Received: 21 March 2022

Revised: 14 September 2022

W) Check for updates

Accepted: 20 September 2022

DOI: 10.1002/jbm.a.37450

RESEARCH ARTICLE

Optimization of methacrylated gelatin /layered double
hydroxides nanocomposite cell-laden hydrogel bioinks
with high printability for 3D extrusion bioprinting

Emine Alarcin? | Burcin izbudak?® | Elif Yiice Erarslan® | Sherif Domingo® |
Rumeysa Tutar® | Kariman Titi> | Banu Kocaaga® | F.Seniha Guner® |

Ayca Bal-Ozturk 78

Department of Pharmaceutical Technology,
Faculty of Pharmacy, Marmara University,
Istanbul, Turkey

2Department of Stem Cell and Tissue
Engineering, Institute of Health Sciences,
Istinye University, Istanbul, Turkey

3Chemical Engineering Department, Faculty of
Engineering, Istanbul University-Cerrahpasa,
Istanbul, Turkey

“Department of Chemistry, Faculty of
Engineering, Istanbul University-Cerrahpasa,
Istanbul, Turkey

5Department of Chemistry, Faculty of Science
and Technology, Hebron University, Hebron,
West Bank, Palestine

®Department of Chemical Engineering, Istanbul
Technical University, Istanbul, Turkey

7Department of Analytical Chemistry, Faculty
of Pharmacy, Istinye University, Istanbul,
Turkey

83D Bioprinting Design&Prototyping R&D
Center, Istinye University, Istanbul, Turkey

Correspondence

Ayca Bal-Oztiirk, Department of Stem Cell and
Tissue Engineering, Institute of Health
Sciences, Istinye University, 34010 Istanbul,
Turkey.

Email: aycabal@gmail.com and aozturk@
istinye.edu.tr

Funding information

Scientific and Technological Research Council
of Turkey (TUBITAK), Grant/Award Number:
1185546

Abstract

Layered double hydroxides (LDHs) offer unique source of inspiration for design of
bone mimetic biomaterials due to their superior mechanical properties, drug delivery
capability and regulation cellular behaviors, particularly by divalent metal cations in
their structure. Three-dimensional (3D) bioprinting of LDHs holds great promise as a
novel strategy thanks to highly tunable physiochemical properties and shear-thinning
ability of LDHSs, which allow shape fidelity after deposition. Herein, we introduce a
straightforward strategy for extrusion bioprinting of cell laden nanocomposite hydro-
gel bioink of gelatin methacryloyl (GelMA) biopolymer and LDHs nanoparticles. First,
we synthesized LDHs by co-precipitation process and systematically examined the
effect of LDHs addition on printing parameters such as printing pressure, extrusion
rate, printing speed, and finally bioink printability in creating grid-like constructs. The
developed hydrogel bioinks provided precise control over extrudability, extrusion
uniformity, and structural integrity after deposition. Based on the printability and rhe-
ological analysis, the printability could be altered by controlling the concentration of
LDHs, and printability was found to be ideal with the addition of 3 wt % LDHs. The
addition of LDHs resulted in remarkably enhanced compressive strength from
652 kPa (G-LDHO) to 1168 kPa (G-LDH3). It was shown that the printed nanocom-
posite hydrogel scaffolds were able to support encapsulated osteoblast survival,
spreading, and proliferation in the absence of any osteoinductive factors taking
advantage of LDHs. In addition, cells encapsulated in G-LDH3 had a larger cell
spreading area and higher cell aspect ratio than those encapsulated in G-LDHO. Alto-
gether, the results demonstrated that the developed GelMA/LDHs nanocomposite
hydrogel bioink revealed a high potential for extrusion bioprinting with high struc-
tural fidelity to fabricate implantable 3D hydrogel constructs for repair of bone

defects.
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1 | INTRODUCTION

Bioprinting is an emerging strategy to generate 3D constructs based on
layer-by-layer deposition of cell-laden biomaterials (bioink) with tailored
architecture in accordance with computer-aided design.? This tech-
nique enables direct and precise control in the deposition of cell types,
biomaterials and growth factors to recapitulate the structural and func-
tional complexities of human tissue.>* The main strategies for bioprint-
ing include inkjet printing, extrusion printing, and laser-assisted
printing.> Among them, extrusion bioprinting holds great promise attrib-
uted to its printing modality and utilization for various bioinks and cur-
ing strategy, an also relatively low cost.®” Importantly, the bioprinting
process and cellular response are strongly depends on the features of
bioink. Hence, the selection of appropriate bioink combination for both
successful printing and biological needs is still considered as one of
major challenges in bioprinting process.®? The bioink should be print-
able and quickly cross-linkable followed by printing.> The viscosity of
the bioink should allow continuous extrusion, shape fidelity after extru-
sion, and avoid shear stress on cells during printing to overcome low cell
viability.1%1 In particular, shear-thinning materials provide an attractive
solution to decrease shear stress inside nozzle during printing and then
increase viscosity immediately after printing.> Furthermore, for a func-
tional bioink development, it is crucial to have high biocompatibility,
suitable biodegradability to provide new tissue formation and also struc-
tural and mechanical biomimetic properties to applied tissue.'®?

The use of hydrogel-based bioinks to encapsulate cells and/or bio-
active compounds is a promising strategy due to recapitulating key prop-
erties of the natural extracellular matrix and providing highly aqueous
3D environment.?**31% To date, various natural hydrogels consisting of

715 gelatin,”1? gelatin methacryloyl (GelMA)¢ silk fibroin,*”

collagen,
and alginate’®? have been extensively explored as a bioink material in
extrusion bioprinting. Among various hydrogel bioprinting materials,
GelMA biopolymer has become most widely used material owing to its
unique features such as outstanding biocompatibility and tunable char-
acteristics and mechanical properties to better mimic native ECM.2%2!
Currently, Born and coworkers developed GelMA bioink for the release
of extracellular vesicles and reduced initial burst release by increasing
the concentration of cross linker during gelation.?? Nevertheless, hydro-
gel based bioinks generally cannot meet all needs for direct bioprinting
with high fidelity of constructs because of their limited printability,®2*
insufficient rheological properties, slow gelation,?* and inadequate
mechanical strength.2>%¢ In particular, it is demonstrated that GelMA
bioinks could be printed at higher concentrations, but high concentra-
tions exhibit a challenge for the survival of encapsulating cells.2+?”
These drawbacks could be overcome by blending GelMA with other
hydrogels to form interpenetrating or semi-interpenetrating structure,
and/or incorporation of inorganic materials.?®~3° GelMA/alginate bioinks
have been comprehensively explored for their potential properties in
extrusion bioprinting.313* The printability of GelMA/alginate blends
was found to be sufficient for total polymer concentration between
11% and 15%. However, higher polymer concentration resulted in lower
number of live printed cells.3>* Wang and coworkers incorporated

alginate sulfate (a sulfated glycosaminoglycan [sGAG] mimic) to

GelMA/alginate blends for bioprinting of cartilaginous tissues where
alginate sulfate improved bioprinting fidelity, and mesenchymal stem
cell viability after printing.3* In a recent study, GelMA/methacrylated
silk fibroin bioinks were designed and the mechanical features of bioinks
remarkably improved by the presence of methacrylated silk fibroin which
is attributed to the increased polymeric chains content in the network
and the high-crosslinking density.> In addition, synthetic polymers such
as PLGA* and PCL®” were blended GelMA to provide sufficient
mechanical strength for bone tissue. Gaharwar and coworkers reported
that kappa-carrageenan and nanosilicate particles in GelMA based
bioinks could provide a great control of printability to obtain mechani-
cally compatible cellularized constructs with high cellular activity.?®

Recently, various nanocomposites hydrogels have been developed
by using nanoparticles including graphene oxide, nanosilicate, reduced
graphene oxide, and layered double hydroxides (LDHs) to enhance rhe-
ological and mechanical properties of material.>®=® Compared to these
nanoparticles, LDHs have represented a new field of interest due to
their highly tunable features and controlled constitutes, and interlayer
ion exchangeability as well as wide potential particularly in drug deliv-
ery, nanomedicine, and bioengineering.***4” LDHs are known as a class
of anionic clay with positively charged Brucite (Mg[OH],) nanosheets
less than 100 nm in diameter and exchangeable anions and water mole-
cules located in the interlayer.*®~>° LDHs are typically demonstrated by
the formula [M?*1_, M3t (OH),] [A™ T/n ® zH,0, where M2+, M3,
and A are a divalent cations (Mg?*, Fe*", or Co?*), a trivalent cations
(AP, Fe**, or Gd®) and the interlayer exchangeable anions (CI~,
CO3%~, NO3"), respectively.*”>* As distinct from other clays, LDHs can-
not swell spontaneously in water and their high surface charge and
strong interaction between adjacent sheets make their delamination dif-
ficult.*>** Recently, LDHs have been used as additive to polymer
matrix, drug delivery agent, osteogenic differentiation and antibacterial
agent. In particular, LDHs sheets could disperse homogeneously within
polymer matrix providing strong interfacial interaction in polymer net-
work and eventually lead to enhancement in physico-mechanical proper-
ties. #5253 Moreover, LDHs could form a mechanically stable network
with shear-thinning characteristics.**>® For instance, Chakraborty and
coworkers demonstrated that LDHs addition into poly (methyl methac-
rylate) (PMMA) network resulted in more thicker solution and signifi-
cantly enhanced shear thinning behavior.>® Importantly, the addition of
LDHs remarkably improved osteogenic differentiation owing to their
jonic content through generation of Mg?* as well as alkaline micro-envi-
ronment.>* The presence of Mg?* ions could allow an up regulation of
the integrin expression of osteogenic cells.>®> Furthermore, Mg?* ions
could promote ALP activity of stem cells and osteogenesis signaling
pathways.*® In recent, various research groups have investigated the
addition of LDHSs into polymeric matrix for bone healing.*®>”=>? For
instance, Fayyazbakhsh and coworkers reported that the mechanical
properties, chemical composition and microstructure of LDHs/
hydroxyapatite/gelatin constructs similar to native bone structure.
The bone regeneration was accelerated followed implantation of
these constructs to rabbit critical defect on the left radius bone.

Here, we describe a straightforward strategy for direct extrusion bio-

printing of cell-laden hydrogel based scaffolds with high shape fidelity and
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FIGURE 1 Schematic demonstrating
the fabrication procedures of cell laden
GelMA/LDHs hydrogel based
nanocomposite scaffolds by using 3D
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improved bioactivity by combining GelMA, LDHs, and alginate for bone
regeneration (Figure 1). To our knowledge, this is the first study to report
the 3D bioprinting of cell-laden LDHs. In particular, the addition of LDHs
could promote flow properties of GelMA hydrogel due to its self-healing
and shear-thinning property, which allows significantly improved printabil-
ity of structure. Moreover, LDHs could present osteogenic properties in
the absence of osteoinductive factors. On the other hand, alginate was
incorporated to the bioink composition in a small proportion to improve
viscosity of GelMA through electrostatic interaction.® We first synthe-
sized LDHs through co-precipitation method, and prepared various formu-
lations to investigate their printability performance. Then, rheological
properties, the mechanical and degradation characteristics of selected
bioinks were investigated. Afterwards, osteoblasts were seeded onto the
optimized bioinks to explore cellular adhesion. Finally, we encapsulated
osteoblasts into nanocomposite bioinks and followed by printing of struc-
ture. These cell-laden hydrogel constructs were examined for cellular via-
bility, cellular proliferation and spreading. We envision that the generation
of GeIMA/LDHs nanocomposite hydrogel bioink could present an applica-

ble approach for bioprinting of scaffolds for bone regeneration.

2 | MATERIALS AND METHODS
21 | Materials

Magnesium nitrate hexahydrate (Mg[NO3],#6H,0), sodium carbonate
(Na,CO3), gelatin from porcine skin (type-A, 300 bloom), methacrylic
anhydride (MA), aluminum nitrate nanohydrate (AI[NO3];e9H,0),
2-hydroxy-1-[4-(2-hydroxyethoxy) phenyl]-2-methyl-1- propanone
(Irgacure 2959), sodium alginate, 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT), 4/,6-Diamidino-2-Phenylindole
(DAPI) and dimethyl sulfoxide (DMSO) were purchased from Sigma-
Aldrich (St. Louis, MO, USA). Low glucose- Dulbecco's Modified Eagle
Media (L-DMEM), Fetal Bovine Serum (FBS), and Penicillin-
Streptomycin (P/S) were obtained from GIBCO. Rhodamine-Phalloidin
(AlexaFluor 594) dye, Live/Dead stain kit and PrestoBlue dye were
obtained from Invitrogen.

characterization

2.2 | Synthesis and characterization of LDHs
nanoparticles

2.2.1 | Synthesis of LDHs nanoparticles

LDHs were synthesized with previously described co-precipitation
method with an Al/(Mg + Al) molar ratio of 0.25 in an alkaline envi-
ronment at room temperature in nitrogen gas atmosphere.®? Briefly,
93.75 mmol of Mg(NO3),e6H,0 and 31.25 mmol of AIINO3)3e9H,0O
were dissolved in 250 ml of distilled water. This solution was added
dropwise into an aqueous solution of 10 g NaOH and 3.312 g Na,CO3
in 250 ml of distilled water under constant agitation and then allowed
to stir for 1 h. Subsequently, this suspension was filtered and washed
with deionized water to provide neutralization. LDHs nanoparticles pre-
pared using hydrothermal method.6?¢® Therefore, the obtained product
was suspended in distilled water, incubated hydrothermally in an auto-
clave at 100°C for 16 h and dried by lyophilization for 48 h.

222 | Characterization of LDHs nanoparticles

To ensure the synthesis of LDHs, FTIR spectrum of LDHs was
obtained at wavenumbers of 400-4000 cm™* by using a FTIR spec-
trophotometry equipped with ATR sampling accessory (Jasco FT/IR-
4600). X-ray diffraction (XRD) patterns of LDHs nanoparticles were
obtained with CuKa radiation (A-1.5418 A) at 45 mA, 40 kV and Ni-
filter (PANanalytical X'Pert Pro MPD Model XRD device). The chemi-
cal composition of the prepared LDHs nanoparticles was analyzed by
using an Agilent 7800 Quadrupole inductively coupled plasma-mass
spectrometer (ICP-MS). The Mg?"/AI®* ratio of LDHs nanoparticles
was calculated based on concentrations determined by ICP-OES.

The surface morphology of synthesis LDHs nanoparticles
was investigated using transmission electron microscopy (TEM-JEOL
1220 JEM) with 120 kV acceleration voltage at room temperature.
The mean particle diameter, polydispersity index and zeta potential of
LDHs nanoparticles were evaluated by using dynamic laser light scat-
tering (Malvern Zetasizer Nano ZS, UK). Briefly, LDHs were diluted
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appropriately with distilled water. Then, samples were analyzed in a
capillary zeta cuvette (DTS1070 cuvette, Malvern Panalytical,
Malvern, UK) at room temperature with a scattering angle of 90°. The
stability of LDHs in distilled water was evaluated after 1 or 3 months
storage at 4°C (refrigerator), 25°C and 60% relative humidity (RH),
and 37°C and 75% RH. The zeta potential and particle size were

investigated as described above to define stability.

2.3 | Synthesis and characterization of GelMA

2.3.1 | Synthesis of GelMA

GelMA was synthesized according to previous protocol.®* Briefly,
10% (w/v) type A porcine skin gelatin was dissolved in Dulbecco's
phosphate buffered saline (DPBS) by stirring at 50°C. Then, 5 ml of
MA was added dropwise and allowed to stir for 2 h at 50°C. The
reaction was stopped by fivefold dilution with DPBS at 50°C. Sub-
sequently, the obtained GelMA solution was dialyzed against
deionize water using a 12-14 kDa cutoff dialysis membrane for
7 days and GelMA solution was stored at —80°C, and then
lyophilized.

2.3.2 | Characterization of GelMA

FTIR spectrums of gelatin and GelMA were collected as described
above to determine the formation of GelMA. To obtain *H NMR spec-
trum, gelatin and synthesized GelMA was dissolved in deuterium
oxide at 40°C. *H NMR spectrum was obtained at 40°C and a reso-
nance frequency of 500 MHz by Varian UNITY INOVA NMR spec-
trometer. Methacrylation degree was calculated based on *H NMR
spectra of GelMA as the ratio between the numbers of methacrylated
groups attached to the gelatin and the total number of amine units on
the unmodified gelatin prior to reaction. To define the methacrylation
degree, we normalized the spectra based on the phenylalanine signal
(7.0-7.5 ppm) which is related to gelatin concentrations.®®

24 | 3D bioprinting of GeIMA/LDHs
nanocomposite bioinks

241 |
bioinks

Preparation of GeIMA/LDHs nanocomposite

Synthesized LDHs nanoparticles were dispersed in PBS solution
including 0.25% (w/v) photoinitiator (Irgacure 2959) at 50°C for 2 h.
GelMA (15% [w/v]) was fully dissolved in obtained dispersions con-
taining 0%, 1%, 3%, 5%, 7%, and 10% (w/v)LDHs nanoparticles.
Thereafter, 1% (w/v) alginate was added and stirred at 50°C for 1 h.
Final bioink solution was obtained by mixing overnight at room tem-
perature and before bioprinting, transferred into a 5 ml syringe (EFD

Syringe Barrel).

2.4.2 | Bioprinting

A commercial bioprinter (Axodual Bioprinter, Axolotl Biosystems) with
computer-assisted software was used to print the constructs. All the
bioprinting studies were performed by using 25G nozzle with pressure
value of 35-40 psi. Immediately after printing, bioprinted constructs
were photo cross-linked using UV light (360-480 nm) for 40s at
6.9 W cm~2 (OmniCure $2000, Excelitas Technologies, USA) to main-

tain printed constructs.

24.3 | Bioink optimization

Printability

Developed bioink was placed into a 5 ml syringe and 25G blunt needle
fixed to this syringe using a luer lock mechanism. The minimum pneu-
matic pressure to extrude the bioink through steady fiber flow was
determined as extrusion pressure. The printability of bioink with vari-
ous concentrations of LDHs nanoparticles (0, 1, 3, 5, 7, and 10 wt %
of GelMA amount in bioink composition), GelMA (15% [w/v]) and algi-
nate (1% [w/v]) were evaluated according to generating continuous,
complete and reproducible constucts, after bioprinting. Herein, print-
ing pressure (0-50 Psi) and printing speed (1-50 mms ™) were opti-
mized. The bioink printability value (Pr) was determined using Image-J
software to evaluate the area and perimeter of interconnected

pores.®%¢7 Pr is calculated using following equation:

LZ
Pr:m 1)

where L is perimeter and A is area.

Rheological measurements

The rheological properties of blend bioinks with various LDHs
concentrations were determined by a rotational rheometer (Anton Paar
MCR 301) with a 25 mm diameter, parallel plate geometry, and
0.9-1 mm plate-to-plate distance at room temperature. Strain sweep
test at an angular frequency of 10 rad s~ was carried out to detect the
linear viscoelastic region in the oscillation mode. Then, the frequency
sweep test was performed in the range of 0.1 to 100 rad s~ at 1% shear

strain to establish the storage (G’) and loss modulus (G”) of the samples.

2.5 | Characterization of 3D bioprinted constructs

2.5.1 | FTIR and SEM analysis

To demonstrate the structure of nanocomposite scaffolds, FTIR-ATR
spectroscopy scanning was performed as described above. The mor-
phology of the 3D printed nanocomposite scaffolds was investigated
by field emission scanning electron microscopy attached with an
energy-dispersive X-ray spectroscopy (FEGSEM-EDS; FEI ESEM
Quanta 450 FEG). Before imaging, the lyophilized constructs were
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sputter-coated with a thin layer of gold. Thereafter, the porosity of
printed constructs was calculated by using SEM images along with

Image-J software (n = 4).

2.5.2 | Mechanical properties

The mechanical features of composite bioinks were measured after UV
crosslinking by compression tests using a mechanical testing machine
(TA Instruments). Briefly, composite bioinks with various concentrations
of LDHs nanoparticles were prepared by molding technique by pipet-
ting 100 pl of bioink mixture, followed by exposing to 6.9 W cm—2 for
40 s. Thereafter, cylindrical samples with diameter of 5mm were
obtained using a biopsy punch. The obtained constructs were placed on
the platen and compressive strength were measured at a cross speed of

1

1mms " and a 60% strain level. The compressive modulus was

reported as the slope of the linear region in the 0%-10% strain (n = 4).

253 | Swelling

To determine the swelling rate of nanocomposite scaffolds, constructs
were soaked in 3.0 ml of PBS at 37°C for 24 h (n = 4). Then, the swol-
len constructs were removed from PBS, and the weights of samples
were recorded after removal of excess water from surface of con-
structs using a filter paper. The swelling rate was calculated based on

the ratio between the weight gain and the initial weight.

254 | Degradation

The degradation behavior of nanocomposite scaffolds was assessed in
PBS at physiological temperature 37°C for up to 28 days (n = 4). After
defined time points, the samples were carefully rinsed in distilled
water, lyophilized, and then weight was recorded. The degradation
rate was reported as the ratio between the weight remaining and the
initial weight of construct.

2.6 | Cellculture

MC3T3-E1 cells (ATCC® CRL-2593) were cultured in L-DMEM con-
taining 10% FBS ve 1% P/S. MC3T3-E1 cells were incubated at 37°C
in 5% CO, in a 75 cm? culture dish, and culture media was replaced
every 2 days. Cells were passaged when they reached 80%-90% con-

fluency and passage 6 was used in the further experiments.

2.6.1 | Biocompatibility of LDHs nanoparticles

To determine the biocompatibility of synthetized LDHs, MTT assay
was performed. In brief, the cells were seeded into 48-well culture
dishes at cell density of 1 x 10* cells/well, and culture dishes were

Y sk WILEY-L__®

incubated for 24 h at 37°C in 5% CO, to allow cell adhesion and
spreading. After discarding cell culture medium, cell culture medium
containing different concentrations of sterile LDHs nanoparticles (0.5,
1, 2, 3, 5,7, 10 ve 15 mg/ml) were added, and incubated at 37°C in
5% CO, for 48 h. Untreated cells incubated in the culture media was
considered as the positive control, while the cells incubated in DMSO
was considered as negative control.® Subsequently, the cell culture
medium containing nanoparticles was removed, MTT solution
(0.5 mg/ml) was added to each well and incubated at 37°C for 4 h.
After incubation, the solution was removed, DMSO was added and
incubated for another 10 min. The optical density of plates was mea-
sured using a microplate reader (SpektrostarNano) at 570 nm. The cell
culture medium was considered as 100% and the other samples were

calculated accordingly (n = 6).

2.6.2 | Invitro cell adhesion studies

To evaluate cell adhesion and spreading as a function of concentration
of LDHs, osteoblast cells (4 x 10* cells/well) were seeded on nanocom-
posite scaffolds. The morphology of cells seeded on nanocomposite
constructs was determined by Rhodamine-Phalloidin and DAPI staining
according to the manufacturer's instructions. Briefly, the samples were
rinsed in PBS, fixed with 4% (w/v) paraformaldehyde for 20 min, and
washed with PBS. Subsequently, the samples were treated with 0.05%
(v/v) Triton X-100 for 20 min to permeabilize the cell membrane, and
blocked with 5% (w/v) rabbit serum albumin for 1 h. For F-actin cyto-
skeleton staining, the samples were incubated with Rhodamine-
Phalloidin for 1 h at 37°C. Finally, the nuclei was stained by incubation
with DAPI for 30 min at 37°C, and the samples were visualized by fluo-
rescence microscopy (Zeiss AxioScope Z1). Rhodamine-Phalloidin and
DAPI staining were performed at days 1, 3, and 7 after cell seeding on
construct including 0, 1, 3, 5, and 10 wt % LDHs (n = 4).

2.6.3 | Bioprinting of cell-encapsulated
nanocomposite scaffolds

For cell encapsulation, the cells were trypsinized, counted, 3 x 108
cells mI~* of osteoblasts gently mixed with GelMA/LDHs nanocom-
posite bioinks at 37°C and then transferred into syringe for bioprint-
ing. Subsequently, cell encapsulated bioinks were printed and
exposed to UV light at a power of 3.95 mW/cm? for 40 s. Cell encap-
sulated nanocomposite scaffolds were cultured for a certain time
period (1, 3, 7 days) at 37°C with 5% CO,. The culture media was
changed every 2 days.

264 |
assay

Cell viability, proliferation and spreading

Cell viability was evaluated by Live/Dead test according to the manu-

facturer's instructions. In brief, the samples were incubated with
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calcein-AM (green) and ethidium homodimer-1 (red) for 20 min, and
washed with PBS. Finally, stained samples were observed under
inverted fluorescence microscope. For each hydrogel formulation, at
least six different areas of the three-bioprinted scaffolds were ana-
lyzed using Image-J software. The cell viability was reported as the
percentage of the number of live cells to total cells. The cell viability
was evaluated at days 1, 3, and 7 after bioprinting of cell laden
G-LDHO and G-LDH3 (n = 3).

The metabolic activity of cells was determined by PrestoBlue
assay according to the manufacturer's instructions. Briefly, the cul-
ture media was changed with DMEM containing 10% (w/v) Presto-
Blue, and incubated for 1 h at 37°C. Then, supernatant was
collected, and the fluorescence of the reduced PrestoBlue dye was
measured at 570 (excitation) and 600 nm (emission). The bioprinted
constructs without cell encapsulation were used as control, and the
OD values were normalized to the initial OD value of day 0. The
metabolic activity was evaluated at days O, 1, 3, and 7 after bioprint-
ing (n = 6).

The nuclei and actin fibers of cells were stained with DAPI and
rhodamine-phalloidin to observe the morphology and spreading of
osteoblast cells in bioprinted constructs according to previously
described method (n = 3). To quantify the morphological differences,
mean cell area, and cell aspect ratio (long/short axis) were calculated

according to the literature.®?~"?

2.7 | Statistical analysis

All experiments were performed at least three times, and all results
were given as mean * standard deviation (SD). Statistical analysis in
this study were carried out using One-way ANOVA with £95% confi-
dence interval (ns > 0.05,*p < 0.05, **p < 0.01; ***p < 0.001).

3 | RESULTS AND DISCUSSION

3.1 | Synthesis and characterization of LDHs
nanoparticles

LDHs, 2D hydrotalcite compounds (Figure 2A), have great potential
for tissue engineering and drug delivery applications.®?727% Herein,
cell-laden LDHs/GelMA/alginate nanocomposite bioinks were devel-
oped for extrusion bioprinting. Firstly, LDHs were synthesized by a
straightforward and generally applicable hydrothermal method. It was
demonstrated that LDHs nanoparticles were synthesized successfully
through FTIR, XRD and ICP-OES analysis.

Figure 2B displays the FTIR spectrum of LDHs where the absorp-
tion band between 558 and 657 cm~? attributed to the octahedral
compound of MgOs and AlOg The sharp absorption peak at
1365 cm™! showed the presence of sufficient nitrate ions in the inter-
mediate layer. The wide absorption band corresponding to the
stretching vibrations of —OH units of interlayer water and structural

hydroxyl units in the LDHs was observed between 2700 and

3900 cm~2. A shoulder at 1640 cm™? ascribed to the bending defor-
mation of water.”*7>

XRD pattern of LDHs was further evaluated to define the crystal-
line structure (Figure 2C). The XRD pattern demonstrated the pres-
ence of three intense reflection peaks at 20 angles at 11.38, 22.93,
34.52° indicating the interlayer intervals of LDHSs in the dgos plane
(7.775 A), in the doos plane (3.878 A) and in the dogs plane (2.598 A),
respectively. The obtained XRD pattern confirmed that LDHs nano-
particles had a layered and crystalline structure and were agreement
in previous works.”®””

To determine the Mg and Al content, ICP-MS analysis was per-
formed. Based on ICP-MS analysis, Mg and Al amount in LDHs was
found as 22.64 (%w) and 9.51 (%w), respectively, and the calculated
mole ratio of Mg2+/ AI®* cations (2.64) were close to expected theo-
retical value.”®

The size of synthesized LDHs was found to be 78.33 + 31.15 nm
and the PDI value of 0.210 (Figure 2D). The zeta potential of LDHs
was measured as +25.6 + 6.19 mV indicating physical stability of
nanoparticles.”? Based on TEM analysis, the particle size of LDHs was
around 55-105 nm in a consistency with DLS results (Figure 2E).

The biocompatibility of LDHs was evaluated by using MTT assay,
a widely used colorimetric method based on enzyme activity to deter-
mine the number of living cells. After 48 h of incubation, LDHs in the
concentration of 0.5-15 mg/ml were found to be non-toxic on osteo-
blast cells (Figure 2F). Previously, Wu et al. demonstrated that Mg/Al
(molar ratio 3: 1) LDHs nanoparticles (2-40 pg/ml) exhibited no toxic
effects on embryonic stem cells (MESC) by MTT analysis.2° Similarly,
LDHs showed no toxic effect on preosteoblast cells up to a concen-
tration of 0.02 mg / ml.8* Overall, it is concluded that LDHs are bio-
compatible and safe to be used in tissue engineering applications.

To investigate the stability of suspensions of LDHs in distilled
water, the particle size and zeta potential were determined after stor-
age of these suspensions at 4°C (refrigerator), 25°C and 60% RH, and
37°C and 75% RH for certain periods (Table S1, Figure S1). Particle
size of LDHs in suspensions was gradually increased for all conditions,
as we expected. Based on stability tests, it can be concluded that the
stability of the LDHSs in suspension remained stable under all condi-
tions for 1 week, while they were unstable at the end of the first
month; determined by an increase in particle size. Important to note
that the most favorable results were obtained from LDHSs suspensions
stored in 37°C and 75% RH where the particle sizes increased to
487.5 nm and the zeta potentials decreased to +18.8 mV from
+25.6 mV.

3.2 | Synthesis and characterization of GelMA

In the present study, GelMA was successfully synthesized using previ-
ously described method, and the chemical composition of GelMA was
determined by FTIR and *H NMR spectra. Figure S2A displays the
FTIR spectra of gelatin and GelMA. The characteristic peaks at
1625 cm~* (amide 1), 1522 cm~* (amide 11}, and 1440 cm™~?* (amide I1)
were attributed to the stress vibration of the —C=O bond, the
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FIGURE 2 Characterization
of synthetized LDHs

(A) Schematic representation of
the structure of LDHs, (B) FTIR
spectra of LDHs, (C) XRD pattern
showing the layered and
crystalline structure of LDHs,

(D) The DLS measurements
demonstrated the size of LDHs
with an average diameter of
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bending vibration of the NH bond and in-plane bending vibration of
the CN and NH bonds, respectively.®? It is important to note that the
intensity of amide peaks increased after methacrylation. Additionally,
the peaks at 3260 and 2915 cm~! were ascribed to O—H and C—H
stress vibrations, respectively.2® The FTIR data confirmed the metha-
crylation of gelatin.

In the *H NMR spectra of GelMA (Figure $2B), the peaks deter-
mined at 5.4 and 5.7 ppm indicating alkenyl double bond of methacry-
late units linked to gelatin.® These results were confirmed the
successful synthesis of GelMA polymer in agreement with the
FTIR data.

3.3 | Printability assessment

3.3.1 | Printability

A commercial extrusion bioprinter was utilized to generate highly
organized printed structures. G-code was written to define the move-
ment of the robotic stage in X-Y-Z directions and also the actuation of
the pneumatic valves. The generation of complex 3D architectures in
bioprinting requires controlled deposition of bioink in sequential

layers with well-defined geometry, and integrity.10 Therefore, first we
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systematically optimized the bioink formulation to determine the opti-
mal composition of bioink to obtain continuous filament formation for
extrusion uniformity and then achieve 3D structures with high shape
fidelity. Bioprinting process was conducted at 25°C, using a 25G nee-
dle. Firstly, we tried to print GelMA (15% w/v) alone. However, the
obtained structure could not maintain the defined geometry due to
low viscosity of GelMA resulted in the fluxion of the material. Subse-
quently, alginate was incorporated to GelMA to enhance viscosity of
bioink and the shape fidelity. This increase in viscosity could be con-
sidered a result of electrostatic interactions between negatively
charged alginate and positively charged GelMA (type-A gelatin).®° The
addition of alginate allowed printing of the 5-layered grid structure,
using a 25G needle. Based on these initial experiments, bioink formu-
lation consisted of 15% (w/v) GelMA and 1% (w/v) alginate was found
to be sufficient for printing to maintain 3D architecture.

The printability and mechanical properties of bioink could be
tuned by varying LDHs amount, resulting in accelerated cell prolifera-
tion. Therefore, we printed GelMA (15% w/v), alginate (1% w/v) and
different amount of LDHs (0, 1, 3, 5, 7, and 10 wt % of GeIMA amount
in bioink composition) at 5-, 10-, 15- and 20- layered grid structure
(Figure 3A, Figure S3). The bioink formulation without LDHs nanopar-
ticles could be printed at only 5-layered structures. Notably, the print-
ability of bioinks was improved with increasing concentration of
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FIGURE 3 Printability and rheological studies to determine adequate concentration of LDHs, (A) Printability of various bioinks based on final
printed layers without deformation, (B) Air extrusion of G-LDH3 showing filament formation and extrusion uniformity, (C) Photographs
demonstrating various bioprinted structures (G-LDH3 bioink) with lack of noticeable deformation, including 20-layered grid structure, star, heart,
and pine tree shaped structure, (D) Viscosity shear rate of G-LDH3. Viscosity of G-LDH-3 as a function of shear rate demonstrates shear-thinning
characteristic of nanocomposite bioink formulation, and (E) Analysis of storage modulus by frequency sweep of GelMA/LDHs nanocomposite

bioinks performed at 1% shear strain at various LDHs concentration (n = 3)

LDHs. The best printability and continuous filament formation were
achieved with the formulation containing 3 wt % LDHs at 20-lay-
ered grid structures (Figure 3B,C). However, LDHs concentrations
above 3 wt % in the formulation resulted in aggregation of nanopar-
ticles as well as a highly viscous bioink and were printed by higher
pressures. However, they still presented better printability and 3D
shape fidelity after printing compared to LDHs free bioink composi-
tions. For instance, bioink composition including 10 wt % LDHs
enabled to print 10-layered structures in a well-defined geometry,
while the LDHs free bioink composition enabled to print only
5-layered structures. Additionally, the structural fidelity was deter-
mined by printing of various 3D constructs such as star, heart, and
pine tree shaped architectures (Figure 3C).

Importantly, for an a perfect gelation condition or favorable print-
ability, the interconnected channels of the constructs could show
square shape. Accordingly, the ideal gelation occurs when the Pr value
is equal to 1, and thus smooth structures could be created.¢®¢784 It is
also stated that the higher Pr value leads to greater gelation degree of
the bioink and non-uniform printed morphology. Herein, Pr values for
G-LDHO and G-LDH3 were calculated using Equation (1), and found
to be 1.14 £ 0.091 and 1.04 + 0.076, respectively. It was demon-
strated that the Pr value of G-LDH3 is closer to 1 with a better mor-
phology compared to G-LDHO.

3.3.2 | Rheological evaluations

Rheology measurements were conducted to characterize shear rate-
dependent viscosity and the storage modulus (G') and the loss modu-
lus (G") of the materials. Even though the bioink composition with
high viscosity is sufficient to maintain the printed structure, higher vis-
cosity could decrease the cellular viability owing to applied shear
forces during extrusion. The flow behavior could be explained by the
relationship between viscosity and shear rate. The viscosity of bioinks
incorporated with LDHSs reduced with increasing shear rate, pointing
out shear-thinning feature to allow favorable extrusion without clog-
ging or cellular damage. The viscosity results of G-LDH3 bioink, have
the best printability, was shown in Figure 3D. Afterwards, the fre-
quency sweep was conducted below LVE region of material. G' and
G" were determined against frequency (Figure 3E). G' and G" could be
associated with extrudability and post printing shape fidelity. Herein,
G' is an indicator of elastic behavior of bioink while G" is an indicator
of the viscous fraction or dissipated energy of bioink composition. For
sufficient printing process, the bioink should represent an elastic
nature to allow regular filaments with structural fidelity and also vis-
cous nature to flow from needle during extrusion.®> Except for the
G-LDHO sample, the frequency sweep of the bioinks showed that
G’ values slightly improved with the increasing LDHs concentration,
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under the same conditions. G-LDHO exhibited minimal G’ as about
1305 Pa and for G-LDH1, G-LDH3, and G-LDH5, G’ is as about 1403,
1588, and 1699 Pa, respectively. Previously, Heilshorn and colleagues
reported that gels (G' > G”) allow increased cell viability for injectable
cell therapies.2® Here, the obtained results of frequency sweep indi-
cated a stable ink with higher G’ values over G” at all frequencies
(Figure S4). For a more sensitive comparison of the samples, the
damping factor (tan ) which is the ratio of G" to G' for the shear rate
range of 0.1 to 100 rad s~* was calculated for each sample (Figure
S4G). Relatively low tan & implies a higher stiffness and better print-
ability. As shown in Figure S4G, G-LDH3 is one of the samples having

with a low tan § value.

3.4 | Characterization of 3D bioprinted hydrogel
constructs
3.4.1 | FTIR and SEM analysis

To demonstrate the UV cross-linked structure, the developed GelMA/
LDHs hydrogel based nanocomposite scaffolds were analyzed by
FTIR-ATR spectroscopy scanning in the range of 400-4000 cm™™.
The FTIR spectra of the GelMA polymer and the developed GelMA/
LDHs hydrogel based nanocomposite scaffolds are given in Figure 4A.
For all nanocomposite scaffolds and GelMA, typical amide | and Il
bands were presented at 1640 and 1540 cm™? due to C=O stretching
and N—H bending, respectively. In particular, for GelIMA/LDHs hydro-
gel based nanocomposite scaffolds, the intensity of the band
appeared at 3010 cm™?! of the C—C bond decreased, pointing out the
success of photo polymerization in accordance with previous
literature.®387

As shown in Figure 4B, LDHs exhibit a homogeneous distribution
in nanocomposite scaffolds without any particle accumulation or
aggregation. The porosities and pore diameters of scaffolds were
determined according to SEM pictures using Imagel) software
(National Institutes of Health, Bethesda, MD, USA). It is known that
dense structures could result in a higher elastic modulus, which can
result in undesired effects in cellular behavior, making it difficult for
spreading of biomolecules in the cell environment to hydrogel.28 On
the contrary, in the current study, G-LDH3 with higher mechanical
strength revealed higher porosity. Particularly, all scaffolds showed
high porosity, which is required to allow the growth of encapsulated
cells and transportation of oxygen and nutrients. The porosity
slightly increased from 77.47% to 80.1% for G-LDHO and G-LDH3.
Importantly, the pore size of G-LDHO and G-LDH3 were signifi-
cantly enhanced from 81.93 £16.35pum to 106.75+ 51.92 ym,

respectively.

3.4.2 | Mechanical properties

The crosslink density of the polymer networks enables to improve

the stiffness of the bioprinted nanocomposite scaffolds. The

Y sk WILEY-L2

assembly of the inorganic nanoparticles such as LDHSs also could
improve the stiffness and mechanical performance of the structure.
It is well known that the mechanical features of bioprinted hydrogel
constructs have a vital role to provide cell proliferation, migration,
and differentiation as well as maintain their structure during surgical
implantation.?®

To investigate mechanical behaviors of hydrogels, compression
tests were performed. The effect of the amount of LDHs on the
mechanical properties of hydrogels was also evaluated (Figure 4C). As
seen in Figure 4D, the compressive strength was 652 + 188 kPa for
the pristine GelMA hydrogel (G-LDHO), while it was significantly
increased to 955 * 1113 kPa and 1168 * 31 kPa for G-LDH1 and G-
LDH3, respectively. However, further increases in the concentration
of LDHs provide a gradual reduction in compression modulus. For
instance, G-LDH5, and G-LDH10 revealed compression modules as
924 + 120 kPa and 741 + 197 kPa. It was also confirmed that elonga-
tion (%) values at break showed a slight increase with the addition of
LDHs. Elongation (%) values at break of hydrogels coded with G-
LDHO, G-LDH1, G-LDH3, G-LDH5 and G-LDH10 was found to be
76.78% + 5.11%, 84.76% + 2.41%, 85.17% + 0.3%, 83.42% + 3.04%,
and 81.70% + 1.42%, respectively.

The elastic modulus of the scaffolds was developed by calculating
the slope of the linear region in the 0%-10% strain range of the
stress-strain curves (Figure 4E). Elastic modulus showed a similar
trend with compression strength of gels. Elastic modulus of GelMA
hydrogel scaffolds were improved by the 1 and 3 wt % LDHSs addition
to the formulation from 78.79 + 3.44 kPa to 88.09 + 5.72 kPa and
109.14 + 4.02 kPa respectively. Elastic modulus decreased by further
increase in the amount of LDHs such as G-LDH5, and G-LDH10
(98.87 + 7.76 kPa and 91.69 + 5.20, respectively). Importantly, it was
still significantly higher than LDHs free GelMA.

34.3 | Swelling and degradation study

Swelling properties of nanocomposite scaffolds were demonstrated
in Figure 4F. The swelling capacity was high for all scaffolds due
to their highly interconnected porous structures. In particular, it
was altered as a function of the amount of LDHs. Swelling equilib-
rium was occurred in about 24 h. After 24 h of incubation, the
swelling ratio was found to be 568.44% + 21.45%, 526.47%
+17.84%, 501.39% + 18.42%, 518.22% +21.2% and 541.97%
+ 18.31% for G-LDHO, G-LDH1, G-LDH3, G-LDH5, and G-LDH10,
respectively.

The degradation rate is a key factor in bone regeneration that
should be in a consistency with new bone formation. In particular,
degradation was significantly governed by the amount of LDHs
(Figure 4G). For instance, after 1 week incubation, degradation
rates were 64.1% + 6.8%, 79.25% +7.65%, 89.79% * 8.72%,
91.57% + 7.58%, and 71.29% +9.17% weight remaining for
G-LDHO, G-LDH1, G-LDH3, G-LDH5, and G-LDH10, respectively.
G-LDHO was degraded completely after 4 weeks incubation, while
G-LDH1, G-LDH3, G-LDH5, and G-LDH10 experienced
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FIGURE 4 In vitro characterization of nanocomposite GeIMA/LDHs hydrogel based nanocomposite constructs. (A) FTIR spectra of GelMA

and GelMA/LDHs nanocomposite constructs, (B) Scanning electron microscopy (SEM) images with low (left side) and high (right side)
magnifications of G-LDHO and G-LDH3 show gradual changes in the microstructure of nanocomposite scaffolds, (C) Stress-strain curves of
GelMA/LDHs nanocomposite scaffolds, (D) Compression strength of GeIMA/LDHs nanocomposite scaffolds which showed a similar trend with
elastic modulus, (E) The elastic modulus of the scaffolds was calculated from the slope of 0%-10% strain range. Elastic modulus of GelMA/LDHs
nanocomposite scaffolds, which was enhanced with the presence of LDHs (n = 4), (F) Swelling ratio of GelMA/LDHs nanocomposite scaffolds
which decreased by the addition of LDHSs (n = 4), and (G) Degradation profile of GelMA/LDHs nanocomposite scaffolds. The presence of LDHs
leaded to longer degradation time (n = 4). The graphs demonstrate the average + standard deviation (SD) bars. (ns > 0.05,*p < .05,

**p <.01; ***p < .001)

degradation with 10.7% + 3.28%, 16.4% + 4.79%, 21.89% + 4.58%,
and 5.16% + 2.62% weight remaining in 4 weeks incubation. The
addition LDHs to GelMA network remarkably enhanced the struc-
tural stability of the constructs resulted in longer degradation time.
However, G-LDH10 exhibited a quite faster degradation rate com-
pared to G-LDH5 due particle aggregation in high LDHs amount.
Importantly, the degradation rate of G-LDH10 was still slower than
G-LDHO.

3.5 | Cell culture

3.5.1 | Invitro cell adhesion studies

Since cellular adhesion is one of the crucial parameters for biomedical
applications, we further evaluated the effect of GeIMA and GelMA/
LDHs hydrogel based nanocomposite scaffolds on cell adhesion

behaviors of osteoblast cells. The fluorescence microscopic images of
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scaffolds supported osteoblast adhesion and spreading as determined by Phalloidin / DAPI staining (n = 4) (Scale bar: 100 pm)

Rhodamine-Phalloidin / DAPI staining on day 1, 3, and 7 were demon-
strated in Figure 5. It was confirmed that all were exhibited a good
cytocompatibility, where osteoblast cells could be easily attached to
the surfaces of scaffolds. Therefore, the proposed nanocomposite
scaffolds are promising for bone tissue engineering applications.

352 |
scaffolds

3D bioprinting of cell laden hydrogel based

Following defining cell adhesion on optimized hydrogel based nano-
composite bioinks, we investigated the printability of our bioink in the
presence of cells. Importantly, extrusion based bioprinting allows
researchers to build bioinks with high-viscosity and high cell densities.
However, high shear stresses could result in moderate cell viability
such as 40%-80%.> Herein, we used Live/Dead staining to define the
viability of the encapsulated osteoblasts in bioprinted hydrogel con-
structs to evaluate the influence of the shear stress on the cell viabil-
ity during extrusion (Figure 6A). As shown in Figure 6B, each of the
bioinks (G-LDHO and G-LDH3) presented high cellular viability (>85%)
after bioprinting process. Based on these findings, cells were not
affected by the applied shear stress during extrusion that could be
attributed to barrier function of hydrogel structure to protect encap-
sulated cells against shear stresses caused by friction. Furthermore,
the viability results on day 3 and 7 demonstrated that cells encapsu-
lated in 3D-structure could easily access nutrients to maintain their
viability.

PrestoBlue test was performed to determine the mitochondrial
activity and proliferation of bioprinted cells. The PrestoBlue data
shown in Figure 6C indicated the proliferation of cells within bio-
printed structures G-LDHO and G-LDH3 increased gradually and sig-
nificantly over the course of the 1, 3, 5 and 7 days in culture. Notably,

the presence of LDHs allowed a sharper increase (around 2.015 fold)

in the proliferation rate of osteoblast cells. Taken together, these data
proved that LDHs nanoparticles could enhance the proliferation rate
of cells and also the proliferation rates of osteoblast cells in bioprinted
G-LDH3 composition were higher than that of structures without
LDHs. Besides the direct effect of LDHs on the cell proliferation, we
realize that the larger pore sizes of G-LDH3 scaffold could led cells to
spread and proliferate with an agreement to previous literature.888?

Rhodamine-Phalloidin and DAPI stainings were further used to
examine bioprinted cell morphology and spreading within nanocom-
posite scaffolds (Figure 6D). The fluorescence microscopy images indi-
cated that after 24 h of culture, the osteoblast cells are in spherical
morphology, while the cells spread better in the structure over 3 and
7 days in culture. Importantly, we observed that the cellular spreading
was promoted in the presence of G-LDH3 compared to G-LDHO.
Since the spreading of cells is strongly dependent to the stiffness and
pore size of the substrate, we interpreted to these results higher
mechanical strength and larger pore size of LDHSs incorporated struc-
tures as well as directly favorable effect of LDHs on cell
spreading.8%%?

The cellular features including mean cell area and cell aspect ratio
was evaluated to quantify the morphological differences. Cells encapsu-
lated in G-LDH3 had a larger cell spreading area than those encapsu-
lated in G-LDHO (Figure 6E). After 7 days, the mean cell area for cells
encapsulated in G-LDH3 (10,851 + 2283 pmz) is about 1.211 times
higher than encapsulated in G-LDHO (8961 + 1879 pm?) (p > .05).
Notably, compared to day 1 and day 7, cell-spreading area was 3.096
and 3.814 times larger for G-LDHO and G-LDH3, respectively. In addi-
tion, cell elongation was investigated measuring the short and long axes
of the selected cells. Cell elongation was reported as the cellular aspect
ratio (long/short axis) where a value of 1 indicates an entirely circular
cell.”* Cells encapsulated in G-LDH3 had a higher cell aspect ratio than
those encapsulated in G-LDHO (Figure 6F). After 7 days, cell aspect
ratio for cells encapsulated in G-LDH3 (2.407 + 1.113) is about 1.272
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FIGURE 6 In vitro characterization of osteoblast laden 3D bioprinted GeIMA/LDHs hydrogel based nanocomposite scaffolds: (A) Live/Dead
assay confirmed viability of the encapsulated osteoblasts in bioprinted GeIMA/LDHs nanocomposite scaffolds (n = 3) (Scale bar: 50 pm), (B) The
viability of Ge[MA/LDHs nanocomposite scaffolds was higher than >85% calculated from Live/Dead assay, (C) The PrestoBlue results confirmed
the gradual increase in the proliferation of cells in bioprinted G-LDHO and G-LDH3 over 1, 3, 5 and 7 days in culture (n = 6), (D) Rhodamine-
Phalloidin and DAPI staining demonstrated bioprinted cell morphology and spreading within GelMA/LDHs nanocomposite scaffolds
nanocomposite scaffolds (n = 3) (Scale bar: 400 um), (E) The cell area of the osteoblast cells encapsulated in G-LDHO and G-LDH3 on days 1, 3
and 7. Cellular spreading area enhanced by the presence of LDHs, and (F) The cell aspect ratio (long/short axis) of the osteoblast cells
encapsulated in G-LDHO and G-LDH3 on days 1, 3 and 7. Cell aspect ratio increased by the presence of LDHSs (n = 4). The bar graphs
demonstrate the average + standard deviation (SD) bars. (ns > 0.05,*p < .05, **p < .01; ***p < .001; ****p < .0001)

times higher than encapsulated in G-LDHO (3.061 + 0.778) (p > .05). In 4 | CONCLUSION

particular, compared to day 1 and day 7, cell aspect ratio was 2.108

and 2.331 times higher for G-LDHO and G-LDHS, respectively. As a In this study, we have presented bioactive hydrogel bioinks based on
result, cells encapsulated in G-LDH3 had a larger cell spreading area nanocomposite GelMA/LDHs for 3D extrusion bioprinting with high
and higher cell aspect than those encapsulated in G-LDHO indicating printability, shape fidelity, stiffness, and osteoinductivity. LDHs presented
favorable effect of LDHs on cellular morphology. a wide range of interest owing to their multifunctionality in drug delivery,
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nanomedicine, and bioengineering. The addition of LDHs into GelMA net-
work could accelerate the physical and biological properties of the nano-
composite scaffolds. Importantly, the osteogenic effect of LDHs in the
absence of growth factor makes them a favorable candidate for bone
related applications. Firstly, we successfully synthetized LDHs and
showed their biocompatibility. Then, we optimized nanocomposite bioink
composition to maximize printability, shape fidelity after printing, and
mechanical properties. The addition of LDHs was improved the properties
of the bioink for extrusion bioprinting and lead to a continuous extrusion
to the construction of stable structures with well-defined geometry and
shape fidelity. Mechanical features of nanocomposite scaffolds were sig-
nificantly enhanced by the presence of LDHs. When incorporated into
scaffolds, LDHSs increased porosity, and enhanced degradation time. Fur-
ther, bioprinted nanocomposite constructs possessed high cell adhesion
and proliferation. Importantly, osteoblasts encapsulated in the nanocom-
posite bioinks exhibited high cellular viability, spreading, and proliferation.
In addition, cells encapsulated in G-LDH3 had a larger cell spreading area
and higher cell aspect ratio than those encapsulated in G-LDHO. These
data suggest that this growth factor free approach could have a potential
for patient specific bone regeneration. Overall, the GelMA-LDHs nano-
composite hydrogel bioinks revealed high structural, mechanical, and bio-
logical feasibility for bone related applications and we envision that these
nanocomposite scaffolds will present a favorable option to the clinicians
for the treatment of bone defects.
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