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Abstract
The development of biomaterial inks suitable for biofabrication and mimicking the
physicochemical properties of the extracellular matrix is essential for the application of bioprinting
technology in tissue engineering (TE). The use of animal-derived proteinous materials, such as
jellyfish collagen, or fish scale (FS) gelatin (GEL), has become an important pillar in biomaterial
ink design to increase the bioactivity of hydrogels. However, besides the extraction of proteinous
structures, the use of structurally intact FS as an additive could increase biocompatibility and
bioactivity of hydrogels due to its organic (collagen) and inorganic (hydroxyapatite) contents, while
simultaneously enhancing mechanical strength in three-dimensional (3D) printing applications.
To test this hypothesis, we present here a composite biomaterial ink composed of FS and alginate
dialdehyde (ADA)-GEL for 3D bioprinting applications. We fabricate 3D cell-laden hydrogels using
mouse pre-osteoblast MC3T3-E1 cells. We evaluate the physicochemical and mechanical properties
of FS incorporated ADA-GEL biomaterial inks as well as the bioactivity and cytocompatibility of
cell-laden hydrogels. Due to the distinctive collagen orientation of the FS, the compressive strength
of the hydrogels significantly increased with increasing FS particle content. Addition of FS also
provided a tool to tune hydrogel stiffness. FS particles were homogeneously incorporated into the
hydrogels. Particle-matrix integration was confirmed via scanning electron microscopy. FS
incorporation in the ADA-GEL matrix increased the osteogenic differentiation of MC3T3-E1 cells
in comparison to pristine ADA-GEL, as FS incorporation led to increased ALP activity and
osteocalcin secretion of MC3T3-E1 cells. Due to the significantly increased stiffness and supported
osteoinductivity of the hydrogels, FS structure as a natural collagen and hydroxyapatite source
contributed to the biomaterial ink properties for bone engineering applications. Our findings
indicate that ADA-GEL/FS represents a new biomaterial ink formulation with great potential for
3D bioprinting, and FS is confirmed as a promising additive for bone TE applications.

1. Introduction

Tissue engineering (TE) and regenerative medicine
provide promising approaches to restore, replace or
regenerate tissues. Numerous techniques have been
used inTE applications to fabricate biomaterials, such
as lyophilization, electrospinning, micropatterning,

and three-dimensional (3D) printing. In recent years,
3D printing technology is being extensively investig-
ated and considered a valid alternative for develop-
ing biomimetic patterns and 3D scaffolds with high
precision [1].

3D-printed scaffolds that have been developed for
TE approaches enable the delivery of cells or growth
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factors to the damaged tissue or organ, as well as
allowing mechanical support during the regenera-
tion period [2]. Additive manufacturing (AM) tech-
nologies have been used to generate bio-engineered
3D structures to mimic the biological and func-
tional complexity of the native tissues [3]. In biofab-
rication approaches, it is possible to create a 3D
biological material by a computer-aided design and
manufacturing process for patterning and assembling
living materials with a prescribed 3D organization
[4]. The printable material, called ‘bioink’ combines
the biomaterial ink and cells or cell-based bioact-
ive components which are essential for the regen-
eration of tissues. From a biological point of view,
high water content hydrogels are attractive candid-
ates for the incorporation of cells and bioactive com-
pounds due to their aqueous 3D environment and
adaptable chemistry, simulating the natural extracel-
lular matrix [5]. In this context, biological materi-
als and biopolymers provide a natural resource which
can mimic the biochemical and proteinous proper-
ties of native tissues. Alginate, gelatin (GEL), colla-
gen, chitosan, fibrin, etc, have been used in many
TE applications [6–10]. In particular, alginate and
GEL-based hydrogels are being extensively investig-
ated in bioprinting applications due to their favor-
able printability and biocompatibility features [11,
12]. Besides the favorable properties of alginate for
the printing process, such as biocompatibility and
easy of crosslinking using divalent cations, it needs
to be modified or combined with other materials
due to a lack of cell adhesion motifs on the poly-
mer backbone. Alginate dialdehyde (ADA), or oxid-
ized alginate, is a derivative of alginate which can
be synthesized via controlled chemical oxidation of
sodium alginate using various oxidizing agents [13],
and it provides functionality for further crosslink-
ing via its aldehyde groups [14, 15]. Specifically, the
aldehyde groups which are created during the oxid-
ation reaction allow the alginate polymer to cross-
link with amine-containing materials, such as pro-
teins, via Schiff ’s base formation [16, 17]. GEL as a
water-soluble protein derived from collagen, contains
the Arg-Gly-Asp (RGD) peptide sequence, which is
favorable for cell attachment [18]. Combining GEL
and ADA leads to a promising hydrogel system for TE
applications, which has shown 3D printability, high
biocompatibility, and tunable degradation properties
[11, 19–21]. Furthermore, enhanced printability of
ADA-GEL has been engineered recently by heat treat-
ment of GEL and optimum conditions were demon-
strated for 3D printability [22].

For applications in bone TE, inorganic additives
are commonly used to mimic the composite struc-
ture of bone tissue and to enhance the bioactivity
of hydrogels [23–26]. As an example, hydroxyapat-
ite is commonly used as an additive due to its
biocompatibility, bioactivity and cell interaction [27].

Silica- and cellulose-based materials have been used
as a filler material to support cellular activity and
to enhance the mechanical stiffness of hydrogels
[28–30]. Moreover, 3D-printed PCL and PLA struts
were used to improve the mechanical stiffness of
hydrogel-based scaffolds [31]. However, it is still
a challenge to obtain a bioink formulation which
provides both, high shape fidelity and cell viability
in bioprinting applications. Organic and inorganic
additives therefore have been used to improve the
stiffness of the printed materials or to increase swell-
ing capacity [32, 33]. Supporting cell viability dur-
ing cell culture is in addition vital for the potential
use of such fillers in regenerative clinical applica-
tions. Here we present the use of naturally derived
fish scale (FS), which commonly is a waste product of
the food industry, and investigate its use as a favor-
able source for collagen and hydroxyapatite in 3D
bioprinting applications. As a relatively new biolo-
gical derived material for TE and regenerative medi-
cine, FS is a biocompatible and bioactivematerial and
presents several advantages for bone TE applications
[34, 35]. Similar to bone tissue, FS is composed
of type I collagen and hydroxyapatite exhibiting a
highly ordered 3D structure [36–38]. The distinctive
arrangement of collagen fibrils layer by layer forms 3D
micro-channels in different directions. Thus, mul-
tilayered microchannels provide a favorable surface
morphology for cell attachment and growth, and also
this arrangement is the major factor for mechanical
strength [39–41]. Additionally, hydroxyapatite crys-
tals, which are distributed through the aligned col-
lagen fibers, serve as a biomineral source and allow
for biomineralization of the structure [37]. Instead
of using only inorganic or organic materials sep-
arately as additives, FS provides a multilayered 3D
structure with both organic collagen fibrils and inor-
ganic hydroxyapatite crystals. Previous studies have
proven biocompatibility, bioactivity and biodegrad-
ability of FS as well as biologically safe extractable
components [42, 43]. FS has been used previously in
different TE applications such as wound healing, drug
delivery, corneal regeneration, and has been mainly
evaluated as a source for extraction of proteins for
instance collagen and GEL as well as hydroxyapatite
[34, 44–46]. However, the use of naturally derived FS
without altering its structure has not been explored
for 3D bioprinting before. Indeed, improvement of
stiffness due to collagen fiber orientation, induc-
tion of mineralization by the hydroxyapatite con-
tent, and the biochemical similarity with bone tis-
sue make FS a very attractive candidate for bone
TE applications [36, 37, 39]. Therefore, utilization
of FS in 3D bioprinting technology for bone TE is
promising to better mimic bone tissue chemistry and
mechanics. Previous studies have proven the high
biocompatibility and bioactivity as well as the suc-
cessful application of FS in bone TE [47–49]. It was
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Figure 1. Schematic illustration of ADA-GEL/FS bioink containing pre-osteoblast MC3T3-E1 cells. (A) FS particles were
homogeneously distributed into ADA-GEL matrix. Then MC3T3-E1 cells were mixed to obtain ADA-GEL/FS bioink. CaCl2 and
microbial transglutaminase (mTG) were used to crosslink the hydrogels via ionic, covalent and enzymatic crosslinking.
(B) Characteristics of FS obtained from Sparus aurata: (i) SEM image of FS surface morphology shows highly ordered
microchannels and (ii) FS particles after pulverization. (Scale bars: 100 µm). (iii) EDX analysis of FS particles show Ca, P, C, O
concentration and elemental mapping analysis of Ca and P (Scale bar: 100 µm). (iv) SEM images of MC3T3-E1 cells seeded on FS
after 21 d, indicating the cell-particle interaction. Scale bar: 50 µm. (High-magnification image can be seen in the supporting
information, figure 1(C)). (v) PicoGreen proliferation and (vi) ALP activity assay results comparing FS and tissue culture plate
(TCP) controls. All data are represented as mean± SD. ∗p< 0.05, ∗∗p< 0.01, ∗∗∗p< 0.001, ∗∗∗∗p< 0.0001 indicate
statistically significant differences. (C) Synthesis of ADA and preparation of the ADA-GEL hydrogel precursor. ALG oxidation
with sodium meta periodate (NaIO4) results in the cleavage of C–C bonds and the formation of aldehyde groups at the oxidized
vicinal diols. Heat treatment of GEL to enhance printability, as described previously [22]. ADA and heat-treated GEL are mixed to
induce reversible covalent imine bonds between GEL and ADA (Schiff base formation) [15].

reported that the mechanical strength as well as the
biomineralization and osteogenic activity improved
when FS particles were included in the structure
[48, 50]. Boonyagul et al used GEL extracted from
FS then blended with alginate to obtain biomaterial
ink and evaluated its printability and physical proper-
ties as well as the viability of keratinocytes [51]. Dif-
ferent from the study of Boonyagul et al, we explore
here the use of FS as a particle additive into ADA-
GEL hydrogel. By this approach, we utilize both the
collagen and hydroxyapatite composition of FS and
carry out a comprehensive evaluation of the physi-
cochemical properties, bioactivity, bioprinting cap-
ability and osteoinductive effects of the new bioink.
Furthermore, in the literature, FS particles have not
been combined with degradable and highly 3D print-
able ADA-GEL. Such approach could be an alternat-
ive way to enhance the bioactivity and osteoinductive
properties of ADA-GEL for bone TE. The advantages
of FS particles combined with biocompatible, highly
printable ADA-GEL hydrogels [52] should provide
better bioink formulations for 3D biofabrication,
which has not been explored previously. Therefore,
we present and characterize ADA-GEL/FS composite
bioinks utilizing mouse pre-osteoblast cells (MC3T3-
E1) for the 3D bioprinting study.

Thus, the study presented here (figure 1) focuses
on the development of a new bioink composed of
FS microparticles, ADA-GEL and MC3T3-E1 cells
for bone TE applications (figure 1(A)). FS micro-
particles, which are natural sources for collagen and
hydroxyapatite (figure 1(B)), were used as biocom-
patible additive and ADA-GEL was used as hydro-
gelmatrix (figure 1(C)). PreparedADA-GEL/FS com-
posite bioink was bioprinted with MC3T3-E1 cells by
using a 3D bioprinter. The potential application of
the ADA-GEL/FS hydrogels for bone TE was evalu-
ated by systematical investigation of their morpho-
logical, physicochemical, mechanical and biological
properties.

2. Materials andmethods

2.1. Materials
Sodium alginate from brown algae (VIVA Pharm,
PH176) was purchased from JRS PHARMA GmbH
& Co. KG (Germany). Dialysis tubing membranes
(MWCO: 6–8 kDa) were from Repligen (Waltham,
USA). GEL (gel strength 300, Type A) from por-
cine skin was obtained from Sigma Aldrich, Ger-
many. Fishes (Sparus aurata) were obtained from
a commercial dealer in İzmir, Turkey. All other
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chemicals used in material synthesis were pur-
chased from Sigma-Aldrich (Germany). Micro-
bial transglutaminase (mTG) (Ajinomoto Co., Inc.,
ACTIVA WM, 85 − 135 U g−1) and CaCl2 (Sigma-
Aldrich, Germany) were used for crosslinking pro-
cess. MC3T3-E1 pre-osteoblasts (Sigma Aldrich,
Germany) were used for cell culture study. Alpha
modified minimum essential medium (α-MEM,
Gibco, Life Technologies TM, Germany) were used
as culture medium and all supplements L-glutamine,
Fetal Bovine Serum (FBS), penicillin-streptomycin
were purchased from Sigma Aldrich, Germany. For
cell viability and cytotoxicity determination, water-
soluble tetrazolium salt WST-8 solution (Cell Count-
ing Kit-8, Sigma Aldrich, Germany) and LDH kit
(Tox7 Toxicity kit, Sigma Aldrich) were used, respect-
ively. Cell proliferation was quantified using the
double-strand DNA (dsDNA) by Quant-iT Pico-
Green ds-DNA Assay-Kit (Invitrogen, Life Techno-
logies, Thermo Fisher, USA). Calcein acetoxymethyl
ester (CalceinAM), and propidium iodide (PI) (Invit-
rogen, Molecular probes by Life technologies, USA)
were used for Live/Dead staining assay. DAPI (4′,6-
diamidino-2-phenylindole, Invitrogen, USA) was
used for additional nuclease staining. Osteogenic dif-
ferentiation was assessed with Alkaline phosphatase
(ALP) activity (Biovision Inc. USA) and Osteocal-
cin (OC) secretion (Osteocalcin ELISA Kit, Abcam)
assays.

2.2. Preparation of FS particles
FS were harvested from Sparus aurata and washed
with distilledwater five times. Decellularization of the
FS was performed by adapting a protocol described
previously [48, 50]. Initially, FS were incubated in
a 10 mM Tris-HCl buffer and 0.1% EDTA at 4 ◦C
for 24 h. To remove the cellular component from FS,
0.1% SDS in the Tris-HCl buffer was used at 4 ◦C
for 3 d. Then, FS were rinsed with 70% ethanol for
sterilization and stored in phosphate-buffered saline
(PBS) at 4 ◦C before further application. To obtain
particles, FS were grinded by using a laboratorymixer
and filtered with a 100 µmmesh diameter membrane
filter.

2.3. Synthesis of ADA
Alginate was oxidized by controlled oxidation
using sodium meta periodate (NaIO4), as described
previously [53]. Briefly, 10 g of alginate were
dispersed in an ethanol-water mixture (100 ml,
50:50 v v−1) and oxidized in the absence of light
under continuous stirring for six hours after the addi-
tion of 9.375 mmol NaIO4. The oxidation reaction
was quenched by adding 10 ml of ethylene glycol
and by further stirring for 30 min. The mixture was
allowed to sediment for 10 min. The ethanol phase
was decanted followed by the transfer of the remain-
ing solution containing oxidized alginate (ADA) into
the dialysis tubing membrane and dialyzed against

ultrapure water (UPW, Milli-Q, Merck, Germany)
for five days with daily water exchange to remove
of excess periodate. After dialysis, the collected final
ADA solution as a product was frozen for a minimum
of 24 h at−20 ◦C and lyophilized using a freeze dryer
(Alpha LD1-2 Plus, Martin Christ GmbH, Germany).

2.4. Cell culture andmaintenance
MC3T3-E1 pre-osteoblasts (passage 10) were cul-
tured in cell culture flasks (Sarsted, Nümbrecht,
Germany) using alpha modified minimum essen-
tial medium (α-MEM) supplemented with 1%
(v v−1) L-glutamine, 10% (v v−1) FBS and 1% (v/v)
penicillin-streptomycin. The cells were cultured in
an incubator at 37 ◦C in a humidified atmosphere of
5% CO2 and 95% humidity. For bioink composition,
a cell pellet was obtained; first, cells were washed
with PBS and detached from the cell culture flask
using 0.25% Trypsin-EDTA, then cell number was
determinedwith theNeubauer chambers.MC3T3-E1
(5× 106 cellsml−1) cell pellets were prepared by cent-
rifugation and gently mixed with the ADA-GEL/FS
ink materials. 3D-bioprinted hydrogels were cultured
in the same culture medium and the medium was
refreshed twice a week during the cell culture period.

2.5. Bioink formulation
GEL (15% w v−1) solution was prepared in UPW
by pre-treating at 80 ◦C for 3 h to tailor its rheolo-
gical properties for improved printability [22]. Pre-
treated GEL solution was filtered using 0.22 µm syr-
inge filters (Carl Roth, Germany) and stored at 4 ◦C
until further use. ADA (7.5% w v−1) was dissolved
in PBS (Thermo Fisher, US) and filtered using a
0.22 µm syringe filter. Equal amounts of ADA and
GEL solutions were mixed for 30 min (37 ◦C) to
reach a final hydrogel precursor of 3.75%/7.5% ADA-
GEL. FS particles were disinfected by exposing UV
light for 1 h. After disinfection, FS particles (1%,
3%, 5% and 10% w/v) were mixed with the ADA-
GELprecursor and stirred to ensure homogenous dis-
persion for 15 min at 180 rpm, followed by ultra-
sonication for 10 min. Cell pellets of MC3T3-E1
(5 × 106 cells ml−1) were added to the ADA-GEL/FS
hydrogel precursor and dispersed by gentle stirring
prior to 3D-bioprinting. Final ADA-GEL/FS hydro-
gel precursors containing 1%, 3%, 5%, 10% FS, and
cells, were prepared, and ADA-GEL with cells served
as a control.

2.6. Bioprinting
3D cylindrical hydrogels were bioprinted in a sterile
environment using a 3D extrusion bioprinter Bios-
caffolder 3.1 (GeSiM, GmbH Germany). To stabilize
the viscosity, the temperature of the cartridge holder
was set as 30 ◦C. The ADA-GEL/FS hydrogel pre-
cursor was transferred into the cartridge, inserted in
the holder, then extruded through the 400µmnozzles
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with a tip velocity of 10 mm s−1 and extrusion pres-
sure 100–190 kPa. All samples were fabricated by ten
layers with diameter of 10 mm and the layer height
was set to 0.4 mm. The bioprinted ADA-GEL/FS
hydrogel samples were crosslinked by immersing
them in the crosslinking solution (10%w v−1 mTG in
0.1MCaCl2) for 15min at room temperature (22 ◦C,
RT). After crosslinking, cells were covered in main-
tenance cell culture medium and the well plate was
placed in the incubator to return the cells to physiolo-
gical environment (37 ◦C, 5% CO2).

2.7. Rheological tests
The rheological properties of the ADA-GEL and
FS incorporated ADA-GEL biomaterial inks were
determined using a rheometer equipped with a plate-
plate geometry with a diameter of 60 mm (Rheotest
RN 4, Medingen, Germany). Shear sweep tests were
carried out by constantly increasing the shear rate
from 0 to 300 s−1 (increment of 0.1 s−1 per second)
with a gap distance of 0.5 mm at 25 ◦C. To assess
the structural recovery of the hydrogel, thixotropy
tests were applied. The thixotropy test consisted of
a 30 s transient phase, a 30 s loading phase, and a
120 s recovery phase. The precursor was subjected to
deformation of 0.001 at 10 rad s−1 during the tran-
sient and recovery phases. All tests were carried out
at 25 ◦C with five repeated samples and a gap size of
0.5 mm.

2.8. Printability assessment
The printability of the ADA-GEL/FS inks was determ-
ined by considering the printing accuracy using light
microscopy (Stemi 508, Carl Zeiss, Germany). The
images were processed using Image J software. Print-
ability factor (Pr) in accordance with the pore circu-
larity (C), pore perimeter (P), and pore area (A) was
calculated using the following equation [54]:

Pr=
π

4
x
1

C
=

P2

16A
. (1)

The uniformity of the printed scaffolds was
determined using the uniformity factor U described
by Soltan et al, which was the measured horizontal
length of a printed hydrogel strut (L) divided by
the theoretical horizontal length of a parallel printed
struts (Lt) [52];

U=
L

Lt
. (2)

2.9. Scanning electronmicroscopy (SEM)
To evaluate the surface morphology, pore structure
and particle-polymer interactions, 3D-printed scaf-
folds were observed by SEM. Freeze-dried samples
were coatedwith a gold layer under argon gas by using
Emitech K550X before analysis, and SEM images
were recorded with a scanning electron microscope
(Quanta FEG, FEI, Thermo Fisher Scientific).

2.10. Chemical characterization
Attenuated total reflectance Fourier transform
infrared spectroscopy (ATR-FTIR) was carried out
with lyophilized hydrogel samples to evaluate the
chemical composition of the ADA-GEL/FS scaffolds.
Analysis was performed at a wavenumber range of
4000–400 cm−1 with a resolution of 4 cm−1 using a
IRAffinity-1S FTIR unit (Shimadzu, Europa GmbH).

2.11. Swelling/degradation kinetics
The swelling/degradation properties of the hydrogels
were evaluated by weight changes during 35 d of
incubation. The samples were incubated in cell cul-
ture medium at 37 ◦C with 5% CO2 and 95% rel-
ative humidity, and the medium was refreshed every
48 h. The samples (n = 6) were immersed into the
medium and weighed after carefully removing the
excess medium at each time point. The initial mass
of the samples before immersion in medium (mi)
and the current weight at each time point (mc) was
recorded. Swelling and degradationwere calculated in
weight % by the following equation:

swelling(wt%) or degradation(wt%)

=

(
mc −mi

mi

)
x 100. (3)

2.12. Mechanical characterization
Themechanical properties of the hydrogels were eval-
uated by uniaxial compression test using a universal
testing system (Instron 3300 Floor Model, Instron®
GmbH, Germany) equipped with a 100 N load cell
in accordance with previously described methods
[55]. The tests were performed at 1 mm min−1

crosshead speed until 15% strain at room temper-
ature (22 ◦C) using cylindrical hydrogel specimens
(n = 6, diameter = 7.5 mm, height = 3 mm). The
initial elastic moduli of the hydrogels were determ-
ined for all groups as the slope in the linear-elastic
deformation region from compressive stress–strain
data between 5% and 10% deformation. Stress-
relaxation time of the samples was defined as the time
after which 50% of the initial stress dissipated in the
samples.

2.13. Bioactivity study
The bioactivity of ADA-GEL/FS hydrogels was
determined in simulated body fluid (SBF) during 28 d
of incubation. SBF solution was prepared according
to Kokubo and Takadama’s study and as stated in
ISO 23 317 (ISO 23 317:2014) [56]. 3D-printed scaf-
folds were immersed in SBF and placed in a shaking
incubator (Heidolph Unimax 1010, Heidolph Instru-
ments, Germany) at 37 ◦C and 90 rpm. The samples
(n = 4) were incubated for 28 d and the SBF solu-
tion was refreshed every 2 d. The chemical compos-
ition of the scaffolds was determined by ATR-FTIR
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(IRAffinity-1S, Shimadzu, Europa GmbH). The sur-
face of the scaffolds was observed by SEM to determ-
ine the possible formation of apatite crystals and ele-
mental analysis was performed using an EDX system
attached to SEM (Quanta FEG FEI, Thermo Fisher
Scientific).

2.14. In vitro evaluation of the bioprinted
ADA-GEL/FS hydrogels
2.14.1. Cell viability
Cell viability was determined by water-soluble tet-
razolium salt (WST-8) assay based on the conver-
sion of water-soluble tetrazolium salt through cellular
metabolism into the insoluble formazan. Bioprinted
cell-laden hydrogels (n = 6) were cultured for 14 d
and incubated withWST-8 solution for 3 h on days 1,
3, 7, and 14, followed by absorbance at 450 nm which
was recorded using a plate reader (PHOmo, Anthos
Mikrosysteme GmbH, Friesoythe, Germany).

2.14.2. Live/dead staining
The cellular viability in the 3D-bioprinted cell-laden
hydrogels was determined by a Live/Dead staining
assay. Initially, hydrogels were washed with Hank’s
balanced salt solutions (HBSS) and incubated with a
staining solution containing 4 µl ml−1 Calcein AM
and 5 µl ml−1 PI in HBSS for 45 min at 37 ◦C, 5%
CO2 in a humidified atmosphere. Cell nuclei were
stained with 1 µl ml−1 DAPI for 5 min. After incub-
ation, samples were washed with HBSS, and cell nuc-
lei (blue), live (green) and dead (red) cells in the
hydrogels were examined by fluorescence microscopy
(AxioScope A.1, Carl Zeiss, Germany). After imaging,
cells were counted using the cell counter plugin of the
ImageJ. Cell viability was determined by calculating
the ratio of the number of live cells to the total num-
ber of cells.

2.14.3. Extracellular lactate dehydrogenase (LDH)
release assay
The potential cytotoxicity was determined using the
LDH kit. Cell culture medium was collected for all
groups (n = 6) and mixed with substrate solution,
LDH cofactor solution, and dye solution into the
cuvettes. After 30 min incubation of the samples in
the dark, the absorbance at 490 and 690 nmwas recor-
ded using a UV–vis spectrophotometer.

2.14.4. PicoGreen assay
The proliferation of cells was quantified based on
the dsDNA by Quant-iT PicoGreen Assay-Kit. 3D-
bioprinted ADA-GEL/FS hydrogels (n = 6) were
incubated for a 28 d of culture period. The samples
were washed with PicoGreen assay buffer then mixed
with a working solution and incubated for 5 min at
room temperature in the dark. The relative fluores-
cence was recorded using a CFX connect spectro-
fluorometer (Bio-Rad, Germany).

2.14.5. ALP activity
Bioprinted ADA-GEL/FS cell-laden hydrogels
were cultured in osteogenic (OS+) differentiation
medium (α-MEM, 10% FCS, 1%penicilin/strep-
tomycin, 50 µg ml−1 ascorbic acid, 10 µl ml−1

β-glycerophosphate, 100 nM dexamethasone) and
non-osteogenic (OS-) medium (α-MEM, 10% FCS,
1%penicilin/streptomycin, 1 µl ml−1 L-glutamine)
for 28 d. ALP activity was quantified on days 7, 14,
21, and 28 by colorimetric assay according to the
manufacturer’s protocol (Biovision Inc. USA). The
absorbance at 405 nm was recorded by a plate reader
(Varioskan Flash, Thermo Fisher Scientific).

2.14.6. OC secretion
The bioprinted cell-laden hydrogels were cultured
in +OS and −OS media and the OC secretion
was determined after 14, 21, and 28 d. Cell cul-
ture supernatants were collected for each time point
and prepared according to the manufacturer instruc-
tions (Osteocalcin ELISA Kit, Abcam). Optical dens-
ity at 450 nm was recorded (Varioskan Flash, Ther-
moFisher Scientific) and OC concentrations were
determined by interpolating from the standard curve.

2.15. Statistical analysis
All data are expressed as mean ± standard deviation
(SD). Each experiment was carried out with at least
n = 6 individual samples if not otherwise noted.
The differences between groups in biochemical and
biomechanical tests were analyzed using a one-way
analysis of variance (ANOVA) with Tukey’s multiple
comparison test. All p-values less than 0.05 were con-
sidered to be significant (p< 0.05).

3. Results & discussion

3.1. 3D-printed ADA-GEL/FS hydrogels
3D bioprinted ADA-GEL/FS hydrogels containing
1%, 3%, 5%, and 10% (wt %) FS particles were
fabricated easily in a circular shape with ten lay-
ers. Figures 2(A)–(C) revealed optimization of the
filament formation, printed ADA-GEL/FS structure,
and printed hydrogel structures after crosslinking by
using CaCL2 and mTG, respectively. Light micro-
scopy images of the printed structures demonstrate
that all groups have shape fidelity and square-
shaped macropores between the strands. The pure
ADA-GEL hydrogels were optically transparent how-
ever the opacity of the composite hydrogels was
increased depending on the FS particle concentra-
tion (figure 2(C)). Printability of the ADA-GEL/FS
was assessed in terms of Pr factor, U factor, pore
size, and strand diameter. In all groups, 3D prin-
ted hydrogels exhibited a square pore shape and
Pr values were approximately one, indicating an
ideal printability feature [54] (figure 2(D)). The
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Figure 2. Fabricated 3D-printed ADA-GEL, ADA-GEL/1% FS, ADA-GEL/3% FS, ADA-GEL/5% FS, and ADA-GEL/10% FS
composite scaffolds. (A) Optimization of filament formation for ADA-GEL/10% FS, with representative images of under-,
optimal-, and over-gelation, as well as structural schematics of 3D-printed scaffolds. (B) Representative images of ADA-GEL/10%
FS scaffold during the printing process (supporting information video 1). Scale bar: 10 mm (C) Light microscopy images of the
3D-printed ADA-GEL/FS scaffolds in top and side view after crosslinking. Scale bars: 1 mm. (D)–(G) Printability assessments of
the ADA-GEL/FS scaffolds (n= 6), (D) Printability factor, (E) Uniformity factor, (F) strut diameter, and (G) pore size of the
scaffolds. ∗p< 0.05, ∗∗p< 0.01, ∗∗∗p< 0.001, and ∗∗∗∗p< 0.0001 indicate the statistically significant differences of means in
comparison to 3D-printed scaffolds by one-way ANOVA tests.

uniformity of the printed hydrogels has shown simil-
arity without any significant differences (figure 2(E)).
The strut diameter of the printed structures signific-
antly increased with an increasing particle concentra-
tion (figure 2(F)). The strut diameters of the ADA-
GEL and 1% FS containing hydrogels were similar to
650 ± 35 µm. The highest strut diameter was meas-
ured as 935 ± 32 µm in the 10% FS group with
statistical differences compared to the other groups
(figure 2(F)). Besides, pore sizes of the fabricated
scaffolds were decreased with increasing FS concen-
trations (figure 2(G)). According to all printability
assessments, all groups demonstrated uniform strut
with square pore morphology, therefore ADA-GEL,
ADA-GEL/1% FS, ADA-GEL/3% FS, ADA-GEL/5%
FS, and ADA-GEL/10% FS composite formulations
are acceptable as a new bioink composition. Regard-
ing the printability results, pre-treatment of the GEL
before mixing the ADA, and particles allowed easy
fabrication and stable shape fidelity. Kreller et al
showed the effect of pre-treatment of GEL at dif-
ferent temperatures in ADA-GEL hydrogels. It was
reported that the most favorable printability char-
acteristics with high shape fidelity was reached by
preheating GEL at 80 ◦C, which provided a hier-
archical microstructure [22]. Compared to the res-
ult of Kreller et al, similar Pr (∼1) and U factor
(1.03 ± 0.05) were found in ADA-GEL hydrogels. In
addition, incorporation of FS particles did not change
the Pr and U factor despite the increasing strand
size with decreasing pore size in the higher FS con-
centration group (ADA-GEL/10% FS). Moreover, it
was estimated that the addition of FS did not affect
the printability likely due to the elastic collagen fiber

content of the particles [36]. With the enhancement
of the printability by preheating the GEL and by the
elasticity of FS, it was easy to fabricate hydrogel scaf-
folds by using a 3D printer.

Rheological tests of the ADA-GEL and ADA-
GEL/FS hydrogel precursors were performed to
investigate the effect of FS particle addition on ADA-
GEL viscosity and shear thinning behavior. The shear
sweep test results indicated that viscosity decreased
while the shear rate increased (supporting inform-
ation, figure 4). The viscosity curves revealed that
complex viscosity increased with the addition of FS
(supporting information, figure 4). The viscosity at
rest was obtained from the average of the first meas-
urement point (at a shear rate of 1 s−1) and indic-
ated that viscosity increased with an increasing FS
amount in the ADA-GEL precursors. Viscosity at
1 s−1 shear rate was measured as ∼66, and ∼77 Pa s
for ADA-GEL and ADA-GEL/1% FS hydrogel pre-
cursors, respectively. With increasing FS content the
viscosity increased with a statistically significant dif-
ference, e.g. when comparing 3% FS (∼95 Pa s), 5%
FS (∼165 Pa s) and 10% FS (∼232 Pa s) groups. All
prepared materials exhibited a shear-thinning beha-
vior which indicates that all materials have extrusion-
printing capacity. Thixotropy test showed structural
recovery of the materials and all hydrogel precurs-
ors showed self-recovery properties. The thixotropic
behavior of ADA-GEL and 1% FS containing groups
was similar, however higher FS content groups exhib-
ited increased recovery behavior, notably 10% FS
containing ADA-GEL hydrogel precursors exhibited
the highest recovery behavior (supporting informa-
tion, figure 4).
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Figure 3. 3D-printed FS reinforced ADA-GEL scaffolds. (A) SEM images of the ADA-GEL/1% FS and ADA-GEL/10% FS scaffolds
show the surface morphology of the scaffolds on the top view. The bottom images display FS particles (indicated with red arrows)
incorporated into the ADAGEL matrix. Scale bars: 250 µm (1st top), 100 µm (2nd bottom). (B) FS particles and ADA-GEL
interactions (white arrow) show good incorporation of FS into the polymer matrix (red asterisk). In the bottom images, red
arrows indicate the fibrillar structures of FS. Scale bars: 20 µm, 10 µm (top right and left), 100 µm, 50 µm (bottom right and left).

To evaluate the morphology of the scaffolds
and the particle-polymer interaction in the prin-
ted structures, SEM was carried out. Micrographs
showed that the incorporation of FS particles in

the ADA-GEL matrix increased the roughness of
the surface (figure 3(A)). The surface morphology
of the scaffolds was changed by increasing particle
concentration and incorporation into the ADA-GEL
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Figure 4.Mechanical properties of 3D-printed ADA-GEL, ADA-GEL/1% FS, ADA-GEL/3% FS, ADA-GEL/5% FS, and
ADA-GEL/10% FS composite hydrogels. (A) Light microscopy images of the hydrogels with an increasing particle content
prepared for mechanical test (scale bars: 1 mm). (B) Compressive stress over time. (C) Stress relaxation time is defined as the time
after which 50% of the initial stress (upon 15% initial displacement) dissipated, and (D) Young’s modulus of the ADA-GEL/FS
hydrogels. All data are represented as mean± SD. The measurements were performed using six sample replicates (n= 6).
∗p< 0.05, ∗∗p< 0.01, ∗∗∗p< 0.001 indicate statistical differences of means in comparison to pristine ADA-GEL and FS
incorporated ADA-GEL hydrogels by one-way ANOVA test.

structure (supporting information figure 2). The col-
lagen content of FS particles as well as their fibrillary
structure could affect the surfacemorphology leading
to increased surface roughness. FS particles are easily
seen on the composite scaffolds by SEM images with
their distinctive morphology (figure 3(A) (bottom)).
For the detailed investigation of the particle-polymer
interaction cross-sectional areas were observed by
SEM. Images showed that particles well integrated
within the ADA-GEL matrix and FS particles were
seen as embedded in the structures figure 3(B)). The
areas where particles interact with ADA-GEL and the
fibrous structure of the particles in the structure are
demonstrated in figure 3(B). The identical chem-
ical composition of GEL and collagen allows good
interaction between ADA-GEL and FS particles with
proper interface interaction.

3.2. FS particles addition improves the mechanical
properties
The mechanical properties of FS incorporated ADA-
GEL hydrogels were investigated by stress-relaxation
tests. Light microscopy images of the hydrogels pre-
pared for mechanical tests are shown in figure 4(A).
Test results showed that ADA-GELhas the lowest stiff-
ness and Young̀smodulus as well as relaxes the fastest.
FS incorporation into ADA-GEL matrix significantly
enhanced the stiffness providing a composite struc-
ture, as confirmed by SEM images (figure 4(B)). A
higher compressive stress was found in the 10% FS
incorporated group compared to the other groups.
Figure 4(C) showed the stress relaxation time defined
as the time after which 50% of the initial stress dissip-
ated in the samples [55]. The stress–relaxation of the
hydrogels was improved significantly with increas-
ing particle concentration. The Young’s modulus of
the hydrogels was quantified by fitting a slope in

the linear elastic deformation region from stress–
strain data between 5% and 10% deformation. It was
measured that the Young’s modulus of the hydro-
gels increased according to the particle concentration,
the higher modulus was recorded as 96 ± 8 kPa in
ADA-GEL/10% hydrogels and there is a statistical dif-
ference compared to the other groups (figure 4(D)).
Incorporation of FS particles into the ADA-GELmat-
rix significantly increased the Young’s modulus of the
ADA-GEL. Collagen fiber composition and orienta-
tion of FS could lead to this improvement. Ikoma
et al demonstrated collagen fiber orientation in the FS
microstructure affecting the mechanical strength of
the FS particles [36]. It was found that the high tensile
strength of the FS can be attributed to the highly
ordered collagen fibers in association with long, nar-
row apatite crystals that are aligned along the crys-
tallographic plane parallel to the collagen fibers [36,
37]. The alignment of apatite crystals in ordered colla-
gen biomatrices not only serves as an inorganic binder
to strengthen the tissue but also provides functional
advantages based on mechanical anisotropy. Due to
these collagen fibers and apatite crystals arrangement,
FS particles show also flexibility [36, 37], therefore
FS particles have great advantages as a reinforcement
material in polymer matrices. In addition, ADA-GEL
represents an ideal polymer matrix to incorporate
FS, therefore, the proper particle-polymer integration
provides load transfer between the twomaterials, and
the mechanical strength of the hydrogels could be
increased and tuned by using FS particles.

3.3. Tunable swelling properties with the addition
of FS
Physicochemical properties of FS incorporated ADA-
GEL scaffolds were evaluated by FTIR analysis, swell-
ing and degradation studies. FTIR absorbance spectra
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Figure 5. Physicochemical properties of 3D-printed ADA-GEL, ADA-GEL/1% FS, ADA-GEL/3% FS, ADA-GEL/5% FS, and
ADA-GEL/10% FS composite scaffolds. (A) FTIR spectrum of FS particles, ADA-GEL and FS incorporated ADA-GEL scaffolds
(n= 4). (B) Swelling/degradation behavior of the scaffolds during 35 d incubation period in cell culture medium. Measurements
were performed using six replicates of samples (n= 6) and data represented as mean± SD.

of FS particles, ADA-GEL and FS incorporated ADA-
GEL scaffolds displayed the formation of absorb-
ance peaks in figure 5(A). The main characteristic
absorption bands of collagen including C=O peptide
group of amide I, N–H bending vibration and C–N
stretching vibration of amide II and C–C stretching
vibrations of amide III, were observed at 1632 cm−1,
1546 cm−1 and 1400 cm−1, respectively. P–O bend-
ing bands around 604 and 570 cm−1 are assigned
to the apatite crystals [36]. The main characteristic
peaks from both collagen and apatite increased for
FS incorporated ADA-GEL scaffolds with increas-
ing particle concentration. Moreover, the main char-
acteristic peaks of ADA-GEL were detected in all
scaffold groups. Amide I (1630 cm−1), amide II
(1540 cm−1) bands of polypeptides andproteins from
GEL and amide III (1440 cm−1) bands of carboxylate
salt groups from ADA were detected in broadened
peaks in the ADA-GEL/FS scaffold groups [57].

The swelling and degradation behavior of the
ADA-GEL/FS scaffolds was evaluated by measuring
the weight gain/loss during 35 d of incubation in
cell culture medium (figure 5(B)). All printed scaf-
folds were swollen for three days, and the addition
of FS particles increased the swelling properties of
the structures. ADA-GEL showed the lowest swell-
ing behavior compared to FS incorporated groups.
Swelling of the ADA-GEL samples was detected for
up to 150% for three days, similar to the previous
study [14]. The swelling capacity was increased with
the addition of FS particles. The highest swelling
was measured in the 10% FS group, with a 350%
weight gain, which could be due to the highly hydro-
philic collagen fibers in the FS particles [58]. Feng
et al obtained collagen powder extracted from FS and
demonstrated swelling capacity of hydrogels com-
posed of ADA and aminated FS collagen for wound
healing applications [59], obtaining similar results
(over 400%)[59]. After seven days of incubation,
mass loss was observed in all groups. The ADA-GEL
and 1% FS groups showed a similar degradation

behavior, and weight lost was detected after 35 d.
ADA-GEL containing 3%, 5% and 10% FS compos-
ite scaffolds remained in a swollen state and were
stable over 35 dwithout a significant weight loss. Not-
ably, for 5% and 10% FS groups a swelling of 300%
was observed. ADA-GEL/FS scaffolds remained stable
throughout the 35 d incubation period. This stability
might be due to the crosslinking of the ADA-GEL/FS
after printing. Ionically and covalently crosslink-
ing with CaCl2 and mTG allows the 3D-bioprinted
scaffolds to remain stable for the 35 d incubation
period.

3.4. ADA-GEL/FS composition increases
bioactivity
The bioactivity of the ADA-GEL/FS scaffolds was
assessed by SEM, EDX, and FTIR analysis. Figure 6(A)
depicts the apatite formation on the surface of the
ADA-GEL/10% FS scaffold after 28 d of incubation
in SBF. EDX analysis confirms the Ca-P layer form-
ation on the surface of the scaffold showing the cal-
cium (Ca), oxygen (O), and phosphorus (P) ele-
ments on the surface of the formed layer (figure 6(B)).
FTIR absorbance spectra of ADA-GEL and ADA-
GEL/FS scaffolds showed absorbance peaks at 1013,
600, and 555 cm−1 after 28 d of incubation in SBF
(figure 6(C)). The increasing intensity of the 1010,
550, and 600 cm−1 peaks is indicative of carbon-
ate and phosphate formation on the surface of the
composite scaffolds. Combining the SEM, EDX and
FTIR results, it can be confirmed that ADA-GEL/FS
hydrogels are bioactive, and bioactivity increased the
Ca-P formation with the addition of FS particles.
FS particles have biomineralization properties due to
the hydroxyapatite content [37]. Therefore, the use
of the whole FS structure without extraction of any
component supports the bioactivity of the hydro-
gels. Unlike studies that use collagen or GEL extrac-
ted from FS separately, we evaluated and demon-
strated the bioactivity characteristics of ADA-GEL/FS
samples [51].
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Figure 6. Bioactivity study of ADA-GEL/FS composite scaffolds. (A) SEM images of 3D printed ADA-GEL/10% FS scaffolds
before (left) and after (right) incubation in SBF for 28 d. Scale bars: 10 µm. (B) EDX spectrum of ADA-GEL/10% FS scaffolds
incubated for 28 d in SBF, indicating the formation of calcium, phosphorus and oxygen on the scaffold layer. Scale bar: 25 µm.
(C) FTIR analysis of ADA-GEL, 1%, 3%, 5%, and 10% FS scaffolds after 0 and 28 d of incubation in SBF.

3.5. ADA-GEL/FS hydrogels allow cell proliferation
with high cell viability
In vitro cell culture studies were performed to
investigate the viability, morphology, proliferation,
and bioactivity of the MC3T3-E1 pre-osteoblasts in
biofabricatedADA-GEL/FS composite hydrogels. The
viability of the cells was assessed by Live/Dead stain-
ing assay and staining results demonstrated that cells
survived and maintained their viability in FS incor-
porated bioink compositions after 14 d (figure 7(A)).
Live cells (green) spread and covered the surface
of the hydrogels, and a few dead cells (red) were
observed during the cell culture period even in the
late stages of cultivation. In addition, cell viability
was determined over 90% (figure 7(B)) which indic-
ates that the bioink composition is biocompatible and
ideally appropriate for cell growth. According to the
cell culture assays, MC3T3-E1 preosteoblasts main-
tained viability without any cytotoxic effect for 14 d
of culture (figures 7(C) and (D)). Extracellular LDH
assay results confirmed that the 3D bioprinted hydro-
gels are not toxic (figure 7(C)). Also, cell viability
assay results showed an increasing trend during the
cell culture period and higher viability was found in
10% FS incorporated ADA-GEL hydrogels with stat-
istical differences when compared to the other group
(figure 7(D)). The composition of FS provides favor-
able characteristics for bone TE due to its collagen
and hydroxyapatite content. Biocompatible features
of ADA-GEL and the favorable RGD sequence of GEL
promote cell proliferation, and furthermore, the 3D
distinctive microchannel structure of FS allows cells
to grow and migrate inside the structure [40, 50].
Additionally, it was observed that FS is non-toxic
and human osteoblast cells attached, proliferated, and
spread on the surface of FS while maintaining their
viability (figure 1(B), Supporting information figure

1(C)). With a similar biochemical composition to
bone, FS incorporated hydrogels thus showed cyto-
compatibility and supported cell growth.

The 3D-bioprinted hydrogels were observed dur-
ing the cell culture period by light microscopy
(figure 8(A)). MC3T3-E1 preosteoblast cells were
observed inside the composite hydrogels. Moreover,
FS particles are seen as rod-shaped structures. After
14 d of culture, cells were observed around the pore
structures, especially at higher FS concentrations of
ADA-GEL/FS hydrogels. Figure 8(B) depicted that
cells attached and proliferated around the pores of
the scaffolds and grew until covering the pore area
for 21 d. This cell behavior indicates that cells could
migrate and grow through the surface of the hydro-
gels which proves that ADA-GEL/FS bioink com-
position is not cytotoxic. The cells moved out from
the hydrogel and started covering and growing on
the surface of the ADA-GEL/FS hydrogel matrix in
a favorable biocompatible environment. In addition,
PicoGreen proliferation assay results confirmed cell
proliferation during the 28 d of incubation period
as seen in figure 8(C). FS incorporation enhanced
cell proliferation when compared to the pure ADA-
GEL hydrogels. Notably, 3% FS, 5% FS and 10% FS
groups showed higher proliferation and statistical dif-
ferences were found in comparison to the ADA-GEL
and ADA-GEL/10% FS hydrogels. Besides, signific-
ant differences were found between day one and day
28 in all scaffold groups. The biocompatible poly-
mer combination of ADA-GEL is capable of inducing
cell proliferation as proven previously [60]. Addition-
ally, the swelling capacity of hydrogels demonstrated
in figure 5(B) could also support cell proliferation.
The increasing trend in cell viability and proliferation
might also be due to the high amino acid content of FS
as FS is mainly composed of collagen fibers [61, 62].
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Figure 7. Cytotoxicity assessment of neat ADA-GEL and FS incorporated ADA-GEL cell-laden hydrogels. (A) Live/Dead assays of
MC3T3-E1 cells inside and on the top of the bioprinted hydrogels for 14 d of incubation. (Scale bars: 100 µm). Calcein AM
(green), PI (red), and DAPI (blue) staining represent live, dead cells, and cell nuclei respectively. (B) Total cell viability is
expressed as a ratio of the viable cells to total cell numbers quantified from the fluorescence images on 14 d, (n= 5). (C) Possible
toxicity assessment by the quantification of the extracellular LDH for 14 d (n= 6). (D) Cell viability assessment of MC3T3-E1
cells into bioprinted hydrogels (n= 6), normalized to ADA-GEL on 1st day of incubation. All data is represented as mean± SD,
∗p< 0.05, ∗∗p< 0.01, ∗∗∗p< 0.001 indicate statistically significant difference of means.

Besides, it was shown previously that FS collagen pep-
tides induced cell proliferation as well as inhibited
cytotoxicity showing the therapeutic potential of FS
collagen [63].

3.6. Bioprinted ADA-GEL/FS hydrogels induce
osteogenic differentiation
Elongated and spread cells on FS particles show-
ing cell-particle interaction were observed by light
microscopy (figure 9(A)) and Live/Dead staining
(figure 9(B)).MC3T3-E1 cells were attached and pro-
liferated both inside the polymer matrix and on the
FS surface. Due to the favorablemicroenvironment of
the ADA-GEL/FS hydrogels, cells intended to adhere
to the structure and to grow inside the hydrogel mat-
rix during the cell culture period.

Differentiation of MC3T3-E1 cells inside the 3D-
bioprinted ADA-GEL/FS hydrogels was evaluated in
terms of ALP activity (figure 9(C)) and OC secre-
tion (figure 9(D)) during 28 d of culture period.
It was observed that ALP activity increased in both
+OS and −OS culture conditions, notably after 7 d
of culture period and proceeded with an increas-
ing trend for 28 d. The highest ALP activity was
measured in the 10% FS group on day 28 with

statistically significant differences compared to the
other groups (figure 9(C)). The ALP activity of cells
was quite increased with +OS induction, never-
theless, ALP activity was also detected in the -OS
groups, especially in the 5% and 10% FS contain-
ing groups, which indicate the osteogenic capacity
of FS particles. In -OS groups, the 10% FS contain-
ing group showed the highest ALP activity on days
21 and 28 with statistically differences compared to
the other groups. In +OS groups, the highest ALP
activity was found with statistical differences, espe-
cially on days 28, for all groups. The statistically sig-
nificant differences were detected compared to the
+OS and −OS groups. The addition of FS particles
improved the ALP activity of cells with and without
osteogenic induction. This increasing ALP activity
shows that osteogenic differentiation could be pro-
moted by the hydroxyapatite content of FS particles.
Distinctive collagen and hydroxyapatite orientation
of FS particles has a natural biomineralization capa-
city which supports osteogenic differentiation [37].
The results indicated that the ALP activity of cells
inside the bioprinted hydrogels was improved by
both +OS induction and by the addition of FS
particles.
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Figure 8. In vitro cytocompatibility assessment of the bioprinted hydrogels. (A) Light microscopy images of the bioprinted
hydrogels after 7 and 14 d of incubation. (Scale bars: 200 µm) (B) Light microscopy images of MC3T3 cells localized around the
pore where they grew until covering the pore area during 21 d of culture period. (Scale bars: 100 µm) (C) Cell proliferation assay
showing the total cell number in the bioprinted hydrogels. All data is represented as mean± SD. ∗p< 0.05, ∗∗p< 0.01,
∗∗∗p< 0.001 indicate statistically significant difference of means.

OC is a bone-specific protein and is known as
one of the important markers for osteogenic dif-
ferentiation to act as a regulator for bone matrix
mineralization [64]. Therefore, OC secretion was
quantified to determine the differentiation of the cells
into the hydrogels (figure 9(D)). The results indicated
that OC secretion showed an increasing trend dur-
ing the incubation period and secretionwas improved
depending on FS content in both+OS and−OS cul-
ture conditions. OC secretion of the cells in ADA-
GEL hydrogels was stable at each time point in both
-OS. However, FS incorporated ADA-GEL hydrogels
increased during the culture period in −OS, not-
ably on day 28. In +OS condition, OC secretion was
significantly higher than in -OS condition on day
21 and 28. Statistically significant differences were
found in comparison to −OS and +OS conditions.
Besides, OC secretions increased on day 14 and on
day 21 in FS containing groups with statistically sig-
nificantly differences, and the 10% FS group exhib-
ited the highest OC secretion on day 28 compared
to the other groups. This increase could be associ-
ated with the hydroxyapatite and collagen content of
FS particles demonstrated in a previous study [58].
Many studies have reported the support of osteogenic
differentiation in presence of hydroxyapatite inside
hydrogel structures [65–67]. The osteogenic differen-
tiation capacity of FS without any osteogenic induc-
tion is another advantage for bone TE applications,
e.g. FS particles provide a self-osteoinductive capa-
city to the biomaterial [37, 68]. Liu and Sun repor-
ted that the collagen extracted from FS particles has
a capacity for osteogenic differentiation of BMSCs
without any additional supplement [68]. In addition,

it was demonstrated that FS incorporated in chitosan
scaffolds induces the osteogenic differentiation of
Saos-2 cells [50]. Our results support this sugges-
tion by showing an increase in ALP and OC secretion
without +OS induction in the medium using ADA-
GEL/FS hydrogels. As hypothesis, the rich amino acid
content of the FS particles due to collagen composi-
tion might be a source of growth factors which sup-
port osteogenic differentiation [69–71]. Moreover,
our SEM data indicate the interaction between FS
particles and ADA-GEL which results in an increased
surface roughness and also enhanced stiffness of the
FS incorporated ADA-GEL. The mechanical tests
showed an increased stiffness when increasing FS
particle content. Thus, osteogenic differentiation of
the cells inside ADA-GEL/FS hydrogels might be
additionally influenced by mechano-sensing of the
cells and mechano-transduction. It was reported
previously that a mechano-transduction mechan-
ism triggers the osteogenic differentiation of human
mesenchymal stem cells and preosteoblast cells [72–
74], which is the ability of bone to sense and con-
vert external mechanical stimuli into a biochemical
response in the natural process of osteogenic dif-
ferentiation. Several in vitro studies have demon-
strated the intracellular and extracellular signaling
components and pathways involved in mechano-
transduction, such as integrins, cytoskeleton, ion
channels, mitogen-activated protein kinase (MAPK)
pathway, protein kinase A and C pathways (PKA,
PKC) [75]. The effect of scaffold stiffness on osteo-
genic differentiation of dental pulp stem cells has
been reported [76]. Increasing stiffness of the scaf-
folds (6, 16, 54, 135 kPa) influenced the cell behavior
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Figure 9.MC3T3-E1 cells and FS particle interaction inside the 3D bioprinted hydrogels and differentiation study of the
ADA-GEL/FS bioprinted hydrogels. (A) Light microscopy images showing cell-particle interaction. Red and black arrows indicate
FS and cells, respectively. (Scale bars: left to the right, 50 µm, 50 µm, 20 µm). (B) Live/dead staining images of the cells attaching
and interacting with FS particles (red arrows) inside of the bioprinted hydrogels. Calcein AM (green); live cells, PI (red); dead
cells, and DAPI (blue); cell nuclei. (Scale bars: left to the right, 50 µm, 20 µm, 20 µm). (C) ALP and (D) Osteocalcin secretion of
the MC3T3-E1 cells in the 3D-bioprinted hydrogels (n= 6) cultured in osteogenic (+OS) and non-osteogenic medium. Data is
represented as mean± SD normalized to cell number. ∗∗p< 0.01, ∗∗∗p< 0.001 and ∗∗∗∗p< 0.0001 indicate statistically
significant difference of means.

and improved both cell proliferation and osteogenic
differentiation as well as increased expression of ß-
catenin and decreased GSK-3 ß has been observed,
indicating the involvement of the osteogenic signaling
pathway [76]. Another study reported that MC3T3-
E1 cells cultured on stiffer substrates expressed higher
levels of ALP, OC, and bone sialoprotein (BSP),
as well as showing greater MAPK activity. In addi-
tion, inhibition of MAPK activity suppressed expres-
sion of OC and BSP, indicating that MC3T3-E1
cells undergo osteogenic differentiation through a
MAPK-dependent mechanism [77]. Similar to the

ALP results, OC quantification indicates that FS
addition could promote osteogenic differentiation.
Indeed the results of the present differentiation study
revealed that 3D-bioprinted ADA-GEL/FS hydro-
gels induced cell differentiation. Also, both the nat-
ural biomineralization capacity of FS particles and
+OS induction property supported the differenti-
ation of MC3T3-E1 cells inside the ADA-GEL/FS
hydrogels.

Additives used in hydrogels for 3D (bio)printing
are intended to improve the structural composition,
physicochemical properties, degradation profile, as
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well as cell-material interactions. Previous studies
have shown the effect of additives, such as nano-
clay, bioactive glass, naturally derived collagen, etc,
on hydrogels for 3D bioprinting applications. For
instance, Ahlfeld et al reported 3D printable bioink
composed of nanoclay additive, alginate and methyl-
cellulose with high shape fidelity and demonstrated
the protein releasing kinetics of the 3D bioprinted
scaffolds by addition of bovine serum albumin (BSA)
and vascular endothelial growth factor (VEGF) into
the nanoclay containing bioinks [78, 79]. Cai et al
reported nanoclay incorporated alginate-GEL hydro-
gels for potential 3D bioprinting applications and
showed the printability of the composite biomaterial
inks and increased swelling behavior by addition of
the inorganic filler [25]. In another study, Heid et al
reported the influence of the incorporation of bio-
active inorganic particles (calcium silicate) in ADA-
GEL bioinks on the stability of 3D printed scaffolds
during 28 d of incubation [60]. In the present study,
the effect of FS particles on ADA-GEL bioink char-
acteristics was evaluated in terms of printability, and
mechanical, physicochemical, cytocompatibility and
osteoinductivity properties. With the addition of FS
particles in theADA-GELmatrix, cell-ladenhydrogels
were bioprinted successfully, mechanical stiffness was
improved with the proper particle-polymer interac-
tion, bioactivity was supported due to the biominer-
alization ability of FS particles and osteogenic activity
was induced. As a result, the composite ADA-GEL/FS
bioink formulation introduced in this study has
potential for bioprinting applications and FS particles
can be considered as a favorable dual collagen and
hydroxyapatite additive for bone TE. The main focus
of the current study was to develop and character-
ize 3D-printable cytocompatible bioinks with poten-
tial for bone TE using FS particles, which has not
been demonstrated before in the same material com-
bination. While the data demonstrate the cytocom-
patibility of ADA-GEL/FS bioink with differentiation
capacity of pre-osteoblast MC3T3-E1 cells inside the
hydrogels, the potential of the materials for bone tis-
sue regeneration requires future analyses, for instance
utilizing primary human osteoblast cells and eventu-
ally by conducting in vivo studies. Future work should
include the detailed investigation of bone regen-
eration with time-dependent tissue-material inter-
action based on gene expression and histological
evaluation of ADA-GEL/FS, to assess the effect of FS-
incorporated ADA-GEL bioinks. Such future research
will be designed to further specify the important
hallmarks of ADA-GEL/FS—bone interaction, finally
evaluating the success of the here presented bioink for
in vivo bone TE using advanced models.

5. Conclusions

In this study, a bioink formulation composed of
ADA-GEL and FS particles has been introduced as

a promising candidate for bone regeneration. The
effects of FS particle addition into the ADA-GELmat-
rix were investigated in terms ofmaterial characterist-
ics, cytocompatibility, and osteogenic differentiation.
FS particles were homogeneously distributed in the
3D-bioprinted hydrogels and showed suitable inter-
action with ADA-GEL. Mechanical properties were
significantly improved, and it was found that the stiff-
ness of the hydrogels is tunablewith the incorporation
of the particles. 3D bioprinted ADA-GEL/FS compos-
ite hydrogels exhibited bioactivity as well as a favor-
able microenvironment for MC3T3-E1 cells. Besides
the nontoxicity of the bioink, FS particle incorpora-
tion increased cell proliferation and osteogenic differ-
entiation of pre-osteoblast cells. Cytocompatibility,
similar biochemical composition to bone, distinctive
collagen fiber orientation, natural biomineralization
capacity by hydroxyapatite content, and convenient
printability make ADA-GEL/FS a promising bioma-
terial for bone TE. Besides, FS is a naturally derived
waste material and can be obtained by a cost-effective
process. With the successful fabrication of ADA-
GEL/FS bioinks and their promising osteoinduction
effectiveness, the use of FS particles in 3D bioprint-
ing approaches provides biocompatible structures
with suitable stiffness for potential bone regeneration
applications.
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