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Abstract

One of the key challenges in biofabrication applications is to obtain bioinks that provide a balance
between printability, shape fidelity, cell viability, and tissue maturation. Decellularization methods
allow the extraction of natural extracellular matrix, preserving tissue-specific matrix proteins.
However, the critical challenge in bone decellularization is to preserve both organic (collagen,
proteoglycans) and inorganic components (hydroxyapatite) to maintain the natural composition
and functionality of bone. Besides, there is a need to investigate the effects of decellularized bone
(DB) particles as a tissue-based additive in bioink formulation to develop functional bioinks. Here
we evaluated the effect of incorporating DB particles of different sizes (<45 and <100 ym) and
concentrations (1%, 5%, 10% (wt %)) into bioink formulations containing gelatin (GEL) and
pre-osteoblasts (MC3T3-E1) or human mesenchymal stem cells (hRTERT-MSCs). In addition, we
propose a minimalistic bioink formulation using GEL, DB particles and cells with an easy
preparation process resulting in a high cell viability. The printability properties of the inks were
evaluated. Additionally, rheological properties were determined with shear thinning and
thixotropy tests. The bioprinted constructs were cultured for 28 days. The viability, proliferation,
and osteogenic differentiation capacity of cells were evaluated using biochemical assays and
fluorescence microscopy. The incorporation of DB particles enhanced cell proliferation and
osteogenic differentiation capacity which might be due to the natural collagen and hydroxyapatite
content of DB particles. Alkaline phosphatase activity is increased significantly by using DB
particles, notably, without an osteogenic induction of the cells. Moreover, fluorescence images
display pronounced cell-material interaction and cell attachment inside the constructs. With these
promising results, the present minimalistic bioink formulation is envisioned as a potential
candidate for bone tissue engineering as a clinically translatable material with straightforward
preparation and high cell activity.

1. Introduction production of living tissue structures that contain

biological materials, cells and bioactive molecules.
Biofabrication by extrusion printing methods offers  Bioinks are cell-based formulations that are suit-
fascinating outcomes for the three-dimensional (3D) able to fabricate 3D structures using automated

© 2024 The Author(s). Published by IOP Publishing Ltd
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biofabrication technology and may contain bioma-
terials and bioactive components [1]. In a bioink
formulation, cells are crucial components that are
incorporated as single cells, cell pellets or within
biomaterials, for instance hydrogels, microcarriers
and microparticles. Therefore, the bioink formula-
tion should be cytocompatible to maintain the cell
viability and should have suitable material character-
istics (e.g. shear thinning, viscosity, easy crosslink-
able) to allow the development of suitable 3D layer-
by-layer structures.

Maintaining shape fidelity of the 3D-printed con-
structs while allowing cell proliferation is essential
for the production of biological functional constructs
in 3D bioprinting applications. Material character-
istics in terms of chemical, physical and mechanical
properties directly affect the printability, shape fidel-
ity and also cell behavior after bioprinting. Another
important challenge is supporting and guiding cell
growth toward its natural environment and provid-
ing a coherent presence of certain biochemical and
biophysical cues to control cell behavior [2]. In bone
tissue engineering, collagen-, alginate-, gelatin- and
hyaluronic acid-based bioink formulations or com-
binations of them have been used for successful fab-
rication of 3D structures [3—6]. In this study, we are
particularly interested in gelatin (GEL) which is water
soluble, easily processable and contains high con-
centration of RGD (arginine-glycine-aspartic acid)
sequence that allows cell adhesion [7, 8]. GEL is a
widely used biomaterial due to its cytocompatibil-
ity and enzymatically degradability properties, being
suitable for cell proliferation and growth in tissue
engineering applications. In addition, it is a ther-
mosensitive biomaterial that undergoes sol-gel trans-
ition. Furthermore, it exhibits viscoelastic and shear-
thinning behavior which plays an important role in
the rheological and physical properties and makes
gelatin a proper biomaterial candidate for bioink
formulations [9]. As a GEL solution is cooled down
from 37 °C to 4 °C, the viscosity increases [10],
thus the extrudability of GEL can be optimized by
controlling the temperature. Regarding these prom-
ising characteristics, it is advantageous to use GEL
in a bioink formulation with high cytocompatibil-
ity and tunability properties for bioprinting applic-
ations. Furthermore, to improve the printability and
shape fidelity of pure GEL, it has been used with other
natural and synthetic polymers and successful results
have been reported for instance methacrylated GEL
[11, 12], oxidized alginate (ADA)-GEL [13], GEL-
silk [14] and GEL-chitosan [15]. In numerous stud-
ies, methacrylated GEL has been used due to the
easy cross-linkable property using UV light [16]. In
another study, Negrini ef al demonstrated a GEL bio-
material ink with a different crosslinking approach,
N,N’-methylene bisacrylamide (MBA) was used as a
crosslinker and included in the GEL solution before
3D printing and the hydrogels were printed on a
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cooled surface [17]. In addition to those studies, the
use of microbial transglutaminase (mTG), a biolo-
gical enzyme that catalyzes the formation of covalent
bonds between the ~y-carbonyl group of a glutam-
ine residue and e-amino group of a lysine residue has
been proposed, as a crosslinker [18, 19]. A heat treat-
ment step for the preparation of the GEL solution to
increase the printability of GEL has been also reported
previously [20, 21]. Heat treatment of GEL does not
alter the chemical composition of GEL, but reduces its
molecular weight via hydrolytic degradation, hence
enhancing its rheological printability [20]. Therefore,
it could be possible to obtain a minimalistic formu-
lation of ink using heat-treated GEL and mTG as
crosslinker.

The incorporation of inorganic materials into
polymer matrices is an advanced approach for the
development of composite biomaterials or biomater-
ial ink formulations, especially in bone tissue engin-
eering applications [22, 23]. With high surface area
and unique structural shape, inorganic additives can
significantly influence the properties of 3D scaffolds
with tailored functionalities. In bone tissue engin-
eering, inorganic materials-reinforced bioink for-
mulations have been reported with successful out-
comes in many studies using different materials and
designs [4, 24-28]. Utilizing both organic and inor-
ganic materials in a composite structure is a suit-
able approach to mimic the bone tissue extracellular
matrix (ECM). On the other hand, decellularization
methods enable to obtain biological structures pre-
serving tissue-specific ECM proteins such as collagen
and glycosaminoglycan, which can be used in partic-
ulate form to enrich bioinks.

In this context, 3D constructs/scaffolds can be
produced that better mimic natural tissues using
decellularized tissue components. In this study, there-
fore, we used decellularized bone (DB) particles
as an additive in the GEL matrix. The hypothesis
is that natural bone ECM proteins and the bio-
mineralization property of bone tissue, preserved
by the applied decellularization method [21], will
enhance the proliferation and osteogenic differen-
tiation of cells within the bioink formulations. To
the best of our knowledge, the development of
DB particles incorporated GEL bioinks with pre-
osteoblasts and human MSCs, an immortalized
human mesenchymal stem cell line [29], and the
assessment of the different sizes and concentrations
of DB particles in bioink formulations have not
been reported yet. Decellularized ECM and collagen-
derived GEL are compatible materials that could gen-
erate a proper interphase adhesion between the two
materials [21]. Regarding these advantages, it could
be possible to create a more effective and minimal-
istic bioink formulation for bone tissue engineering
applications.

The aim of this study is to develop such a min-
imalistic bioink formulation composed of GEL, DB
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Figure 1. Schematic illustration of the study. (A) MC3T3-E1 pre-osteoblasts and hTERT-MSCs were used for bioink preparation.
(B) GEL was prepared, and heat treated to enhance its rheological properties. (C) To prepare tissue-based additives, animal
derived bone tissue was decellularized and particles were obtained in different sizes (100 m and 45 pum) by pulverization.
(D) For bioink formulation, cells, pre-treated GEL and DB particles were mixed and (E) cell-laden 3D constructs were fabricated

by the 3D bioprinting technique. (Created with BioRender).

particles and cells, and also evaluate the effect of dif-
ferent DB particle sizes and concentrations within the
GEL matrix on cell behavior. The schematic illus-
tration of the study is represented in figure 1. In
our previous study, we found that DB particles and
GEL combinations as biomaterial inks were favor-
able for MC3T3-E1 pre-osteoblast cells [21]. Here,
we tested the GEL/DB composite bioink formulations
with mouse pre-osteoblasts (MC3T3-E1) and human
telomerase reverse transcriptase-immortalized mes-
enchymal stem cells (hTERT-MSCs). Different sizes
and concentrations of DB particles were incorporated
in the GEL matrix to obtain printable formulations
and also enhance the cell behavior. As we reported
previously, 100 pm particle size mitigates the printab-
ility in higher particle concentration [21], therefore,
our hypothesis was that reducing the particle size may
increase the printability and also cell behavior could
increase with higher DB particle concentration. Thus,
the effect of different sizes of DB particles was eval-
uated in two different bioink formulations with dif-
ferent cell types. By crosslinking with mTG, the 3D
bioprinted constructs’ stability was preserved. All 3D
bioprinted cell-laden GEL/DB constructs were eval-
uated in terms of cytocompatibility, bioactivity and
osteogenic differentiation throughout a 28 day cul-
ture period.

2. Materials and methods

2.1. Cell culture maintenance

For the preparation of the bioinks and cell culture
experiments pre-osteoblast MC3T3-E1 cells (Sigma
Aldrich, Catalog number: 99072810, Germany)
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and human telomerase reverse transcriptase-
immortalized mesenchymal stem cells (hTERT-
MSCs) were used [29]. MC3T3-E1 cells were sub-
cultured in alpha-modified minimum essential
medium (a-MEM, Thermo Fisher, Catalog num-
ber: 22571020, Germany), containing 1% (v/v)
L-glutamine, 10% (v/v) Fetal Bovine Serum (FBS)
and 1% (v/v) penicillin-streptomycin (all supple-
ments: Sigma Aldrich, Germany) in an incubator at
5% CO,, 95% humidity and 37 °C. hTERT-MSCs
were subcultured in Dulbecco’s Modified Eagle’s
Medium (DMEM, Glutamax, Thermo Fisher, Catalog
number: 61965059, Germany) with high glucose
supplemented with 10% (v/v) FBS and 1% (v/v)
penicillin-streptomycin. The cell culture medium
was refreshed twice a week.

2.2. Preparation of bioinks

Bone tissues were obtained from New Zealand White
Rabbit’s femur (weight, 2.5-3.0 kg; female) in accord-
ance with the protocol accepted by Dokuz Eylul
University Experimental Animals Ethical Council
(izmir, Turkey, protocol no: 44/2019). Also, bovine
bones were obtained from a slaughterhouse in Izmir
to obtain a high amount of particles. Bone tissues
were decellularized by a combination of physical,
chemical, and enzymatic methods reported in our
previous study [21]. Decellularized bone (DB) pieces
were pulverized using a laboratory mixer and filtered
with 45 pm and 100 gm mesh diameters to prepare
different sizes of particles. DB particles were sterilized
using gamma radiation (25 kGy). 15% (w/v) gelatin
(GEL, from porcine skin, gel strength 300, Type A,
Sigma, Catalog number: G2500) was dissolved in
ultrapure water at 80 °C for 3 h and filtered using
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a syringe filter with 0.02 pm for sterilization. Rabbit
DB particles were used to prepared GEL/1%DB (w/v,
100 pm size) inks, and bovine DB particles were used
for GEL/5%DB (w/v, 45 um and 100 pum size) and
GEL/10%DB (w/v, 45 um size) inks (SI, table 1).
DB particles were prepared by dispersing in ultrapure
water under stirring at 37 °C. Then, a final concentra-
tion of 7.5% (w/v) GEL was prepared by mixing with
DB particles at room temperature for 15 min using
a magnetic stirrer. For bioink formulation, cell pel-
lets (5 x 10° cells ml~!) were prepared by using a
centrifuge at 1250 rpm then cell pellets and GEL/DB
composite inks were mixed. Pure GEL served as a
control group. Besides, GEL and GEL/1%DB (w/v)
bioinks prepared with MC3T3-E1 cells were cast into
12 well-plates for the 2D control group. For bioprint-
ing of MC3T3-E1 cells, the GEL/1% DB (particles
in 100 um size (w/v)) formulation was used. As we
proved the initial cytotoxicity of GEL/DB formula-
tion with MC3T3-E1 cells and high cell-particle inter-
action in our previous study [20], hTERT-MSCs as
a more biological relevant cell type were bioprinted
using GEL containing 5% DB (100 pm size, (w/v)),
5% DB (45 pm size, (w/v)) and 10% DB (45 pm size,
(w/v)) bioink formulations, and the effect of differ-
ent DB particle sizes and concentrations on different
cell sources was evaluated. Thus, different bioink for-
mulations were investigated using murine MC3T3-
E1 cells and human MSCs within GEL-based bioinks
contains rabbit and bovine DB particles.

2.3. Rheological characteristics

The rheological characteristics of the prepared bio-
material inks were assessed by shear thinning and
shear recovery tests using a rheometer equipped with
a plate—plate geometry (Rheotest RN 4, Germany).
Shear thinning tests were performed at room temper-
ature (25 °C) with a constant increase in shear rates
from 0 to 100 s~! (increment of 0.1 s~! per second).
To evaluate the structural recovery of the material
inks, thixotropy tests were carried out, which com-
prised of three phases: a transient phase (5 s~! shear
rate subjected for 120 s), a loading phase (500 s™!
shear rate subjected for 60 s), and a recovery phase
(557! shear rate subjected for 120 s). The entire thixo-
tropy test was performed at room temperature.

2.4. Printability assessments

The printability accuracy of the prepared biomater-
ial inks was evaluated semi-quantitatively prior to
bioprinting. GEL and GEL/DB biomaterial inks were
printed using the same parameters of bioprinting.
Light microscopy (M205 C Leica, Germany) images
were recorded after printing. The printability of the
biomaterial inks was assessed according to the print-
ability (Pr) factor, uniformity (U) factor, pore size
and strand diameter of the printed hydrogels. The

A Kara Ozenler et al

printability factor based on the circularity (C) of the
pore was quantified as the ratio of the pore perimeter
(L) to the pore area (A) using the equation below [30]:

I 1 1
Pr=—x—-=-"—"—. (1)
4 C 16A
The uniformity of printed strands was quantified
by the U factor which equals to the measured hori-
zontal length of a printed hydrogel strand (L) divided
by the theoretical horizontal length of a parallel prin-
ted strut (L;) [31]:

C=—. )

2.5. 3D bioprinting

3D cylindrical-shaped cell-laden hydrogels were
fabricated by using a 3D extrusion bioprinter
(Bioscaffolder 3.1, Gesim GmbH Germany). Before
bioprinting, the temperature of the cartridge holder
was set to room temperature (25 °C) to stabilize the
material viscosity. GEL and GEL/DB bioinks were
transferred into the cartridge and extruded through
the 410 pm nozzles with a tip velocity of 10 mm s~}
and extrusion pressure 150-180 kPa. All samples were
bioprinted in 5 layers with 0.3 mm layer height and
10 mm diameter. 3D-bioprinted constructs were
crosslinked using 10% w/v mTG (85-135 U mg~!,
ACTIVA WM, Ajinomoto) for 15 min at room tem-
perature and washed with Hank’s balanced salt solu-
tions (HBSS, Gibco Life Technologies, Germany).
Then culture medium (described above) was added.
3D-bioprinted constructs were cultured for 28 d in
an incubator at 37 °C.

2.6. Cytotoxicity

The potential cytotoxicity of the materials was
assessed by the lactate dehydrogenase (LDH) kit
(CytoTox Toxicity kit, Promega, Catalog number:
G1780). To quantify extracellular LDH release, the
cell culture medium was collected from samples and
mixed with a substrate solution. Following the incub-
ation of the samples at RT for 30 min in the dark, the
absorbance at 490 nm was measured using a spectro-
photometer (Infinite M200 PRO, Tecan, Switzerland).

2.7. Cell viability assay

The water-soluble tetrazolium salt (WST-8) assay was
performed to determine the viability of cells inside
the bioprinted constructs by conversion of the water-
soluble tetrazolium salt through cellular metabolism
into the insoluble formazan. Samples were cultured
for 28 d and at each time point (days 1, 7, 14, 21, 28),
the medium was removed, and cell-laden constructs
were incubated with WST-8 solution (Cell Counting
Kit-8, Sigma Aldrich, Germany) for 3 h according
to the manufacturer’s instructions. After incubation,
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100 pl aliquots were transferred into a 96-well plate
and the absorbance at 450 nm was recorded using a
plate reader (Infinite M200 PRO, Tecan, Switzerland).

2.8. Live/Dead staining

The cell viability was determined by Live/Dead
staining during the cell culture period. Initially,
3D-bioprinted constructs were washed with HBSS
and incubated in HBSS containing 0.6 ul ml™!
Calcein AM and 1.2 pul ml~! ethidium homodimer-
1 (InvitrogenTM, Life Technologies, Catalog num-
ber: L3224) for 30 min at 37 °C, 5% CO, in
a humidified atmosphere. To stain the cell nuc-
lei, 1 1 m1~! DAPI (4/ ,6-diamidino-2-phenylindole,
Invitrogen, USA) was used. After 30 min incubation,
samples were washed with HBSS and examined by
fluorescence microscope (AxioScope Al, Carl Zeiss,
Germany).

2.9. PicoGreen assay

The cell proliferation inside the 3D-bioprinted
GEL/DB constructs was determined based on the
quantifying of the double-strand DNA (dsDNA) by
Quant-iT PicoGreen ds-DNA Assay-Kit (Invitrogen,
ThermoFisher, Catalog number: P7589). Cell-laden
constructs were incubated for the 28 d culture
period. The samples were transferred into Precellys
tubes containing ceramic beads (Peqlab, Erlangen,
Germany). After adding a cell lysis buffer (1%
TritonX-100 in PBS), tubes were shaken for 30 s
at 5000 rpm three times using a cell homogenizer
(Precellys 24 system, Peqlab). Cell lysates were trans-
ferred into a 96-well plate and mixed with a working
solution according to the manufacturer’s protocol.
After 5 min incubation at room temperature, pro-
tected from light, the relative fluorescence was recor-
ded at 485 and 535 nm using a spectrofluorometer
(Infinite M200 PRO, Tecan, Switzerland).

2.10. Osteogenic activity

The osteogenic differentiation capacity of cells in
3D bioprinted constructs was determined by alkaline
phosphatase (ALP) activity, using colorimetric assay
to quantify the reaction of colorless p-nitrophenyl
phosphate (pNpp) to yellow p-nitrophenolate (pNp)
mediated by ALP. 3D-bioprinted constructs were
cultured in DMEM with 10% FCS and penicillin-
streptomycin for 3 d. Afterward cultured in osteo-
genic induction media (DMEM with 10% FCS, 1%
penicillin-streptomycin, 10 mM [-glycerophosphate,
107 M dexamethasone, and 0.05 mM ascorbic acid 2-
phosphate, denoted as +OS) or basal media (DMEM
with 10% FCS and 1% penicillin-streptomycin) were
applied for 28 d. On days 7, 14, 21 and 28, cell-
laden constructs were lysed in 1% TritonX-100 using
Precellys system as described in ‘2.9 PicoGreen Assay’.
Cell lysates were incubated in substrate solution
for 30 min at 37 °C as reported previously [32].
1 M NaOH was used to stop enzymatic reaction
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then the absorbance was recorded at 405 nm using
a microplate reader (Infinite M200 PRO, Tecan,
Switzerland). The total ALP activity was calculated
in relation to cell number obtained from PicoGreen
assay measurements.

2.11. Assessment of cell morphology and
attachment

3D-bioprinted constructs were examined with fluor-
escence microscopy and confocal microscopy to
assess cell morphology and attachment. Cell-laden
constructs were fixed using 4% paraformaldehyde
(v/v) in HBSS for 30 min at room temperature pro-
tected from light, then washed with HBSS. For per-
meabilization, samples were immersed in 0.1% Triton
X-100 for 5 min and blocked using 1% bovine serum
albumin (BSA; Albumin Fraction V, Roth, Germany)
for 1 h. Then, samples were stained with 3 pl ml~!
phalloidin-i Fluor 488 (Abcam, USA) and 1 pul ml~!
DAPI (Gibco, Germany) for 1 h. Following the wash-
ing with HBSS, cells inside the GEL/DB constructs
were observed by fluorescence microscopy (Zeiss
Observer Z1) and confocal microscopy (Leica TCS
SP5).

2.12. Statistical analysis

Experimental data are presented as mean + stand-
ard deviation (SD). Statistical analysis was performed
using a one-way analysis of variance (ANOVA) with
Tukey’s multiple comparison test (GraphPad Prism
9.0). All p-values less than 0.05 were considered to
be significant (p < 0.05) which were defined as
*p < 0.05,**p < 0.01, ***p < 0.001, ****p < 0.0001.

3. Results and discussions

3.1. Rheological characteristics

Rheological characteristics of GEL and DB incorpor-
ated GEL biomaterial inks were evaluated to mimic
the ink flow condition relevant for the printing pro-
cess. Shear thinning tests were performed for each
group measuring the viscosity by increasing the shear
rate from 0 to 100 s~!. Figure 2 A displays the viscos-
ity decreased while the shear rate increased for all bio-
material inks which indicates that all materials exhib-
ited suitable shear-thinning behavior for extrusion-
based 3D printing. The viscosity of GEL at a shear
rate of 10 s~! was determined as 74 Pa.s with stat-
istically significant differences compared to the DB
particles incorporated groups (figure 2(B)). Also, the
addition of DB particles in different sizes and con-
centrations influenced the viscosity. The viscosity of
GEL/1 DB (100 pm), GEL/5 DB (100 m), GEL/5 DB
(45 pm) and GEL/10%DB (45 pum) was determined
as 91.70, 111.61, 123.84 and 170.67 Pa.s, respectively,
and statistically significant differences were found
(figure 2(B)). DB particles in 45 pim size increased the
viscosity compared to 100 ym DB particles incorpor-
ated inks with statistical differences indicating that
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Figure 2. Rheological characteristics of inks and 3D printed hydrogels with the assessment of printability. (A) Representative
curves of viscosity obtained from shear thinning tests. (B) The viscosity of the inks at a shear rate of 10 s~. (C) Thixotropy test
results showing transient, loading and recovery phases. All tests were performed using five replicate samples and data are
represented as mean = SD. (D) Light microscopy images of 3D-printed GEL and GEL/DB composite hydrogels. Scale bars:

2000 pm (top), 1000 pm (bottom). Printability assessments of hydrogels (n = 6) based on the measurement of (E) Pr and (F) U
factors, (G) strand diameter and (H) pore size. Data are shown as mean £ SD. *p < 0.05, **p < 0.01, ***p < 0.001 and
*#*%p < 0.0001 indicate statistically significant differences compared to 3D printed structures by one-way ANOVA tests.

smaller particle sizes enhance the rheological charac-
teristics. Notably, 10% DB incorporated inks exhib-
ited higher viscosity, as shown in figure 2(B). This
might be due to the interactions between particles
inside the inks. Shear thinning behavior occurs when
the interaction between solid particles in composite
ink formulations is disrupted by shear forces. The
higher viscosity of the ink at rest, determined by
the re-organization of interactions between suspen-
ded particles, provides shape stability [33, 34]. Thus,
higher concentrations of DB particles with smaller
sizes allowed dense interactions, between suspended
particles which lead to higher viscosity. Moreover,
in our previous study, we reported that higher DB
particle concentration (>5%) decreased the printab-
ility capacity, on the other hand high concentration
of DB particles supported cell growth [21]. Here, we
showed that the smaller sizes of DB particles in higher
concentrations enhance the rheological characterist-
ics which was one of the hypotheses of this study.

The shear recovery capacity of the biomater-
ial inks was evaluated with thixotropy tests. Three-
interval thixotropy test results demonstrate that GEL
and DB incorporated GEL inks exhibit shear recov-
erable properties, indicating that the inks can main-
tain their structure after 3D printing (figure 2(C)).
In the transient phase as the first interval, all mater-
ials exhibited a constant viscosity while maintain-
ing their stability at a constant shear rate (5 s™!).
After applying a high (500 s!) shear rate during
the loading phase, the viscosity decreased, simulat-
ing the printing process where the ink comes out
of the nozzle. In the recovery phase, full recov-
ery was achieved for all inks indicating thixotropic
behavior when applied 5 s™! shear rate as in the
initial first interval (figure 2(C)). The concentra-
tion and particle size of DB did not influence the
self-recovery capacity of the inks. According to rhe-
ological test results, heat-treated pure GEL inks
have a suitable viscosity and well-shaped recovery




IOP Publishing

Biofabrication 16 (2024) 025027

properties, this is the case also for DB incorporated
composite inks. As reported previously, heat treat-
ment allows to enhance shear thinning behavior of
GEL by hydrolysis of the chemical bonds without
any altered chemical structures [20]. This treatment
might be a major factor as pure GEL exhibited appro-
priate rheological properties for 3D printing. This
process might be the main factor that enhances vis-
cosity to make the GEL printable and leads to suit-
able rheological properties of both GEL inks as well
as DB incorporated inks. According to the rheological
test results, pure GEL and DB particles incorporated-
GEL inks exhibit a shear-thinning behavior and self-
recoverability, which indicates that all prepared inks
are printable and are suitable for extrusion-based 3D
printing.

3.2. 3D printed GEL/DB scaffolds

The printability was assessed on GEL and GEL/DB
inks. Light microscopy images display 3D-printed
GEL and GEL/DB hydrogels in different sizes and
concentrations after crosslinking with transglutam-
inase (figure 2(D)). Hydrogels were fabricated in a
cylindrical shape with alternating 0°/90° strut pat-
terns, resulting in square macropores between the
strands. 3D printed GEL and GEL/DB hydrogels
exhibited well-printed structures with square pore
geometry (figure 2(D)). It was easy to print all inks,
notably smaller size of the DB particles (45 um) in
higher concentration was facilitated the printability,
which could be the result of the interaction between
suspended smaller DB particles homogeneously dis-
tributed in the GEL matrix. GEL/DB hydrogels exhib-
ited increasing turbidity in higher particle concentra-
tions despite the transparency of pure GEL hydro-
gels (figure 2(D)). The printability factor (Pr) was
calculated by equation (1) for all groups. Pr < 1
indicates under-gelation of the ink and rounded
pore corners, Pr = 1 indicates proper gelation with
ideal square pore geometry, whereas Pr > 1 corres-
ponds to over-gelation of the ink [30]. Pr factor was
close to 1 in all groups. 5% DB incorporated GEL
groups exhibited rounded pore geometry with a lower
Pr factor (Pr = 0.9 + 0.04) and statistical differ-
ence was detected compared to the pure GEL hydro-
gels (figure 2(E)). 3D printed hydrogels demonstrate
proper strand morphology when the Pr factor is in
the range of 0.9 and 1.1, as reported previously [30].
As a result, 5% DB particles in 100 pm size mitig-
ated the 3D printability while a 5% DB particle con-
centration in 45 pum size indicated optimal printab-
ility. Additionally, 5% DB particles in 45 pum size
showed a 0.9 Pr factor with adequate printability
capacity and shape fidelity. Reducing particle size
to 45 pm improves the printability in the 5% DB
group with no statistically differences compared to
the pure GEL group. The Pr factor of 10% DB group
(45 pm size) was close to 1 and showed a well-shaped
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3D structure. However, 10% DB particles of 100 ym
size were not able to be incorporated into the GEL
matrix homogenously due to precipitation of the
particles and it was not possible to print due to the
needle clogging. Therefore, the GEL/10% DB group
was not included in this study. The quantification
of the U factor demonstrated that all printed hydro-
gels have similar uniformity, and no statistical dif-
ferences were detected (figure 2(F)). The addition
of different concentrations and sizes of DB particles
influences the strand diameter and pore size of the
printed hydrogels. In concentrations of 1% and 5%
DB particles strand size increased with a statistic-
ally significant difference while no statistical differ-
ences were found between pure GEL and 1% DB
incorporated GEL groups (figure 2(G)). In the 5%
concentration, the smaller size of particles (45 pum)
decreased the strand diameter, higher concentration
of particles (10%) slightly increased the strand dia-
meter which could be caused by the surface area of
the DB particles; however, no statistical differences
were found (figure 2(G)). The strand diameter of
pure GEL and 1% DB incorporated GEL showed sim-
ilar pore sizes, 400 £ 19 pm, and 431 £+ 30 um,
respectively. The smaller particle sizes exhibited lar-
ger pores in both 5% and 10% DB incorporated
groups and statistical differences were found com-
pared to the other groups (figure 2(H)). In accord-
ance with the literature, pore size of ~400 pm is
suitable for bone tissue engineering [32]. Lee et al
showed the addition of nanoparticles into alginate-
based inks enhanced the uniformity of the strands
with high printing fidelity which resulted in high
printability capacity [35]. Moreover, they incorpor-
ated cationic silica particles into an anionic alginate-
gellan gum mixture and demonstrated the improve-
ment in printability and shape fidelity due to the
electrostatic interaction between inorganic particles
and the biopolymer matrix [36]. In our study, we
included DB particles containing collagen fibers in
the collagen-derived GEL matrix, as a result of which
secondary interactions may occur due to the identical
chemical composition of both materials. With this
interaction, printability capacity could be enhanced,
and shape fidelity could be maintained. In another
study, Bednarzig et al investigated the effect of the dif-
ferent geometry of hydroxyapatite and bioactive glass
particles on the printability properties of alginate-
based biomaterial inks and showed that round glass
particles containing inks affected the rheological
properties, which led to a limited printability capa-
city compared to angular particles [22]. In accord-
ance with these studies, non-homogeneous shape of
DB particles could lead to easier printing of GEL/5
DB and GEL/10 DB. Moreover, sufficient rheolo-
gical properties obtained after heat treatment of GEL
(figures 2(A)—(C)) could lead to better extrudability
resulting in well-shaped 3D structures.
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GEL/DB

Figure 3. Light microscopy images of cell-laden 2D cast and 3D-bioprinted constructs. (A) Phase contrast light microscopy
images of MC3T3-E1 cells seeded on 2D on TCP and in 3D, inside a droplet of GEL and 1% DB particles, on the well plate after
7 d of incubation. Red arrows indicate the DB particles. Scale bars: 100 zm, 50 pm (right magnified image). (B) MC3T3-E1 cells
inside the 3D-bioprinted GEL and GEL/1%DB constructs after days 1, 7 and 14. Scale bars: 200 pem (first column), 100 um
(second column). (C) Magnified images of cells showing cell growth in 3D-bioprinted constructs on day 14. Red dotted lines
show the edges of the printed constructs, indicating that cells migrated out of the scaffolds at day 14. Scale bars: 50 pzm.

3.3. 3D bioprinted MC3T3-E1
pre-osteoblasts-laden GEL/DB constructs

3.3.1. Cell viability

MC3T3-El pre-osteoblast cells-laden 1% GEL/DB
constructs were fabricated successfully and cell dis-
tribution and localization inside the constructs
observed by light microscope during the cell culture
period. Figure 3 displays light microscopy images of
cells inside the GEL and GEL/DB constructs, and TCP
(tissue culture polystyrene) control as well. Before
bioprinting, 2D cast GEL and GEL/DB hydrogels con-
taining MC3T3-E1 were prepared to observe the cells
in hydrogels. As the GEL hydrogels are completely
transparent, it was not easy to distinguish the edges of
the hydrogels. As seen in figure 3(A), cells are visible
in both GEL and GEL/DB hydrogels and attached and
elongated cells were observed after 7 d (figure 3(A)).
Besides, it was observed that cells attached to the DB

particles within the GEL/DB hydrogels (figure 3(A))
[21]. In 3D bioprinted samples, MC3T3-E1 cells
were distributed inside both GEL and GEL/1% DB
constructs, and they proliferated during the cell cul-
ture period (figure 3(B)). Moreover, after 14 d, cells
migrated on the construct surface and completely
covered the 3D-bioprinted constructs as seen in mag-
nified images in figure 3(C). GEL hydrogels degrade
after 14 d and started to lose weight in cell culture
medium as reported in a previous [21]. Due to the
starting of the degradation of GEL cells could find
space inside the 3D-printed constructs and could
migrate inside the construct. During the culture
period, with the degradation of the constructs in
which cells proliferated, the cells migrated outside of
the constructs and were observed in the cell culture
plate as seen in the magnified images (figure 3(C)).
Furthermore, the specific RGD sequence of GEL [37]
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DAPI RGE

Figure 4. Live/Dead staining results of MC3T3-E1 cells inside the (A) 3D bioprinted constructs on days 7 and 14. (B) Live/Dead
staining of MC3T3-E1 cells in 2D cast hydrogels. Calcein AM; live cells (green), EthD-1; dead cells (red), DAPI; cell nuclei (blue).

Scale bars: 100 pm.

allowed cells to adhere and proliferate throughout the
culture period, demonstrating the cytocompatibility
of the GEL and GEL/DB bioink formulation.

In 3D biofabricated constructs, maintaining
the cell viability and shape-fidelity or stability of
the 3D printed constructs is an important key
factor. Therefore, the viability of MC3T3-E1 cells
inside the 3D bioprinted constructs was observed
after Live/Dead staining during the culture period.
Fluorescence microscopy images show live cells
(green), dead cells (red) and cell nuclei (blue)
(figure 4). DB particles were also visible as blue/
green due to their autofluorescence. The images
demonstrate that MC3T3-E1 cells attached and

maintained their viability inside both GEL and
GEL/DB constructs on day 7 (figure 4(A) and SI
figure 3). After 14 d, cells attached and spread
more inside the constructs and only a few dead
cells were observed (figure 4(A)). After 14 d of
culture, DAPI staining indicates dense cell nuclei.
Also, MC3T3-E1 cells inside 2D cell-laden GEL and
GEL/DB hydrogels maintained their viability on day
14 (figure 4(B)). Live/Dead staining results confirmed
that the GEL and GEL/DB ink formulations were
cytocompatible and did not impair MC3T3-E1 cell
viability.

The possible cytotoxic effect of the inks was
assessed with LDH cytotoxicity assay during 28 d of
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Figure 5. Cell growth inside GEL and GEL/DB constructs. (A) Extracellular LDH release of cells with statistical differences. (B)
WST-8 viability assay quantified according to metabolic activity of cells. (n = 6, mean £ SD) (C) total cell number in cell-laden
constructs (n = 6) calculated by PicoGreen dsDNA assay. Data are represented by mean £ SD in comparison between groups.

*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 indicate statistically significant differences. (D) Confocal microscopy
images of MC3T3-E1 pre-osteoblasts inside 2D cast (scale bars 50 #m) and 3D-bioprinted constructs on day 28. Scale bars:

100 pem (first row) and 50 pm. (second row). DAPI: nuclei (blue), F-Actin 488: cytoskeleton (green). The image in the red dashes
shows cell proliferation inside the constructs and the pore area. DB particles seen in blue/green color due to their autofluorescence.

culture period. In 2D cell culture, released extracel-
lular LDH levels by cells were similar and no statist-
ical differences were found during the 28 d incub-
ation period (figure 5(A)). However, 3D bioprinted
groups showed higher LDH levels notably on day
1 (figure 5(A)). This higher LDH level in the early
days might be due to shear forces induced cell death
during the 3D bioprinting process [38]. In the fol-
lowing culture days, extracellular LDH levels consist-
ently decreased with statistical significance, indicating
that the remaining cells survived and proliferated
in the later culture period. MC3T3-E1 cell viabil-
ity was quantified based on the metabolic activity of
cells measured by WST-8 assay and the data shows
that all groups exhibited gradual increase of viabil-
ity throughout the culture period (figure 5(B)). In
addition, higher cell viability was determined in 3D-
bioprinted GEL and GEL/DB constructs and statist-
ically significant differences were found compared to
the 2D cast groups. Moreover, cells inside 3D bioprin-
ted GEL/DB constructs showed the highest viability
compared to the other groups (figure 5(B)).

3.3.2. Cell proliferation and morphology
The cell proliferation inside the bioprinted con-
structs was determined depending on the dsDNA
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quantification by PicoGreen assay. In accordance
with the viability results based on metabolic activ-
ity (figure 5(B)), the cell number inside the bioprin-
ted constructs gradually increased during the cell cul-
ture period (figure 5(C)). On the first day, the cell
number inside the bioprinted constructs was lower
than in the 2D cast hydrogels which might be the
consequence of the higher LDH released on day one
shown in figure 5(A). After day one, the cell num-
ber increased on day 7, then stayed stable during the
culture period in the 2D cast hydrogel group. On
the other hand, cells inside 3D-bioprinted constructs
proceeded to proliferate for 28 d, and statistically sig-
nificant differences were detected compared to the
2D hydrogels on days 7, 14 and 28. Furthermore,
the highest cell number was quantified in bioprinted
GEL/DB constructs with statistically significant dif-
ferences compared to the 3D printed GEL group on
day 21 (figure 5(C)). According to the cytotoxicity,
viability and proliferation investigation, GEL and DB
incorporated GEL bioinks provided a 3D microenvir-
onment for cell growth after bioprinting and exhib-
ited promising results as a natural-based minimalistic
formulation of bioink.

Cell adhesion and cell morphology inside 3D
bioprinted constructs and 2D cast hydrogels were
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evaluated by fluorescence microscopy. DAPI and F-
Actin stainings show the nucleus (blue), and cyto-
skeleton (green) of MC3T3-El cells, respectively.
Microscopy images display cell adhesion in both 2D
cast and 3D-bioprinted constructs as well as cell-
material interaction after 28 d of culture period
(figure 5(D)). 2D cast groups demonstrated the cell-
material interaction on day 28 and cells covered
the DB particles’ surface inside the DB-incorporated
GEL hydrogels (figure 5(D)). In the 3D-bioprinted
GEL/DB group, cells covered the constructs exhibit-
ing a very positive interaction with DB particles, in
addition, cells covered the pore area on day 28, which
can be seen in magnified images (figure 5(D)).

Fabricated MC3T3-E1 cell-laden GEL/DB con-
structs demonstrated positive cell-material interac-
tion. Cell proliferation and growth inside the con-
structs were increased by the addition of DB particles
into the GEL matrix. This improvement in cell beha-
vior is assumed to be due to the collagen fibers
and hydroxyapatite components present in the DB
particles. It is estimated that natural bone histoar-
chitecture (that was preserved in the decellularization
method) supported cell growth inside the GEL/DB
constructs. Following the successful biofabrication of
cell-laden GEL/DB constructs and obtaining prom-
ising cell response, we proceeded to bioprint hTERT-
MSCs using DB particles of smaller size (45 m) and
higher concentration (10%). It was hypothesized that
such inks could potentially lead to an even higher cell
response.

3.4. Assessments of the different sizes and
concentrations of DB particles on cell behavior

of 3D-bioprinted hTERT-MSCs-laden GEL/DB
constructs

The cell viability inside the 3D-bioprinted structures
was evaluated by a Live/Dead staining. Fluorescence
microscopy images revealed cell viability and growth
inside the GEL and GEL/DB constructs during the 28
day culture period (figure 6). In addition, DB particles
displayed a blue color due to the autofluorescence of
the collagen fibers. On the first day, a high number
of viable cells (green) were observed in all groups and
cell clusters were detected, particularly in DB incor-
porated constructs. Due to the high particle density
and their autofluorescence, hTERT-MSCs were not
clearly visible on day one. Nevertheless, large green
staining, especially in the 10% DB group, indicated
the formation of cell clusters within the structures
(figure 6). After 7 d, cells started to elongate and
spread in the bioprinted constructs, afterwards cells
maintained their viability and proliferated during the
28 d of culture period (SI figure 3(B)). The spread-
ing of hTERT-MSCs was favorable, and complete cell
coverage was observed on 28 d of culture. Moreover,
the density of live cells was quite high on all incuba-
tion days. It was difficult to find dead cells (red) even
on day 28, indicating that the ink formulations are
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cytocompatible and higher DB particle concentration
supports cell growth.

The potential cytotoxicity of the ink material
was quantified using a LDH cytotoxicity assay after
bioprinting. Cell-laden constructs were cultured for
28 d, and extracellular LDH release was quantified
from the cell culture supernatant at each time point.
The results showed that the LDH level remained
stable and did not increase in any group through-
out the culture period. There were no statistical dif-
ferences detected between time points and groups,
which indicates that DB incorporated GEL com-
position had no cytotoxic effect on hTERT-MSCs
(figure 7(A)). As shown also in the rabbit DB particles
incorporated in GEL constructs (figures 4 and 5),
bovine DB particles have no cytotoxicity effects on
hTERT-MSC either.

Cell proliferation was evaluated using a
PicoGreen assay based on the dsDNA quantification
of the cell-laden constructs. The results showed that
hTERT-MSCs proliferated with an increasing trend
during 28 d of incubation (figure 7(B)). The cells
inside the 10% DB-incorporated GEL constructs
had the highest cell number at each time point in
comparison to all groups. In addition, cell number
significantly increased inside the DB incorporated
constructs compared to the GEL constructs also, the
cell number increased when the DB concentration
increased as well. Increasing cell number may be asso-
ciated with the addition of DB particles as well as the
homogeneous distribution of the particles within the
GEL matrix. The incorporation of DB particles sig-
nificantly supported cell proliferation, which may
be associated with the homogeneous distribution of
the particles within the GEL matrix and the colla-
gen and hydroxyapatite composition of DB particles
(SI figure 2(C)). The incorporation of hydroxyapat-
ite and the use of a variety of biopolymers in 3D-
bioprinted structures were reported to considerably
support cell proliferation and osteogenicity in vivo
[39—41]. According to our cytotoxicity and prolifera-
tion assessment results, GEL/DB composite hTERT-
MSCs-laden constructs had no cytotoxic effects and
provide a proper environment for cell growth.

In order to evaluate the osteogenic differenti-
ation capacity, 3D-bioprinted GEL/DB constructs
were incubated for 28 d with (4+OS) and without
(—OS) an osteogenic induction medium. PicoGreen
proliferation and ALP activity assays were used to
assess hTERT-MSC differentiation to osteoblasts.
According to the PicoGreen dsDNA determination
results, hTERT-MSCs gradually proliferated inside
3D-bioprinted constructs in both the +OS and —OS
groups (figure 7 (B) and (D)). The incorporation
of the DB particles into the GEL matrix statistically
increased cell proliferation. In addition, smaller sizes
of DB particles significantly supported cell prolifera-
tion notably in the higher concentration (10% DB).
Cell number was higher in the GEL/5 DB (45 pm)
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Day 1

Day 7

Day 14

Day 21

Day 28

due to their autofluorescence property. Scale bars: 500 pm.

GEL/5DB (100 pym)

Figure 6. Live/Dead staining results of h TERT-MSC cells inside 3D-bioprinted GEL and GEL/DB composite constructs on days
14. Calcein AM (green) and EthBr (red) staining represent live and dead cells, respectively. DB particles are visible in blue color

GEL/5DB (45 pm)

GEL/10DB (45 um

group compared to the GEL/5 DB (100 pm) group
with significant differences at day 21 both in —OS
and 4OS conditions. The highest cell number was
quantified on 28 d of the culture period in -OS
induction groups (figure 7(B)). Also, MC3T3 pre-
osteoblasts inside 1% DB incorporated GEL exhibited
an increasing trend, however, a lower cell number was
determined on day 28 when compared to the hTERT-
MSCs. Although it was expected that the hTERT-
MSCs would have a higher cell number due to their
limitless proliferation capacity [42], it can be con-
cluded that the increase in cell number may be caused
by the DB particles. The collagen and hydroxyapat-
ite content of DB particles (SI figure 2(C)) induced
cell proliferation during the culture period; also, the
GEL/10 DB group showed the highest cell number
on day 28. A similar proliferation trend was observed
in +OS induction groups although significant dif-
ferences were predominantly detected between pure
GEL and GEL/10 DB groups (figure 7(D)). On day
seven, cells proliferate to a higher extent, compared to

the —OS induction groups, afterward, the cells pursue
proliferation, however, cell number did not increase
significantly, which could be explained by cell differ-
entiation, as shown in figure 7(E).

The ALP activity of hTERT-MSCs was assessed
in both groups induced by +0OS and —OS during
the 28 d culture period. hTERT-MSCs are similar to
primary MSCs, can be differentiated to osteoblasts
and thus are routinely used in characterizing bone
models [29]. As expected, ALP activity of hTERT-
MSCs gradually increased in all groups induced
by +OS during the culture period (figure 7(E)).
In —OS groups, cells inside the pure GEL con-
structs showed a stable ALP activity. The highest
activity was determined in the highest DB particles
incorporated group in both +OS and —OS groups
indicating that DB particles support the osteogenic
activity. Interestingly, ALP activity of cells inside
the DB incorporated constructs in —OS groups
showed a statistically significant increase compared
to the pure GEL group (figure 7(C)). This might be
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Figure 7. Biological activity of hTERT-MSC cells inside the bioprinted GEL/DB constructs. (A) Potential cytotoxicity determined
by LDH assay. (B) PicoGreen dsDNA assay results show the total number of cells inside the bioprinted constructs. The
differentiation capacity of cells was assessed by (D) total cell number and ALP secretion (C) without and (E) with osteogenic
induction. (n = 5) Data are represented as mean =+ SD. *p < 0.05 and **p < 0.01, ***p < 0.001 and ****p < 0.0001 indicate
statistically significant differences of means between groups by one-way ANOVA tests.
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caused by the hydroxyapatite composition of the DB
particles as numerous studies reported hydroxyapat-
ite particles induce osteogenicity [43, 44]. Many
studies have demonstrated the supportive effect of
inorganic materials, particularly hydroxyapatite, to
support osteogenic differentiation capacity. Meesuk
et al conducted an in vitro study using 3D-printed
hydroxyapatite-based scaffolds seeded with MSCs,
which showed significantly higher ALP activity and
higher expression of osteogenic markers compared
to the control group [45]. Moreover, ALP activity of
+O0S induced cells was higher almost three folds in
each time point for all groups than for —OS groups.
The natural biomineralization capacity of the DB
particles and +OS induction significantly suppor-
ted the osteogenic differentiation capacity of cells, a
key hypothesis of our study. In accordance with our
study, Gao et al demonstrated osteogenesis suppor-
ted by pig DB particles in GeIMA casted hydrogels,
and also new tissue formation was observed in vivo
[46]. Thus, it could be concluded that DB particles
support osteogenesis and GEL/DB bioink formula-
tion has the potential for bone tissue engineering
applications.

The cell morphology and cell attachment inside
the 3D-bioprinted constructs were evaluated in detail
by confocal microscopy. DAPI and F-Actin stain-
ings were used for cell nuclei (blue) and cytoskel-
eton (green), respectively (figure 8). In addition,
DB particles inside the structures were visible (as
a red/pink color) due to the autofluorescence of
fibrous collagen in DB particles. The images indicate
that cells grow and proliferate inside 3D-bioprinted

constructs on day 28 (figure 8). Cells attached and
elongated inside both GEL and GEL/DB constructs
and a tendency of cell coverage was visible in all
groups (SI. figures 4-7). Notably, a larger cell net-
work and a good interaction with DB particles was
observed in 10% DB incorporated GEL constructs.
This cell adhesion demonstrated that cells inter-
acted ideally with homogeneously distributed DB
particles in the GEL/DB groups. In our previous
study, we demonstrated that cells interacted with rab-
bit DB particles in freeze-dried GEL/DB scaffolds.
The cells surrounded and attached to the rabbit DB
particles and migrated toward the pores [21]. Here
we also showed cell growth and attachment inside
3D-bioprinted constructs interacting with both rab-
bit (figure 5(D)) and bovine DB particles (figure 8).
With the confirmation of the cell proliferation results,
it can be concluded that the RGD sequence of the GEL
matrix and the bone tissue-derived collagen fibers in
DB particles induce cell attachment and proliferation.
Confocal microscopy results revealed that both GEL
and DB-incorporated GEL composite bioinks sup-
port cell-material interaction and allow cell growth
inside the 3D bioprinted construct (SI figure 8).
Furthermore, the biomaterials used in this study can
all be found in clinical grade and in individual clinical
use: both bioink compositions are composed of GEL
already available as FDA approved composition [47],
DB particles have already been proved for removal
of the DNA content while maintaining collagen and
GAGs composition [21]; mTG used as a crosslinker is
also a FDA approved material [48]. Thus, our bioink
formulation has potentially easier translatability than
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autofluorescence. Scale bars: 100 pm.

Figure 8. Confocal microscopy images of hTERT-MSCs growing inside the 3D bioprinted GEL and GEL/DB constructs at day 28
of culture. DAPI: nucleus (blue), F-Actin 488: cytoskeleton (green). DB particles are visible as red/pink areas due to their

GEL/5DB (100 pm)

complex hydrogel systems which involve substantial
modifications or components which are not available
as clinical grade materials. In addition, when consid-
ering a patient with a fracture in clinical situation,
the fractured bone (which is usually discarded in clin-
ical surgery) can be prepared as particles and mixed
with GEL, also including patient-derived cells. Then
the bioink could be printed into defect-specific con-
structs for bone regeneration. This approach can also
be used in reconstructive surgery.

4, Conclusions
In this study, we demonstrated a minimalistic

bioink formulation composed of GEL, DB particles
and MC3T3-El pre-osteoblasts or hTERT-MSCs,

respectively. The main approach of our study is to
utilize the natural ECM composition of bone tissue
and to determine the ideal concentration of particles
for better cellular response. The DB particles used
in this study contain not only collagen fibers but
also hydroxyapatite whereas existing studies used
both decellularization and demineralization pro-
cesses, which resulted in depletion of the biom-
ineralization properties of bone. In addition, we
present minimalist GEL-based bioink formulations
with mTG crosslinking (an already FDA-approved
material), which allows for straightforward prepar-
ation compared to complex hydrogel systems using
many modifications or chemical components that
may show cytotoxicity and are not available in clinical
grade.
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The incorporation of rabbit and bovine DB
particles in different sizes and concentrations into
the GEL matrix was assessed in terms of the bio-
logical activity of pre-osteoblasts and hTERT-MSCs.
The viscosity, shape recovery and printability prop-
erties of the inks were evaluated and the effects of
different DB particle concentrations and sizes were
assessed. Moreover, the effect of the ink formulations
on the biological activity of different cell types was
investigated. The results provided a comparison of
the different bioinks composed of 1%, 5%, 10% DB
particles in terms of viscosity, printability and bio-
logical activity of the cells after 3D bioprinting. The
DB incorporated-GEL combination was suitable for
pre-osteoblasts and hTERT-MSCs bioprinting and
provided an appropriate microenvironment for cell
growth inside the bioprinted constructs. According to
the printability assessment, the smaller size (45 pm)
of DB particles allows for better 3D printing with
higher particle (10%) concentration when compared
with the 5% DB particles in 100 pm size. Reducing
the DB particle size to 45 pum increased the viscos-
ity and shape fidelity while enabling 3D printing with
higher DB particle concentration. Notably, printab-
ility was enhanced when compared the 45 ym and
100 pm DB particles in 5% concentration. Regardless
the origin of the bone particles (SI figure 1), DB
incorporated GEL bioink formulations allow cell
growth after 3D bioprinting for each concentration.
The higher cell proliferation was determined in the
GEL/10% DB particles (45 pm) group. Moreover,
DB particles supported the osteogenic differenti-
ation, notably ALP activity gradually increased in
DB incorporated groups without osteogenic induc-
tion medium which might be due to the hydroxyapat-
ite content of DB particles. Besides, the highest ALP
activity was quantified in the GEL/10% DB group
(45 pm). Therefore, we concluded that GEL/10%
incorporating DB particles in 45 p4m size is a suitable
formulation for 3D bioprinting and supports hTERT-
MSCs growth and osteogenic differentiation. 10% DB
particles as a natural ECM source and the minim-
alistic GEL formulations offer promising bioinks for
bioprinting applications for bone tissue engineering.
Furthermore, since the smaller particle size provides
better printability and allows using higher concen-
tration of particles, different pulverization techniques
could be considered to reduce particle size. Thus, a
high amount of DB particles could interact with cells
and might improve the cell growth and osteogenic
differentiation capacity. Future work could include a
comprehensive investigation focusing on in vivo stud-
ies and gene expression analysis to assess the func-
tionality of GEL/DB bioinks. These are key factors
determining the success of materials for bone tissue
regeneration, and would allow predicting the suit-
ability of different bioink formulations for clinical
applications.
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