stress was estimated using eq 2, which can
also be expressed as (11)
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The velocities and consequently the volumetric flow rate Q were
fitted with the corresponding four average pressures using exponential
fitting (a power law).40,42 These fitting curves were then used to
extrapolate the Q values for each needle at the pressure value used in
the analytical model (from 0 to 3 × 105 Pa with 0.2 × 105 Pa steps).
The shear stress values were thus calculated from eq 11 for all
pressure values (0−3 × 105 Pa) and needle types.

2.7. Cell Encapsulation and Bioprinting Process. 2.7.1. Print-
ing Parameters. The construct design consisted of a layered square
with dimensions of 6 × 6 mm (length × width). After the model
validation, the bioprinting process to depose the SF−G bioink with
encapsulating cells was carried out using only a D0.20_L6.35 needle
to guarantee satisfactory nutrients and factors to cells, thanks to a high
structure porosity. The porosity indicates the amount of void space
within a structure, while permeability is a measure of how easily a fluid
can flow through the structure.43 Additionally, the nutrients’ diffusion
through the printed filament can be improved by using the smallest
tested needle to print a tight filament.44 Finally, the shear stress to
cells was minimized using the shortest needle length tested. The final
3D structures were printed using P of 1.2 × 105 Pa and v of 1.5 × 10−3

m/s, extracted by the analytical model. The 3D constructs were
composed of 10 layers, featuring an overall thickness of 1.2 mm.

2.7.2. Cell Encapsulation and Bioprinting. Bone marrow was
harvested from an anonymous healthy donor to isolate hMSCs, as
previously reported.45 1 × 107 hMSCs at passage 3 were encapsulated
into 1.5 mL of SF−G-based bioink, immediately after the addition of
430 U of tyrosinase (Sigma-Aldrich) under a laminar flow at RT, and
biological triplicates were carried out. hMSC-laden SF−G bioinks
were gently loaded into sterile cartridges and closed by sterile pistons
and needles.38 The cartridge was then mounted on the pressure-based
direct dispensing printhead of the 3D Discovery Bioprinting platform
(RegenHU). The bioprinting process was started 20 min after enzyme
addition to allow a suitable initial degree of gelation, maintaining the
temperature at 21 ± 1 °C. Twelve constructs were printed with the
above-mentioned internal microarchitecture and 10 layers of thick-
ness, using the printing parameters previously specified. The extruded
filament width was measured at the level of the filaments between two
filaments’ cross-point by capturing images and comparing to the one
predicted by the model. Data were expressed as average value ±
standard deviation (average value ± SD).

2.7.3. Cell Viability. The cell viability of hMSC-laden 3D SF−G
constructs was determined immediately after the bioprinting process
and 28 days later by the live and dead cell viability assay (Thermo
Fisher Scientific, USA). The constructs were washed with phosphate-
buffered saline (PBS) and then incubated with ethidium homodimer-
1 (4 � M) and calcein-AM (2 � M) for 45 min at 37 °C. After two
washing steps with PBS, the constructs were evaluated by a
microscope (Eclipse 90i microscope, Nikon, Japan) using fluorescein
isothiocyanate and TRITC filters to assess viable (green) and dead/
necrotic (red) cells.

2.7.4. Chondrogenic Di� erentiation and Immunohistochemical
Analysis. hMSC-laden 3D SF−G constructs were cultured both in the
control chondrogenic medium−−DMEM high-glucose supplemented
with ITS (6.25 � g/mL of insulin, 6.25 � g/mL of transferrin, and 6.25
ng/mL of di-selenium) (Sigma-Aldrich), premix (5.33 � g/mL of
linoleic acid and 1.25 mg of bovine serum albumin), 0.1 � M
dexamethasone (Sigma-Aldrich), 37.5 � g/mL ascorbic acid (Sigma-
Aldrich), 1 mM sodium pyruvate (Sigma-Aldrich), 100 U/mL
penicillin (Sigma-Aldrich), and 100 � g/mL streptomycin (Sigma-
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Aldrich) and in the chondrogenic differentiation medium (control
chondrogenic medium containing 10 ng/mL TGF-� 3). After 28 days,
the constructs were embedded in the optimal cutting temperature
compound (Kaltek srl, Padova, Italy) before being snap-frozen in
liquid nitrogen. Sections (thickness� 12 � m) were cut, air-dried, and
stored at −20 °C until they were used. Briefly, the slides were fixed in
10% formaldehyde (Kaltek, Italy) for 1 h, rehydrated with
Trisbuffered saline, and the nonspecific antigenic sites were blocked
with Protein Block Serum-Free (Dako, Glostrup, Denmark) for 10
min at RT. Sections were incubated with monoclonal mouse
antihuman collagen type 2 (diluted 1:20) and anti-SOX-9 (diluted
1:50) antibodies (all from Chemicon International, Temecula, CA,
USA) for 1 h at RT. Later, the samples were rinsed and incubated
with multilinked biotinylated secondary antibody and alkaline
phosphatase-conjugated streptavidin (Biocare Medical, Walnut
Creek, CA, USA). Fast Red (Biocare Medical) was used to develop
the colorimetric reactions. Sections were counterstained with
hematoxylin and mounted with glycerol jelly. The samples were
evaluated under a bright-field microscope (Eclipse 90i, Nikon).
Negative and isotype-matched control sections were evaluated.

Live and dead assay was performed on hMSCs, the nuclear
components of which were then counterstained with 1 � g/mL of 4�,6-
diamidino-2-phenylindole, dihydrochloride (Sigma-Aldrich) at RT for
5 min. We evaluated the cells with a DS-Ri2 microscope (Nikon,
Tokyo, Japan), containing NIS-Elements Software (Nikon, Tokyo,
Japan).

2.7.5. Statistical Analyses. Statistical analyses were performed
using GraphPad Prism 8 software (San Diego, CA, USA). Normal
distribution and homogeneity of variance were evaluated using the
Shapiro−Wilk test and the Levene test, respectively. The data
obtained were evaluated with Kruskal−Wallis and Dunn’s multiple
comparison tests. *p < 0.05 and **p < 0.01 were considered
significant. Data were represented as the average value ± standard
deviation (average value ± SD).

3. RESULTS AND DISCUSSION
3.1. Rheological Characterization. The rheological

characterization of bioinks involved in this study is shown in
Figure 1, where the shear−viscosity profiles are reported.

Evaluating the viscosity and shear rate, it was possible to
observe that the bioinks are shear-thinning fluids, characterized
by a decrease in viscosity over an increasing shear rate. To
obtain the quantification of the degree of shear-thinning, the
linear trends were determined by plotting the results on log−
log scale axes (Figure 1) and verified by applying the power-
law regression, as previously described.21 The power-law
regression applied to the pseudoplastic fluids showed an R2

value of 0.9978 and 0.9714 for the SF−G and A3G7 bioinks,
respectively. Moreover, the linear region was identified in the

shear rate range between 1.0 and 1000 s−1. A shear rate value
in the linear region was chosen to obtain the power-law index
(n) through a curve-fitting procedure. The calculated values
were 0.1697 and 0.1103, respectively, for the SF−G and A3G7
bioinks. The results were in accordance with our previous
rheological evaluations,38 and they showed that bioinks were
pseudoplastic fluids.40

The viscosity of the SF solution was 0.002 Pa·s at a shear
rate of 200 s−1, as previously reported.34 It remains constant by
varying the shear rate, while the viscosity for the SF−G cross-
linked blend with mushroom tyrosinase at the same shear rate
increased to 1.71 Pa·s46 and showed a decreasing trend. After
20 min from the enzyme addition, the rheological properties of
the SF−G bioink resulted in stable ink and could be used to
print 3D structures, since it demonstrated a shear-thinning
behavior and showed a higher viscosity. Also, the A3G7 bioink
showed a stable viscosity when the temperature was kept at 25
°C over time.

The model developed in this study applies only to shear-
thinning bioinks. Pristine SF solutions showed a Newtonian
fluid-like behavior,31 whereas G had a temperature-dependent
behavior (without shear-thinning properties). Therefore, raw
materials are not printable as individual components, and the
model reported in this paper cannot be applied to them.

3.2. Model Outputs. The model was run to predict the
deposition filament widths of SF−G and A3G7 bioinks for all
the selected combinations of v and P using three different
needle lengths and three needle diameters for each length, as
described in Section 2.5. The filament width values predicted
by the analytical model using the D0.20_L6.35 needle are
reported on the 3D plot graphs in Figure 2a for the SF−G
bioink and in Figure 2b for the A3G7 bioink. All graphs of the
other needles used in the analytical model are shown in Figure
S2 (D0.20), Figure S3 (D0.41), and Figure S4 (D0.50) for the
SF−G bioink and in Figure S5 (D0.20), Figure S6#sifile1
(D0.41), and Figure S7 (D0.50) for the A3G7 bioink. All
numerical values are shown in Tables S1 and S2. Figures S2−
S7 summarize the 3D plot graphs reporting the analytical
filament widths obtained as a model output and applied to the
needles tested using the SF−G and A3G7 bioinks, respectively.
It can be observed that the 3D surface maintained the same
shape for each bioink derived by the implemented model
equation in which the different colors correspond to different
filament widths (increasing from blue to red). In general, the
filament width increased with the printing pressure and
decreased with the printing speed. However, the diameter
and the length of the needles also influenced the output. The
maximum widths for the SF−G bioink using 3 × 105 Pa and
0.5 × 10−3 m/s (the combination of printing pressure and
speed to have the maximum material deposition) were 388,
304, and 244 � m for D0.20_L6.35, D0.20_L12.7, and
D0.20_L25.4 needles, respectively; 1210, 856, and 605 � m
for D0.41_L6.35, D0.41_L12.7, and D0.41_L25.4 needles,
respectively; 1800, 1273, and 900 � m for D0.50_L6.35,
D0.50_L12.7, and D0.50_L25.4 needles, respectively. For the
same diameter, the width decreased by increasing the length,
and for the same length, the width increased by increasing the
diameter. In the case of the A3G7 bioink, as shown in Table
S2, the maximum values were smaller than the corresponding
values of the SF−G bioink due to the higher viscosity of the
blend.

In a previous work,42 the authors have shown only a plot of
the filament width versus the printing speed, without

Figure 1. Viscosity trend of SF−G (red) and A3G7 (black) bioinks in
log−log scale for shear rates from 1 to 1000 s−1.
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correlating it with the needle diameter. The selection of the
needle for hydrogel printing should aim to reproduce a
filament width equal to the needle diameter. For this reason,
the selected printing speed was directly correlated to the
printed filament using a certain needle. The filament width
varies depending on the needle diameter if the average
extrusion velocity is similar to the printing speed. However, it
has been shown that the relation between filament width and
needle diameter occurs only if the volume of the material
flowing through the needle precisely retained the filament
thickness.21 The balance between the printing speed and flow
is crucial to have a well-defined extruded filament through the
needle. If the printing speed is too low concerning the material
flow velocity to exit from the needle, too much material is
extruded, and consequently, nondefined structures could be
printed as they lose the microarchitecture. Conversely, with a
high printing speed, insufficient material can be extruded from
the needle and no printed structures could be obtained.
Regarding this goal, the potential of the analytical model is that
it provides a prior knowledge of the range of printing
parameters that can be used with certain needles.47

Concerning previous state-of-the-art efforts,21,42 in this study,
we report for the first time an analytical model to predict the
optimal printing parameters to achieve the desired deposited
filament width given the rheological parameters, the printing
pressure, the printing speed, the needle diameter, and the
needle length, for this type of hydrogels and in their
printability window. Moreover, we have applied the model to

a large range of needles with different diameters (from 0.05 to
1.00 mm) and lengths (from 6.35 to 25.4 mm) to confirm that
it can be used for other needles not tested in this study.
However, the model must be always contextualized with the
available printing parameters of the bioprinter used to deposit
a bioink with particular rheological properties. For example, if
the bioink has a high viscosity, the pressure needed to extrude
a filament can overcome the maximum one that can be applied
by the bioprinter. Thus, the model may allow performing a
preliminary screening of bioinks, needles, and bioprinter
parameters. Moreover, in the case of bioprinting procedures
with embedded cells, it can be used to predict if excessive
printing pressure is applied, which may imply cell damages.

3.3. Experimental Validation. The percentage error
values of SF−G and A3G7 are respectively shown in Tables
S3 and S4. The nonprintable conditions are defined as N.A.
(not available) (Tables S3, S4, and Figure S8a), and the cases
without a well-defined internal microstructure are defined as
“blob” (Tables S3, S4, and Figure S8c). They are both
compared with well-defined structures with finite extruded
filament widths (Figure S8b). The nonprintable conditions
occurred when the pressure was too low or when the printing
speed was too high. By contrast, the blob conditions occurred
when a high pressure or a low printing speed was used,
determining a large amount of bioink deposition. Moreover, in
Tables S3 and S4, the orange and green colors identify,
respectively, the underestimated and overestimated errors with
regard to the deposited filament widths.

Figure 2. Three-dimensional graph representations of the analytical filament width of D0.2_L6.35 needle for SF−G (a) and A3G7 (b) bioinks
related to printing pressure (x-axis, ×105 Pa) and printing speed (y-axis, ×10−3 m/s). All 3D graphs about the analytical filament width of other
needles related to SF−G and A3G7 bioinks are shown in Figures S2−S4 and S5−S7, respectively.
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The distance between the printing needle tip and the bed
surface is an important printing parameter to consider for
obtaining a suitable deposition process. The choice of the right
needle height is crucial to have a controllable filament width,
and it is strictly dependent on the other printing parameters
(P, v, and needle characteristics). If the initial height is short,
the deposited filament results too swollen. On the other hand,
if the initial height is too high, the filament cannot adhere to
the bed surface. In the present study, we adopted a criterion
reported by Paxton et al.,21 where the initial height was set to

2/3 of the needle diameter to print the first layer of the 3D
structure, obtaining a suitable filament deposition.

Moreover, the bioprinter internal temperature was kept at 21
± 1 °C during the printing process of SF−G and 25 ± 1 °C
during the printing process of A3G7, and the printing bed
surface was always kept at RT to avoid the swelling of the
deposited filament. The temperature influences the filament
width when interacting with the bed surface. It was
demonstrated that the synthetic filament of acrylonitrile−
butadiene−styrene and polylactic acid deposited on the glass

Figure 3. (a) Printability window of the SF−G bioink for all the needles tested (the white portion with the “x” symbol represents the best printing
conditions to have a filament width equal to the needle diameter; the dark gray portion represents blob conditions, and the light gray portion
represents nonprintable conditions). (b) Average error between the analytical model and experimental printing data, for all needles. (c)
Comparison between model outputs and the acquired experimental data for the SF−G bioink printed using a D0.20_L6.35 needle at v = 1.5 × 10−3

m/s and varying the printing pressure with steps of 0.2 × 105 Pa. (d) Corresponding error values vs printing pressure for the D0.20_L6.35 needle at
v = 1.5 × 10−3 m/s between model outputs and experimental data. (e) Comparison between model outputs and the acquired experimental data for
the SF−G bioink printed using the D0.20_L6.35 needle at P = 1.2 × 105 Pa and varying the printing speed with steps of 0.5 × 10−3 m/s (f)
corresponding error values vs printing speed for the D0.20_L6.35 needle at P = 1.2 × 105 Pa between the model outputs and experimental data.
Data are expressed as average value ± SD (*p < 0.05, **p < 0.01).
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surface at two different temperatures showed a higher adhesion
due to the increased material contact area.48 Also, in the case
of natural polymers such as SF−G bioink, the deposited
filament increased its contact area with the above glass, thus
increasing the bed surface temperature. Additionally, after
printing, the filament shape can assume a circle or a half-ellipse
shape determined by the balance of bioink properties (i.e.,

interfacial tension) and interfacial interaction with the surface
(e.g., air and contact surface).

As shown in Figure 3a, we evidenced with white the printing
window of the SF−G bioink that can produce well-defined
structures, for each needle and pressure range. Pressure values
too low and too high were evidenced with light and dark gray
colors, respectively. We observed that the starting pressure of
the printing window increased with the needle lengths and

Figure 4. (a) Printability window of the A3G7 bioink for all the needles tested (the white portion with the “x” symbol represents the best printing
conditions to have a filament width equal to the needle diameter, the dark gray portion represents blob conditions, and the light gray portion
represents nonprintable conditions). (b) Average error between the analytical model and experimental printing for all needles. (c) Comparison
between model outputs and the acquired experimental data for the A3G7 bioink printed using the D0.20_L6.35 needle at v = 1.0 × 10−3 m/s and
varying the printing pressure with steps of 0.2 × 105 Pa. (d) Corresponding error values vs printing pressure for the D0.20_L6.35 needle at v = 1.0
× 10−3 m/s between model outputs and experimental data. (e) Comparison between model outputs and the acquired experimental data for the
A3G7 bioink printed using the D0.20_L6.35 needle at P = 2.4 × 105 Pa and varying the printing speed with steps of 0.5 × 10−3 m/s (f)
corresponding error values vs printing speed for the D0.20_L6.35 needle at P = 2.4 × 105 Pa between model outputs and experimental data. Data
are expressed as average value ± SD (*p < 0.05, **p < 0.01).

ACS Biomaterials Science & Engineering pubs.acs.org/journal/abseba Article

https://doi.org/10.1021/acsbiomaterials.1c00410
ACS Biomater. Sci. Eng. 2021, 7, 3306−3320

3313

https://pubs.acs.org/doi/10.1021/acsbiomaterials.1c00410?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsbiomaterials.1c00410?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsbiomaterials.1c00410?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsbiomaterials.1c00410?fig=fig4&ref=pdf
pubs.acs.org/journal/abseba?ref=pdf
https://doi.org/10.1021/acsbiomaterials.1c00410?rel=cite-as&ref=PDF&jav=VoR


diameters. By contrast, the minimum pressure to have blob
conditions decreased with increasing needle diameters and
lengths. Following this trend, the printability window becomes
narrower, using larger and longer needles. To our knowledge,
this is the first time that the printability window is
characterized considering both the diameter and length of
the needles (it was made in the state of the art, considering
only one parameter).21 To demonstrate the relevance of the
analytical model in realistic printing conditions using the SF−
G bioink, we demonstrated that for every needle, the optimal
parameters, to obtain a filament with a similar width as the
needle diameter, were within the window of printability (the
white portions indicated with “x” symbols in Figure 3a). The
limit for the SF−G-based hydrogel bioink was the narrow
printability window due to the enzymatic cross-linking method.
Indeed, the rheological properties of the SF−G-based hydrogel
bioink were stable for approximately 1 hour after enzymatic
cross-linking activation (the cross-linking reaction started
approximately 20 min later).38 The viscosity of the SF−G
bioink increased with time but mainly after enzyme addition.
As reported in our previous work,38 the viscosity became stable
after 12 min of the enzyme addition. After 24−72 min from
enzyme addition, the viscosity was found to be between 1.2
and 1.3 Pa·s at 100 s−1.

However, the limited printability window of the SF−G
bioink was acceptable, considering that longer printing time
windows may hamper cell survival during the fabrication
process. Interestingly, within the SF−G bioink printability time
window, the process was well reproducible, allowing to print
dozens of 3D structures that retain the fidelity of the target
design.

With regard to the calculated errors between the analytical
model and the experimental printing process, the average error
measured for each needle and all pressure and printing speed
ranges were measured, using only the values inside the
respective printability windows. Figure 3b−d shows that the
average errors of each needle were lower than 20% in all cases
except for the D0.50_L12.7 and D0.50_L25.4 needles due to
the large amount of material that was extruded in these cases,
and it was due to the low shape retention of the SF−G bioink.
In general, we observed that the error increased with the
increase of needle diameter and length. When the needle
length increased from 6.35 and 25.4 mm, statistical differences
were found between D0.20_L6.35 and D0.20_L25.4 needles
(*p < 0.05) and between D0.50_L6.35 and D0.50_L25.4
needles (**p < 0.01) at fixed needle diameters. Moreover, the
needles with the same length and a larger diameter showed an
increased average error. In Figure 3b, statistical differences
were found to be also between D0.20_L12.7 and D0.50_L12.7
needles (*p < 0.01), D0.20_L25.4 and D0.50_L25.4 needles
(*p < 0.01), and D0.41_L25.4 and D0.50_L25.4 needles (*p <
0.05) when the diameter increased and length was fixed. Using
longer needles implied higher errors. A possible explanation of
this phenomenon is that, when using longer needles, the bioink
is affected by higher internal shear rates that determine the
extrusion of a larger filament. It could be interesting in future
works to compare the deformation of non-Newtonian fluids
inside different needles (in terms of D and L), coupling these
observations with CFD analyses.

With regard to the chosen needle (D0.20_L6.35), as
reported in Figure 3c, the experimental data followed the
model outputs with varying printing pressure, maintaining
fixed the printing speed at 1.5 × 10−3 m/s. However, larger

widths were measured from 1.8 and 2.2 × 105 Pa due to the
high pressure extruding a considerable amount of bioink.
Figure 3d shows the corresponding error trend. The values
were always under 20% and were slightly smaller in the middle
of the pressure range (1.0−1.8 × 105 Pa). Figure 3e shows the
comparison between model outputs and experimental data,
maintaining fixed pressure at 1.2 × 105 Pa and evaluating all
printing speeds. No significant differences were observed. The
error trend (Figure 3f) remained constant and low. The
minimum error was observed at 1.5 × 10−3 m/s. All printed
constructs’ images are shown in Figure S9a (varying the
printing pressure) and in Figure S9b (varying the printing
speed). The calculated error percentages for all needles are
reported in Table S3, in which the colors indicate if the model
underestimated (orange) or overestimated (green) the
filament width.

Therefore, the measured error was considered reasonable
due to the common swelling behavior of hydrogels after
printing. To our knowledge, in the literature, no reports have
established an error cutoff value that can be considered suitable
to validate the analytical models, considering the percentage of
error between the model and experimental outputs. Finally, we
evidenced that the error values followed the analytical model
outputs, and the experimental printing process provided
information about nonprintable and blob conditions to choose
the optimal printability window.

To further validate the proposed model, a similar assessment
was also carried out on the A3G7 bioink. In Figure 4a, the
printability windows for all the needles tested are shown. It can
be observed that printability is achieved at higher pressure
values concerning the SF−G bioink, due to the higher viscosity
of A3G7. For this reason, it was not possible to print the A3G7
bioink through the D0.20_L6.35 and D0.20_L12.7 needles.
The printing pressure needed to obtain a filament having a
width similar to the needle diameter was marked in the white
portions with “x”. Figure 4b reports the errors between the
analytical model predictions and the experimental values
obtained during the printing process, for each needle. The
error values for the A3G7 bioink resulted slightly larger
compared to the SF−G ones. However, as for the SF−G
bioink, the error increased with the needle length. Statistically
significant differences were found between D0.20_L6.35 and
D0.41_L25.4 (p < 0.05) and between D0.51_L6.35 and
D0.41_L25.4 (p < 0.05). Figure 4c shows the difference
between the model outputs and the experimental values, for a
D0.20_L6.35 needle, at a printing velocity of 1.0 × 10−3 m/s
and different printing pressures. Figure 4d shows the
corresponding error values. It can be observed that the error
increased slowly with the printing pressure until the value of
3.0 × 105 Pa.

Finally, Figure 4e,f shows the comparison between the
model outputs and the experimental data and the correspond-
ing error values, respectively, for a D0.20_L6.35 needle at a
printing pressure of 2.4 × 105 Pa and different printing speeds.
Larger deviations from the model were observed for speeds
ranging from 2.0 to 3.0 × 10−3 m/s. Indeed, the relatively high
viscosity of A3G7 negatively affected its printability at high
speeds. Pictures of the corresponding printed constructs are
shown in Figure S10a (varying the printing pressure) and in
Figure S10b (varying the printing speed). The calculated error
percentages for all needles are reported in Table S4, where the
colors indicate if the model underestimated (orange) or
overestimated (green) the filament width.
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For the biological characterization of SF−G, the
D0.20_L6.35 needle was chosen to print the widest filament.
Keeping constant the interfilament distance at 1.00 mm, the
porosity (ratio between empty volume and filled volume) of
3D structures was at least 80% in dry conditions (following
these design parameters, we obtained a porosity of
83.34%).16,17,49,50 The open 3D structure can promote an
improved diffusion of nutrients to keep cells healthy during the
chondrogenic differentiation period. The long-term evaluation
of the printed filament in wet conditions may be affected by
hydrogel filament swelling due to hydration produced by the
culture medium.50,51

To obtain filaments with widths similar to the needle
diameters, the printing parameters were found correlating with
calculated errors and are shown in Tables S3 and S4 for both
bioinks. The pressures fall inside the printability window of
needles, as shown in Figures 3a and 4a. Supposing that the
needle with the smallest length produced the smallest shear
stress to the embedded cells, the needle with 6.35 mm length
(D0.20_L6.35) was chosen to print the SF−G-based 3D
constructs.

The printing parameters were chosen within the printability
window, considering both the minimum error percentage and
the minimum pressure needed to guarantee the best filament
extrusion and optimal cell survival. Moreover, the selected
diameter of 0.2 mm permitted to have an accurate filament
deposition and a high porosity of the 3D structures within the
design of filling pattern (interfilament design), ensuring
nutrient diffusion for cell viability and functions like
chondrogenic differentiation through the whole structure
depth.

Although this study did not focus on constructs’ mechanical
properties, it is worth mentioning that a precise control over
the construct microarchitecture can also enable the modulation
of the constructs’ mechanical properties (e.g., by producing
anisotropically aligned fibers or other patterns).52 This gives
value to the findings obtained in this work, which help to
correctly predict the filament geometrical features for a wide
range of conditions, thus highlighting a possible impact on the
precise control of construct microarchitectures and thus
mechanical properties.

The model used in this study was already presented by
Suntornnond and coauthors.24 Indeed, they proposed a model
to predict the width of a printed synthetic hydrogel line as a
function of nozzle size, printing pressure, and speed. The
novelty of our work concerns the application of such a model
to natural polymer-blended bioinks, which are highly
promising for the tissue engineering of musculoskeletal tissues.
The model was tested on two gelatin-based bioinks blended
with SF and alginate, which are among the most common
natural materials used in this research field. The application of
the abovementioned already existing model to natural
polymers was not straightforward as known; some common
models exist that describe the behavior of both synthetic and
natural hydrogels. However, it is also known that even
hydrogels showing similar rheometric properties (e.g., non-
Newtonian ones) often differ in their adherence to such
models, due, for example, to slight differences in crystallinity,
physical entanglement mechanisms, and other chemical−
physical features. This applies to models concerning cross-
linking, transport properties, drug delivery kinetics, and so
forth.53,54 Bioprinting models based on material rheological
properties have been proposed and validated for some

synthetic hydrogels but never for natural polymer-blended
bioinks. Our results demonstrate that these models can also be
used with this material type. Furthermore, having validated the
model with different natural blends, this study allows somehow
to generalize the considerations derived from the results
obtained.

3.4. Shear Stress Values. The experimental shear stress
was estimated to validate the hypothesis that the needle with
the smallest length produces smaller shear stresses to cells at
the same applied pressure and to select the most appropriate
needle. We estimated the shear stress acting on the needles
having a 0.2 mm diameter, to evaluate if cell viability could be
guaranteed, using different pressures. As shown in Figure 5, the

shear stress increased with the pressure and the length of the
needle used, but it was always smaller than 2 kPa, in the range
of pressures considered (up to 3 × 105 Pa). To use the
minimum pressure value to print 200 � m filaments, the needle
with a 6.35 mm length was the best choice to have the smallest
shear stress.

As previously shown, 1.2 × 105 Pa was the optimal pressure
guaranteeing a suitable printing performance, according to the
experimental findings obtained during the model validation
phase. In correspondence to such a pressure value, the selected
needle (D0.20_L6.35) showed a maximum shear stress value
that was 436 Pa, in line with previous reports highlighting this
parameter as safe for cells.41 Finally, based on the model, we
found that the shear stress values corresponded to the optimal
printing parameters for producing 200 � m wide filaments;
instead, using the other needles, the filament widths were
about 800 and 1140 � m at pressures of 1.8 × 105 and 2.0 × 105

Pa (Table 2). Theoretically, the cell viability was ensured by
shear stress evaluation.41,55,56

Our data showed that the calculated shear stress of the
cylindrical shaped needles was lower than 5 kPa,41 for all
pressures and needle lengths considered and using a 0.2 mm
needle diameter, which ensured good viability. Moreover, the
use of cylindrical shaped needles can help to print a low-
viscosity hydrogel as SF−G, limiting material flow and
enhancing the printing fidelity. However, the use of conical
shaped needles considerably decreases the pressure used
during the filament deposition, with an advantage in terms of
shear stress on the cells.57 This is an important preliminary
evaluation that must be considered in the case of high-viscosity

Figure 5. Shear stress trends (y-axis, Pa) within needles with a
diameter of 0.2 mm and different lengths (6.35, 12.4, and 25.4 mm)
calculated for the printing pressure range (x-axis, 0−3 × 105 Pa, with
steps of 0.2 × 105 Pa) of SF−G bioink.
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material to have a process with viable printed cells (results not
shown).

3.5. Bioprinting and Cell Viability. Microscopic analyses
of the printed construct evidenced a well-defined micro-
architecture with open pores, good interconnectivity, and a
homogeneous distribution of the cells into the SF−G hydrogel
construct filaments (Figure 6a). The deposited SF−G-based

filament with embedded cells showed a width of 238 ± 26 � m
with a small difference concerning the analytical model output
for the printing parameters used for the D0.20_L6.35 needle
(see Table 2).

hMSCs showed a high percentage of cell viability (95%) in
monolayer culture before their encapsulation within the bioink
(Figure 6a) and after their encapsulation into the bioink,
before performing the bioprinting process (Figure 6b). Live
and dead assay confirmed that almost all the cells (more than
90%) were viable (green cells) and only a few cells were dead
(red cells, less than 10%) (Figure 6d). A similar trend in the
cell viability was confirmed after 28 days of printing (Figure
6f).

The selected design parameters allowed to achieve open and
interconnected pores after printing (Figure 6c), which
continued even after 28 days (Figure 6e). It has been shown

in previous reports that cells embedded within a hydrogel were
found to be viable after printing if the applied shear stress was
lower than 5 kPa.41 The printing process used in this study was
featured by shear stress smaller than such a threshold (∼436
Pa). Cell viability was ensured using cylindrical shaped needles,
even if other authors reported that conical shaped needles may
contribute to decreasing cell mortality during the printing
process.58

3.6. Immunohistochemical Analyses. Immunohisto-
chemical analyses of SOX9 and collagen type 2 markers
confirmed that the chondrogenic differentiation of hMSCs
occurred in SF−G-based 3D structures (in the presence of
TGF-� 3), as previously published25 (Figure 7). On day 28, the
differentiation was associated with an increase of SOX-9, the
specific chondrogenic transcriptional factor, as well as of
collagen type 2, the main cartilage-specific ECM,59−62

confirming that the hydrogel created an appropriate micro-
environment for hMSCs’ chondrogenic differentiation.

Interestingly, we observed that until day 28, the micro-
architecture of the construct maintained a well-defined
structure with open pores and good interconnectivity, only
in chondrogenically differentiated constructs. This micro-
architecture was partially lost in the control condition, for
which we observed the presence of proliferating cells into the
pores. In the control condition, the construct was not treated
with TGF-� 3, which is known to contribute to chondrogenic
differentiation and ECM production, that also contributes
toward the maintenance of the 3D structure with embedded
cells. SF−G-based constructs showed good shape retention.
Their excellent biological activity has been widely exploited in
the field of cartilage tissue engineering.27,29,38,63,64 These
results suggest that the defined analytical model parameters
favored the printing of 3D constructs that retained their
structure until day 28, only when hMSCs were cultured in
chondrogenic conditions, suggesting that the collagen matrices,
produced by chondrogenic differentiated cells, contributed to
maintaining the printed structure. In the control condition, the
enhanced proliferation of hMSCs inside the pores could have
contributed to affect the design of the printed construct. It has
been shown that mechanical properties directly influence cell
morphology, migration, and differentiation, thus guiding tissue
regeneration.65−68 In this view, future studies focusing on
mechanobiology, in which the modulation of mechanical
properties and the corresponding cell functions may be
evaluated, may benefit from the predicting tool and the results
reported in this paper. Indeed, knowing the conditions for
reliable printing and control of filament width can surely have
an impact on the fine control of the construct micro-
architecture (and thus mechanical properties).

4. CONCLUSIONS
Extrusion-based 3D bioprinting strategies are widely used to
produce cell-laden hydrogel constructs. This approach enables
the fabrication of constructs able to maintain cells alive and to
drive their phenotypes to regenerate tissues. Nowadays, efforts

Table 2. Printing Parameters to Print Filaments Equal to Needle’s Diameters for Both SF−G and A3G7 Bioinks

SF−G bioink A3G7 bioink

needles ID D [mm] L [mm] dexp [� m] %err P [×105 Pa] v [×10−3 m/s] dexp [� m] %err P [×105 Pa] v [×10−3 m/s]

D0.20_L6.35 0.20 6.35 196 2.1 1.2 1.5 212 14.6 2.4 1.0
D0.20_L12.7 0.20 12.7 191 4.3 1.8 1.5 - - - -
D0.20_L25.4 0.20 25.4 195 9.6 2.4 1.5 - - - -

Figure 6. Representative images of cell morphology and viability of
SF−G hydrogels printed with a D0.20_L6.35 needle. (a) hMSCs
before encapsulation in SF−G hydrogel show a spindle-shaped
morphology and high cell viability; (b) hMSC-laden SF−G bioink
before printing; (c, d) morphological cell distribution and cell viability
into the postprinted filament (scale bar = 200 � m); (e, f)
morphological cell distribution and cell viability embedded into the
filament after 28 days (green = viable cells, red = dead cells, scale bar
= 500 � m). Red arrows evidence dead cells.
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in this field are mainly driven by experiments and trial-and-
error approaches, leading to time and material loss, as well as
to a lack of reliability and repeatability of the printing process
outcomes. To predict the deposited filament of natural-based
bioinks through extrusion-based 3D bioprinting, an analytical
model24 was developed, considering as the input key printing
process parameters such as pressure and speed for a selected
range of needle sizes. The main advantage of this model is the
possibility to start from the various rheological properties of
different hydrogels for predicting the filament width, thereby
helping researchers to define the most suitable printing
parameters to maximize the fidelity of the fabricated constructs
to design parameters. The SF−G and A3G7 bioinks presented
the typical viscosity behaviors of shear-thinning fluids and
could be printed with pneumatic systems. The viscosity
followed a power law in the linear scale and the linear trend in
the log−log scale. Therefore, the rheological parameters (K
and n) were used as inputs into the model to predict the width
of the deposited filaments. The model permitted to extrapolate
results in terms of the printed filament width at varying
printing parameters (pressure and speed) and needle
characteristics (length and diameter). Therefore, the filament
width prediction was used to print a 200 � m filament to have
SF−G-based 3D structures with acceptable porosity. The
structure design was chosen to obtain a good nutrient diffusion
through 3D constructs despite a foreseeable swelling of the
material. The good nutrient diffusion in MSCs encapsulated in
SF−G was able to ensure optimal cell viability from
postprinting to day 28 in culture conditions. Previous
proteomic analyses demonstrated the impact of SF on the
chondrogenic potential of MSCs embedded in SF−G. These
cells cultured with TGF-� 3 generated a stable chondrogenic
phenotype by exhibiting typical collagens and filamin b of in
vivo articular cartilage. Moreover, none of the collagens related
to hypertrophy were noticed in the constructs after TGF-� 3
addition. Notably, the proteomic analysis gave evidence of the
activation of typical anabolic signaling pathways like Wnt,
Notch, and HIF-1 promoting cartilage repair.69 Moreover, the
printing process did not affect cell viability, and the hMSCs

produced cartilaginous ECM that is confirmed by positive
chondrogenic markers after 28 days. However, further
biological evaluations (i.e., mechanical properties) are
necessary to find out the biological potentiality of this
construct.

In conclusion, the testing of this analytical model allows
predicting the printing conditions starting from their hydrogel
rheological properties used for the regeneration of target
tissues, like the osteochondral unit. The proposed analytical
model contributes to better guarantee controlled and stand-
ardized conditions (than classical approaches) useful to
optimize tissue engineering approaches targeting several
applications in regenerative medicine.

Overall, the use of the proposed analytical model allows to
identify the optimal printing parameters to maximize the
fidelity of the fabricated constructs with respect to the
proposed design. This enables more controlled and stand-
ardized biofabrication products. The limitation of this model is
that it does not provide direct information on the printability
window, and so some preliminary tests are still required for the
process. Anyhow, this model contributes to reduce the number
of experimental steps as well as of the required materials and
the time consumption. Moreover, by including an evaluation of
the applicable shear stresses and how to select printing
parameters, the model also provides useful indications on how
to avoid postprinting cell viability loss that represents a subtler
and less detectable failure mechanism for the bioprinting
process. Therefore, the models that use as an input the
rheological properties of the hydrogel might be a valid tool for
optimizing TE approaches.

� ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsbiomaterials.1c00410.
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Figure 7. Immunohistochemical analysis of SOX-9 (a, d, g), collagen type 2 (b, e, h), and aggrecan (c, f, i) on both control and chondrogenically
differentiated (+TGF-� 3) hMSCs, laden in SF−G-based printed constructs after 28 days. Scale bars = 500 (a−f) and 20 � m (g−i). Square areas in
images (d−f) are shown at higher magnification in images (g−i). Black arrows evidence positive stained cells (in red).
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