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Abstract

Sodium alginate (SA)/chitosan (CH) polyelectrolyte scaffold is a suitable substrate for tissue-engineering application. The
present study deals with further improvement in the tensile strength and biological properties of this type of scaffold to
make it a potential template for bone-tissue regeneration. We experimented with adding 0%—15% (volume fraction) gelatin
(GE), a protein-based biopolymer known to promote cell adhesion, proliferation, and differentiation. The resulting tri-polymer
complex was used as bioink to fabricate SA/CH/GE matrices by three-dimensional (3D) printing. Morphological studies using
scanning electron microscopy revealed the microfibrous porous architecture of all the structures, which had a pore size range
of 383-419 wm. X-ray diffraction and Fourier-transform infrared spectroscopy analyses revealed the amorphous nature of the
scaffold and the strong electrostatic interactions among the functional groups of the polymers, thereby forming polyelectrolyte
complexes which were found to improve mechanical properties and structural stability. The scaffolds exhibited a desirable
degradation rate, controlled swelling, and hydrophilic characteristics which are favorable for bone-tissue engineering. The
tensile strength improved from (386115) to (693+15) kPa due to the increased stiffness of SA/CH scaffolds upon addition
of gelatin. The enhanced protein adsorption and in vitro bioactivity (forming an apatite layer) confirmed the ability of the
SA/CH/GE scaffold to offer higher cellular adhesion and a bone-like environment to cells during the process of tissue
regeneration. In vitro biological evaluation including the MTT assay, confocal microscopy analysis, and alizarin red S assay
showed a significant increase in cell attachment, cell viability, and cell proliferation, which further improved biomineralization
over the scaffold surface. In addition, SA/CH containing 15% gelatin designated as SA/CH/GE 5 showed superior performance
to the other fabricated 3D structures, demonstrating its potential for use in bone-tissue engineering.
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Introduction

Tissue engineering is a promising approach for curing dis-
eased or damaged bone tissue by providing a biologically
functionalized substitute [1]. In this technique, an artificial
extracellular matrix (ECM) called a scaffold acts as a plat-
form for the attachment, growth, and proliferation of cells
[2—4]. Researchers have developed numerous artificial poly-
meric ECM structures to support cell attachment and growth,
as well as direct differentiation for regenerating damaged
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tissues [5]. The selection of appropriate biopolymers for scaf-
fold development is a pivotal task in bone-tissue engineering
(BTE). Biomaterials are selected based on their biodegrad-
ability, biocompatibility, wettability, mechanical strength,
hydrophilicity, and bioactivity [6, 7]. Biopolymers such as
chitosan (CH) [8], sodium alginate (SA) [9], gelatin (GE)
[10], silk [11], agarose [12], carboxymethyl cellulose [13],
polycaprolactone [14], polyvinyl alcohol [15], polyethylene
oxide [16], and pectin [17] have been widely used for BTE.
Among these, sodium alginate, chitosan, and gelatin have
attracted much attention for BTE application.

Sodium alginate, an anionic polysaccharide comprised
of B (1-4)-linked D-mannuronic acid (M) and o (1-4)-
linked L-guluronic acid (G), and uronic acids, is derived
from brown seaweed [18-21]. It has been extensively inves-
tigated in different fields like food technology, membrane
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design, drug delivery, and tissue engineering because it
offers several favorable properties such as hydrophilicity,
biodegradability, biocompatibility, low cost, rapid gel for-
mation, and easy availability [22-26]. SA is an excellent
biopolymer for in vitro as well as in vivo application
[27]. Chitosan, a natural polymer, is extracted by partial
deacetylation of the chitin present in the exoskeletons of
crabs, lobsters, shrimp, and similar marine creatures [28].
Chitosan consists of poly(B-(1-4)-linked-2-amino-2-deoxy-
O-glucose) and a linear polysaccharide with a f-1,4-linked
polymer of glucosamine (2-amino-2-deoxy-f-D-glucose)
and N-acetylglucosamine and 1-4 glycosidic bonds [29-32].
Its unique combination of properties such as biodegrad-
ability, non-toxicity, biocompatibility, hemostatic activity,
anti-inflammatory activity, and antimicrobial activity makes
it an ideal material for tissue engineering [33—-35]. Its bioac-
tivity is due to the presence of amino groups on its hydrophilic
surface which promote cell adhesion and proliferation, dif-
ferentiation of osteoblast cells, and bone mineralization [29,
36]. Chitosan has also been used in many other applications,
for example wound healing [37], antibacterial activity [38],
and drug delivery [39]. Blending the negatively charged car-
boxylic group of sodium alginate and the positively charged
amines of chitosan forms a polyelectrolyte complex (PEC)
which improves the mechanical properties of the polymeric
blend and provides structural stability during in vivo implan-
tation [40-42]. PEC also provides a superior surface that is
favorable for the cell attachment, proliferation, as well as an
ideal microenvironment for bone-tissue regeneration [41].
In our previous study [43], we used bioink prepared from an
SA/CH-blend polyelectrolyte to fabricate three-dimensional
(3D)-printed scaffold with a desired set of properties; that
was proven to be a suitable template for tissue-engineering
application. However, the mechanical and biological prop-
erties of the scaffold would need to be improved to make it
suitable for BTE.

Gelatin, which is derived from collagen, is a widely rec-
ognized natural biopolymer for scaffold fabrication [44].
In spite of low antigenicity compared to its parent source,
gelatin contains some informational signals like a unique
RGD (arginine—glycine—aspartic) sequence similar to that of
collagen amino acids such as glycine, proline, and hydrox-
yproline; these promote cell adhesion, proliferation, and
differentiation [45—47]. Gelatin is biocompatible, biodegrad-
able, hemocompatible, low-cost, easily available, and non-
toxic in nature [44, 48, 49]. The peptide sequence present
in GE helps cell integrin to adhere on the scaffold surface,
thereby promoting cell adhesion, migration, proliferation,
and differentiation [14]. Gelatin has been blended with
various polysaccharides and other biopolymers (for exam-
ple alginate and chitosan) to improve their biological and
mechanical properties [9, 50]. However, the combined effect
of the SA/CH blend and gelatin as a 3D-printed ECM has not
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yet been investigated for bone-tissue regeneration. Although
both alginate and chitosan have their own advantages such as
biocompatibility, biodegradability, bioactivity, hydrophilic-
ity, hemocompatibility, or non-toxicity which are useful
properties for BTE, incorporating gelatin into the SA/CH
scaffold provides an informational signal due to the pres-
ence of the arginine—glycine—aspartic acid sequence, which
may enhance the biological properties of the bulk scaffold
[22, 51-54]. Therefore, we hypothesized before commenc-
ing our study that the addition of gelatin might improve the
tensile strength and biological properties of SA/CH scaffold,
thereby making it a potential template for cell attachment and
proliferation, and further, for bone-tissue regeneration.

In addition to the choice of ideal biopolymers, the fabri-
cation method plays a vital role in manufacturing a scaffold
with the desired shape, size, and microstructure. The goal is
to produce anatomically and physiologically hierarchical 3D
network structures similar to the native bone ECM. Remark-
able advances in fabrication techniques have been achieved
in recent years in terms of manufacturing scaffolds with a
3D design and the desired architecture. 3D printing is the
most promising fabrication method and has attracted much
attention because of its capacity to fabricate scaffolds of spe-
cific size, shape, and design. The resulting scaffolds have the
desired microstructure that mimics the defective tissue [55]
and are reproducible; hence, they have been widely used in
recent years [56]. Fabrication of a scaffold in one step, using
a 3D dataset and without the need for a mold, is another
advantage of this technique [57]. Therefore, our aim was
to construct a 3D-printed SA/CH/GE tri-polymer complex
structure with improved mechanical and biological proper-
ties for BTE application. To the best of our knowledge, this is
the first report on an investigation of the effects of gelatin on
the properties of SA/CH scattfold. 3D-printed SA/CH/GE
scaffold with optimized composition and structure would
provide an appropriate bioactive microenvironment for bone-
tissue regeneration.

Materials and methods
Preparation of SA/CH/GE bioink

Sodium alginate, chitosan, and gelatin from HIMEDIA were
used in this study. Sodium alginate solution (2%, mass
fraction) was prepared in distilled water and chitosan solu-
tions (1.5%, mass fraction) were prepared in 2% (volume
fraction) acetic acid solution. The polymer solutions were
blended in a 60:40 volume ratio. The solution of gelatin
(0.1 g/mL), prepared by dissolving 5 g gelatin in 50 mL
distilled water at 40 °C, was mixed with SA/CH blend in
different volume ratios in the range of 0%—15%, resulting in
tri-polymer blends which we represented as SA/CH/GEs,
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Fig. 1 Steps of the 3D printing process. The first step: blending of SA
and CH to prepare the SA/CH blend. Second step: addition of gelatin
solutions to the SA/CH blend, resulting in SA/CH/GE tri-polymeric

SA/CH/GEp, and SA/CH/GE;s. For crosslinking of
the 3D-printed SA/CH/GE scaffolds, 1.36 mol/L aque-
ous calcium chloride solution and 3% (mass fraction)
1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC)/N-
hydroxysuccinimide (NHS) (2/1 (mass ratio)) in 95% ethanol
solution (95/5) were prepared.

Fabrication of 3D-printed scaffold

We used a laboratory-built 3D printer to fabricate scaffolds
from SA/CH and SA/CH/GE bioinks. The printer consisted
of a platform and a printer head that were movable along the
x,y, and z axes. A 15 mL dispensing tube (0.8 mm nozzle
diameter) was connected to the printer head and moved along
with it. A stepper motor with a 1.8° step angle controlled the
movement of the printer head and the platform. The printing
device was operated and controlled by Cura software (Ulti-
maker), an open-source software.

A 3D model created using Solid Works 2012 was saved in
*.STL’ format and then sliced into two-dimensional (2D) lay-
ers using Cura software (version: 15.04); G-codes were also
generated. The dispenser was filled with the prepared bioinks
for printing with optimized parameters (10 mm/min printing
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bioinks. Final step: printing of the bioinks using a computer-controlled
3D printer to fabricate microfibrous scaffolds. SA: sodium alginate;
CH: chitosan; GE: gelatin

speed, 40% fill density, and 0.6 mm layer height). The plat-
form moved along the x and y axes according to the G-codes.
After completion of one layer, the printer head moved along
the z-axis according to the layer height and printed another
layer. For fast gelling, we kept the 3D-printed microfibrous
scaffold in calcium chloride in a petri dish placed over the
platform, just below the nozzle tip. The printed scaffolds
were left for one hour in the calcium chloride solution, and
then washed thoroughly with distilled water to remove excess
calcium chloride. The scaffolds were then crosslinked with
EDC-NHS solution for 24 h at 4 °C (to crosslink the gelatin),
followed by thorough washing with distilled water to remove
any excess EDC-NHS. Finally, the printed scaffolds were
dried by lyophilization. Figure 1 shows the schematic dia-
gram of 3D printing of SA/CH/GE scaffold.

Characterization
Rheological study of printing ink
The viscosity of the tri-polymeric blend solutions was mea-

sured using a Viscometer Bohlin Visco-88 from Malvern. We
placed the polymeric blend solutions between the rotational
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cone and platform and measured their viscosity at varying
shear rates in the range of 21-1066 s~!, at room tempera-
ture. We then created and analyzed the viscosity—shear rate
graph.

Scanning electron microscopy

The microfibrous porous structures of the 3D-printed scaf-
folds were seen using scanning electron microscope (SEM,
JEOL JSM- 6480 LV). Small, square pieces of scaffold were
placed over the stub using carbon tape. After 5 min of plat-
inum coating, we subjected the scaffolds to SEM imaging.
The images were captured at different magnifications at
20 kV. We analyzed the fiber diameter and pore size of the
scaffolds using ImagelJ software.

X-ray diffraction (XRD)

We obtained XRD images of the scaffolds using an X-ray
diffractometer (Rigaku Ultima-IV, Japan). Small pieces of
the scaffolds were placed over the specimen holder and
exposed to X-ray light. The reflected rays were recorded
for further analysis. The XRD spectra of the scaffolds were
recorded between 26=10° and 60° with a step size of 0.002
at 10°/min [58].

Fourier-transform infrared spectroscopy (FTIR)

FTIR spectra of the 3D-printed scaffolds were recorded in
transmittance mode using FTIR equipment from Shimadzu
AIM-8800, Japan. The spectra were observed within the mid-
infrared region (500-4500 cm™!). We ground a tiny amount
of each scaffold with potassium bromide and pressed it into
pellets; we then exposed these to infrared light and recorded
the spectrum [59].

Contact angle

Measuring the contact angle of the 3D-printed scaffold was
quite difficult due to the large and regular patterned pore
structure, which allowed smooth flow of water drops through
the material. For this reason, we cast the printing inks in the
form of film and crosslinked them with calcium chloride,
as well as EDC-NHS. The films were used to measure the
contact angle using a drop shape analyzer (Kruss DSA 25),
by subtending a drop of water over the film surface [60].

Swelling study
We examined the swelling properties of the 3D-printed scaf-
fold structures in simulated body fluid (SBF) which was

prepared by following a procedure described elsewhere [43,
61]. After recording initial dry weights (Wq), we treated the
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scaffolds with SBF at 37 °C. At a predetermined time inter-
val, we removed the swollen scaffolds and a trace amount of
SBF from them by soaking it up with filter paper. Then, we
measured the final weight (W) of the scaffolds and calcu-
lated the amount of swelling (%) using the following formula
[62]:

. Ws — Wy
Swelling = ———— x 100%.
Wq
Degradation study

Degradation studies of the prepared 3D-printed scaffolds
were performed by following a protocol described elsewhere
[63]. The pre-weighted scaffolds were treated with SBF solu-
tion for a fixed time period at 37 °C. After particular time
intervals, the scaffolds were taken out of the SBF and washed
thoroughly to remove deposited salt. The degraded scaffolds
were dried in an oven. The weight of the scaffold before
degradation was denoted as W, and after degradation was
denoted as Wy. The degradation was calculated with the fol-
lowing formula:

Wo — Wi

Degradation = x 100%.

(o]

In vitro bioactivity

We performed in vitro bioactivity tests on the fabricated
3D-printed scaffolds by exposing them to SBF solution. Scaf-
folds were exposed to SBF for 7 d at 37 °C with the SBF
changed every 48 h during the study period. After 7 d, the
samples were removed from the SBF and gently washed with
distilled water, followed by lyophilization [63]. We charac-
terized the freeze-dried samples to confirm their apatite-layer
formation. SEM was used to observe the morphology of the
deposited apatite layer and XRD was performed to confirm
the phase of the apatite layer formed over the scaffold surface.

Mechanical test

The tensile strength of the 3D-printed scaffolds was assessed
using a universal testing machine (UTM, Instron 3369, Bio-
plus, USA). We prepared all scaffolds with seven bioink
layers, and small pieces of the scaffolds (25 mmx5 mm)
were placed between the clasps of the UTM. The tensile test
was done using a 250-N load cell at a cross-head speed of
1 mm/min.
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Protein adsorption

We conducted protein-adsorption studies to evaluate the
bovine serum albumin (BSA) protein adsorption over
each scaffold surface [64]. The 3D-printed scaffolds were
immersed in a BSA solution comprised of 1 mg/mL BSA pro-
tein in phosphate-buffered saline (PBS of Gibco make) and
incubated for 24 h at 37 °C. A Bradford assay was performed
to analyze the protein adsorption. After incubation, 30 pL
of supernatant solution taken from each sample was mixed
with Bradford reagent (purchased from Sigma-Aldrich). The
absorbance was recorded at 595 nm using a spectrophotome-
ter (Systronix, double-beam spectrophotometer 2203). The
amount of residual BSA protein in the supernatant was mea-
sured against the standard graph of BSA protein created by
plotting the absorbance in a BSA concentration range of
0.1-1 mg/mL. Finally, we calculated the amount of protein
adsorbed over the scaffold surface by subtracting the remain-
ing BSA protein in the supernatant from the initial amount.

Biological characterization

In vitro cell culture Osteoblast-like cells (Saos-2 cells)
isolated from human osteosarcoma tissue were purchased
from the National Centre for Cell Science, Pune, India, and
cultured in complete culture media (CCM) comprised of
85% Dulbecco’s modified Eagle medium, 15% fetal bovine
serum, and 1% antibiotic antimycotic solution from HIME-
DIA LAB. After cells reached 80%—90% confluence, trypsin
was added for 5-10 min to remove the cells from the flask
surface. The trypsinized cells were collected in a tube with
complete culture medium and centrifuged at 5000 r/min for
10 min. The cell pellet formed was dispersed in complete
culture medium. Then, we used the cell suspension for the
in vitro cell study.

Scaffolds with dimensions of 1 cmx 1 cm were sterilized
with 70% ethanol followed by washing three times with 1x
PBS. The scaffolds were incubated in CCM for 10-12 h at
37 °C. After removing the medium, the cells were seeded on
the scaffolds. The cell-seeded scaffolds were incubated for
4-6hat37 °Cina5% CO, environment for initial cell attach-
ment, followed by culturing in complete culture medium for
7 dat 5% CO, and 37 °C in a humid environment.

MTT assay We performed MTT assays on the 3D-printed
scaffolds over a period of 5 d. The Saos-2 cells (with a
cell density of 1x10* cells/cm?) were seeded over the scaf-
folds and cultured for 5 d. After 1, 3, and 5 d of culture
incubation, the medium was discarded and the constructs
were washed with PBS. MTT (3-[4,5-dimethylthiazole-2-
yl]-2,5-diphenyltetrazolium bromide) reagent (0.5 mg/mL)
was prepared and 100 wL was added to each well; the next
step was incubation in a 5%-CO, environment for 4 h at

37 °C. The MTT solution was removed from each well
and 100 pL dimethyl sulfoxide was poured to dissolve the
purple formazan crystal that had formed. We recorded the
absorbance using an ultraviolet (UV)-visible spectropho-
tometer at 490 nm [65-67].

Cell morphology and cytoskeleton organization We
observed the morphology of the cells in the construct under
SEM and inspected their cytoskeleton organization by con-
focal microscopy. For SEM study, the scaffolds were seeded
with Saos-2 osteoblast-like cells (1 x 107 cells/cm?) and cul-
tured for a period of one week. After the fourth and seventh
days, the medium was removed from the wells and the cells
were fixed by treatment with 2.5% glutaraldehyde solution
for 20 min; cells were then washed several times using graded
aqueous ethanol (30%-100%) and finally dried at room tem-
perature [68].

For confocal microscopic analysis, we fixed the cells in
the construct using 4% paraformaldehyde solution and then
incubated them with 3% BSA solution for 30 min. The con-
structs were permeabilized by treatment with 0.1% triton
X-100 for 5 min. We added Alexa-Fluor 488 conjugated phal-
loidin to the cell-seeded scaffolds and kept them for 15 min at
room temperature. The constructs were washed three times
with PBS and 4',6-diamidino-2-phenylindole (DAPI) stain-
ing solution was then added; kept for 15 min in order to
stain the nuclei. This was followed by washing with PBS to
remove excess staining solution. We visualized the stained
constructs with a confocal microscope (Leica TCS SP5 X
Super continuum).

In vitro biomineralization In vitro biomineralization of the
3D-printed scaffolds was assessed by alizarin red S (ARS)
assay. The scaffolds were seeded with Saos-2 osteoblast-like
cells and cultured for 7 d. ARS staining solution (2%, mass
fraction) prepared by dissolving the ARS powder in Milli-
Q water was adjusted to a pH between 4.1 and 4.3, using
10% NaOH solution. After seven days of cell culture, the
constructs were thoroughly washed with PBS and the cells
were fixed by treating with 4% paraformaldehyde solution,
followed by washing with PBS. Staining solution (1 mL)
was added to the construct and it was incubated for 1 h at
37 °C. The residual amount of ARS solution was removed
by repeated washing with Milli-Q water. We performed a
qualitative analysis of biomineralization by capturing images
of ARS-stained constructs with an inverted-phase contrast
microscope. For quantitative measurement, the stained scaf-
folds were immersed in 700 wL of a 10% acetic acid solution
to solubilize the ARS stain for 5 min, and optical density (OD)
was then measured at 405 nm using UV-vis spectroscopy
[69].

@ Springer



62

Bio-Design and Manufacturing (2024) 7:57-73

»]

204.

Viscosity (Pa-s)

0.5

—— SAICHIGE,
SAICHIGE,

—— SAICHIGE,,
SAICHIGE,,

T
0 200 400

T T T 1
600 800 1000 1200

Shear rate (s”)

Fig.2 a Rheological behavior of the SA/CH/GE printing solutions.
b—e Optical images of the fabricated SA/CH/GE scaffolds with
varying gelatin content (0%—15%), b SA/CH/GE( used as control,

Statistical analysis All quantitative results are presented
in terms of meanzstandard deviation (SD). The statistical
analysis of the experimental results was done with Graph-
Pad Prism 8 using one- and two-way analysis of variance
(ANOVA) tests, and the statistical significance is repre-
sented as *p<0.035, “p<0.01, ™ p<0.001, and “**p<0.0001
[70-73].

Results and discussion
Rheological behavior of bioinks

The rheological behavior of a polymeric solution is an
important factor in 3D printing. Rheological properties are
determined by measuring viscosity at varied levels of shear
stress, which helps to determine the flow of printing ink from
the dispensing nozzle of a 3D printer [74]. We recorded
the viscosity of the prepared printing inks, comprised of
SA/CH/GE blends with varying gelatin content (0%—15%,
volume fraction) at different shear rates (Fig. 2a). As indi-
cated, there was no significant change in the viscosity of
the SA/CH blends upon the addition of gelatin, and the
same viscosity pattern was obtained with all composition
of SA/CH/GE blends. The viscosity of the printing inks
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¢ SA/CH/GEs, d SA/CH/GE/, and e SA/CH/GE|5. SA: sodium algi-
nate; CH: chitosan; GE: gelatin

decreased as the shear rate increased, confirming their shear-
thinning characteristics; these were due to disentanglement
of the polymeric network [75]. The shear-thinning property
shows the great potential of printing with tri-polymeric inks
for scaffold fabrication [76].;

Fabrication of 3D-printed SA/CH/GE scaffolds

We used the prepared SA/CH/GE blends (with varying
gelatin content in the range of 0%—15%) as printing inks,
and successfully fabricated microfibrous scaffolds with 3D
architecture by 3D printing. The scaffolds were designated as
SA/CH/GE, SA/CH/GEs, SA/CH/GE}¢, and SA/CH/GE;s,
respectively. We did not observed structural fidelity during
the printing with the (SA/CH)/GE: 80/20 (SA/CH/GEyp)
ink. The optical images of the scaffolds are displayed in
Figs. 2b—2e. The scaffolds were fabricated with layer-by-
layer assembly by the extrusion of SA/CH/GE polymeric
blends from the dispenser (as described above), and cal-
cium chloride solution was used to instantly gel the printed
structures, which were further crosslinked with EDC-NHS
solution.

Morphological analysis

We analyzed the surface morphology of the fabricated
scaffolds by assessing the SEM images. Figure 3 displays
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Fig.3 SEM images of the 3D-printed SA/CH/GE structures with varying gelatin content. a SA/CH/GE (control), b SA/CH/GEs, ¢ SA/CH/GE,
and d SA/CH/GEjs. Scale bars: 500 wm. SEM: scanning electron microscopy; SA: sodium alginate; CH: chitosan; GE: gelatin

the microfibrous and microporous open pore structures of all
compositions of the scaffold, which exhibited a more or less
square shape and an interconnected pore network. The gelatin
concentration in the SA/CH scaffold had a significant impact
on pore size and fiber diameter. However, no significant
change in surface morphology was observed, among the scaf-
folds with varying gelatin content. The fiber diameter of the
scaffolds increased with gelatin content, and the values were
(369+42), (519+£50), (565+94), and (578+61) pm with
SA/CH/GEy, SA/CH/GEs, SA/CH/GE/¢, and SA/CH/GE;5s,
respectively. The pore sizes of the scaffolds, (383+92),
(431191), (439+98), and (491£115) wm, for SA/CH/GEy,
SA/CH/GEs, SA/CH/GE o, and SA/CH/GE; s, respectively,
were observed to be suitable for bone-tissue engineering,
which requires a pore-size ranging from 20 to 1500 pm [54].
The similar pore sizes we measured indicate the rigid and
stable structure of the scaffolds resulting from crosslinking
of gelatin in the SA/CH/GE with EDC-NHS [77].

Chemical composition analysis

We performed FTIR analysis to determine the functional
groups of respective polymers and thus chemical compo-
sition of the scaffolds. Figure 4 displays the FTIR spec-
tra of SA/CH/GE( scaffolds (Fig. 4a) as well as pure
GE, SA/CH/GEs, SA/CH/GE g, and SA/CH/GE; 5 scaffolds
(Fig. 4b). In FTIR spectra of SA/CH/GEj, the character-
istic peaks at 818 and 890 cm~! indicated the occurrence
of B-glycosidic linkage between the glucuronic acid and
mannuronic acid of the alginate [78, 79]. C-OH, C-O-C,
and C-O groups were observed at 1156 cm™!, whereas
C-H bending was found at 1400 cm~!. The peak found
around 1600 cm™! corresponds to the formation of poly-
electrolyte complex between carboxylic groups of alginate
and amine groups of chitosan [80]. In the FTIR spectra of
pure gelatin (Fig. 4b), the characteristic bands at 3285 and
3073 cm ™! indicated N—H stretching of amide I1. We ascribed
the absorbance at 2940 cm™! to stretching of alkyl groups of
C—H. The characteristic bands at 1243, 1544, and 1650 cm ™!
were due to N-H stretching of amides I-III [81].

In the FTIR spectra of SA/CH/GE-blend scaffolds
(Fig. 4b), we observed the main characteristic bands with
small shifts. The C—H bending vibration was found at 1387,
1388, and 1385 cm™! (with small shifts) in the SA/CH/GEgs,
SA/CH/GE)p, and SA/CH/GE5 scaffolds, respectively, in
comparison to pure chitosan (1378 cm~!) and gelatin
(1395 cm~!) [82]. Furthermore, the carboxyl asymmet-
ric stretching vibration for SA/CH/GEs, SA/CH/GE, and
SA/CH/GE 5 was found at 1644, 1631, and 1634 cm™!
respectively, with small shifts from 1608 cm™". These shifts
may have been due to overlapping of the corresponding
amide I of chitosan and gelatin. The N-H stretching was
shifted to around 3400 cm™! in all the SA/CH/GE scaffolds
[83]. The shifting of absorbance bands represents the inter-
nal polymeric reaction between the alginate, chitosan, and
gelatin.

XRD analysis

XRD analysis was performed to assess the phase composition
and crystallinity of the 3D-printed scaffolds [84]. The XRD
spectra recorded in the range of 20=10°-60° are displayed
in Fig. 5, wherein SA/CH/GE spectra used as control were
referred from our previous work [43]. Asis shown, the gelatin
added to the SA/CH blend did not affect the phase of the
scaffold, and invariably a wide peak observed from 26=20°
to 35° in the XRD spectra confirmed the amorphous nature
of all the scaffold compositions, thereby demonstrating their
suitability for tissue engineering. Alginate and gelatin are
amorphous [85, 86], whereas chitosan is crystalline in nature
[87]. The XRD spectrum of the SA/CH/GE-blend scaffolds
is wide, without the presence of any obvious crystal peak; this
could be attributed to the fact that the blending of these poly-
mers might have distorted the hydrogen bonding between the
hydroxyl and amino groups of chitosan [65, 88]. Scaffolds
in an amorphous phase are expected to show superior cyto-
compatibility and cell-proliferation activities in comparison
to scaffolds in a crystalline state [89].
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Fig.4 FTIR spectra for chemical composition analysis of the fabricated 3D-printed scaffolds: a SA/CH/GE (control); b pure gelatin powder (GE),
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Fig.5 XRD spectra of the 3D-printed SA/CH/GE scaffolds. XRD: X-
ray diffraction; SA: sodium alginate; CH: chitosan; GE: gelatin

Hydrophilicity

The contact angle, which represents hydrophilicity, is
an important surface property of a tissue scaffold. The
hydrophilic surface of the scaffold promotes adsorption of
proteins like vitronectin and fibronectin, as well as growth
factors, thereby playing an important role in cell binding
to the scaffold surface [90]. The contact angles measured
for the SA/CH/GE scaffolds are displayed in Figs. 6a—6e.
Gelatin film is reported to have a much higher contact
angle than SA/CH-blend films [91-93], and hence the con-
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tact angles of the SA/CH blend films were enhanced with
increasing amounts of gelatin. In comparison, the change in
contact angle was not so significant among the SA/CH/GE
scaffolds. However, a significant variation in the contact
angle was observed between the SA/CH/GE;s and control
(SA/CH/GE)) scaffolds. The highest contact angle (72.4°4+
0.5°) was measured in the SA/CH/GE5 scaffold. The com-
position of all the 3D-printed scaffolds showed contact angles
far below 6=90°, confirming their hydrophilic nature [94].
Therefore, it can be hypothesized that the surface of scaffolds
is favorable for the adherence of protein that may promote
cell attachment thereby tissue regeneration [95].

Swelling behavior

Swelling is an important scaffold property for any tissue-
engineering application. It is involved in the absorption of
body fluid, diffusion of nutrients and growth factors to cells
during in vitro cell study, and in in vivo implantation and
removal of metabolic waste [71, 96-99]. The swelling of a
scaffold should be controlled because extensive swelling may
reduce the mechanical strength of the scaffold, besides caus-
ing rapid degradation [81]. Figure 6f displays the swelling
pattern of the fabricated SA/CH/GE scaffolds. The maxi-
mum swelling was observed in the first two hours, followed
by a gradual decline in fluid absorption until 8 h. No sig-
nificant difference was observed in the swelling between 10
and 24 h in any of the scaffold compositions. The graph
shows a declining swelling profile for the scaffolds with high
gelatin content, because of relatively high hydrophilicity of
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the polyelectrolyte complex formed by the interaction of
alginate, chitosan, and gelatin [100]. Another noteworthy
explanation of the swelling behavior of SA/CH/GE scaffold
is the crosslinking mechanism of gelatin with the EDC-NHS,
which engages the free amines and carboxyl groups of the
scaffold [99, 101].

During swelling, the fluid (SBF) is usually absorbed pri-
marily in the pores and channels of the scaffold. When
gelatin was added, we found that the overall solute con-
tent of the scaffold increased. Scaffolds with low polymeric
solute content had more porous space to hold fluid, com-
pared to scaffolds with a high polymeric concentration, which
made them comparatively less porous [102]. The maximum
swelling percentage of 667% was exhibited by SA/CH/GEy,
and the lowest by SA/CH/GEs. This result can be correlated
with the total solid polymeric content of the scaffold, which
was higher in SA/CH/GE 5 compared to the other scaffolds.
The addition of gelatin decreased swelling, and this would
be favorable for tissue engineering because high levels of
swelling can reduce the stability and mechanical strength of
the scaffold [81, 87].
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of SA/CH/GE scaffolds. Data are presented as meanztstandard devia-
tion (n=3). *p<0.05, *p<0.01. SA: sodium alginate; CH: chitosan; GE:
gelatin

Degradation study

Scaffolds for tissue engineering are designed to mimic the
natural ECM, which allows cell attachment, proliferation,
and differentiation during new tissue formation [87]. Dur-
ing this process, the scaffold gradually degrades, thereby
providing space for new tissue to be formed. Ideally, the
scaffold degradation rate should be equal to the rate of tissue-
formation rate [103]. Therefore, assessing the degradation of
scaffolds is vital. Figure 6g shows that degradation of the
printed SA/CH/GE structures increased with longer expo-
sure to SBE. Although the degradation was not significant
till Day 3, a higher rate of degradation was shown by gelatin-
containing scaffolds than the control scaffold. Afterward,
the scaffold with high gelatin content degraded rapidly and
we observed a significant difference between SA/CH/GE
and SA/CH/GEg (*p<0.05), as well as SA/CH/GEs and
SA/CH/GE5 (“"p<0.01). The rapid degradation of scaffold
containing gelatin may be attributable to fast hydrolyzation
of gelatin due to the carboxylic and amine groups it contains
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Fig.7 SEM images and corresponding XRD patterns obtained by
the biominerlization study with the fabricated scaffolds in SBF
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d SA/CH/GE;s, e measured tensile strength, and f protein
adsorption of the 3D-printed SA/CH/GE scaffolds. Data are presented

[101]. Of the various scaffolds, SA/CH/GE 5 exhibited the
greatest weight loss on Days 10 and 14. This behavior can be
attributed to the sensitivity of the gelatin in aqueous solution,
which results in rapid degradation of gelatin by hydrolization
and formation of voids in place of gelatin in the bulk scaf-
fold; this then leads to degradation of the entire SA/CH/GE
scaffold [102].

In vitro bioactivity

In vitro bioactivity refers to the formation of a bone-like
apatite layer over the scaffold surface. Bone-like apatite lay-
ers are deposited on the surface of the scaffold when it comes
in contact with body fluid that helps in bonding with natu-
ral bone. This process is known as biomineralization and
is a highly desirable one for scaffold used in bone-tissue
regeneration [87, 104]. In this study, we analyzed the apatite
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layer deposited on the scaffold surface with SEM and XRD.
The surface morphology of SA/CH/GE scaffolds is displayed
in Figs. 7a-7d as it appeared after seven days of incuba-
tion. Apatite formation was exhibited by all the scaffold
compositions. The SEM analysis revealed the high amount
of mineral deposition over the scaffold with higher gelatin
content. Gelatin has a bioinspired surface with carboxylate
groups that easily bind to the calcium ions, thereby acting as
nucleation points for apatite formation [105]. The XRD pat-
tern of the scaffolds indicated peaks around 31.9°,45.6°, and
56.6°, which were similar to the main characteristic peaks of
hydroxyapatite (HAp) [106, 107]. The higher relative intensi-
ties represent a higher amount of apatite deposition, and thus
itis evident that the best apatite deposition was obtained with
SA/CH/GE5. This result demonstrates the excellent bioac-
tivity of the SA/CH/GE;5 scaffold and hence its potential for
bone-tissue regeneration.
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Mechanical strength measurement

Mechanical strength is a crucial parameter which defines
the mechanical integrity of a scaffold upon implantation
in vivo and its survival during tissue regeneration. A scaf-
fold should possess sufficient mechanical strength to provide
structural stability under physiological conditions; it should
offer mechanical support to the cells and newly formed tissue
during in vitro as well as in vivo tissue formation [81]. The
tensile strength of our scaffolds was in the range of (386
+15)—-(693+15) kPa; the higher value was obtained with
higher gelatin content, as shown in Fig. 7e. The addition
of gelatin to the SA/CH network significantly enhanced the
tensile strength of the scaffolds. This is probably due to the
stiff nature of the gelatin compared to sodium alginate and
chitosan [101]. Therefore, blending gelatin with the SA/CH
increased the overall stiffness of the fabricated scaffolds,
which further improved the ultimate tensile strength. We
found that the strength was directly related to the gelatin con-
tent of the scaffold. Similar results of enhancement in tensile
strength of scaffold with incorporation of gelatin have been
previously reported [85, 108, 109]. The maximum strength
was shown by SA/CH/GE 5, compared to both the other scaf-
folds and the control.

Protein adsorption

The level of protein adsorption on the scaffold surface helps
in determining the response of cells with the surface upon
their interaction. Proteins like fibronectin and vitronectin are
adsorbed on the surface of the scaffold when it comes in
contact with body fluid, thereby facilitates the attachment,
proliferation, and differentiation of cells over the scaffold sur-
face [86, 87]. We calculated the protein adsorption for each
SA/CH/GE scaffold composition; the adsorption patterns are
shown in Fig. 7f. Protein adsorption increased upon the addi-
tion of gelatin, which may be attributed to the presence of
more adsorption sites for protein over the scaffold surface;
this is corroborated by an earlier report [102]. Gelatin, being
the derivative of collagen, has the RGD sequence which
encourages the protein adsorption that further facilitates
cellular adhesion. Therefore, scaffolds with higher gelatin
content have more RGD sequences that provide a higher
number of protein-binding sites over the scaffold surface.
So, we believe that, among the scaffolds fabricated in this
study, the SA/CH/GE5 scaffold can provide the most favor-
able platform for cell attachment and proliferation.

MTT assay

We performed an MTT assay to investigate whether the 3D-
printed scaffolds were cytocompatible . Saos-2 osteoblast-
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Fig.8 MTT assay results obtained from the fabricated SA/CH/GE
scaffolds at different time intervals during five days of Saos-2 cell cul-
ture. Data are presented as meanzstandard deviation (n=3). *p<0.05,
**pS0.0l, ****pS0.000I.SA: sodium alginate; CH: chitosan; GE:
gelatin

like cells were cultured over the scaffolds, and metabolic
activity was monitored on Days 1, 3, and 5, as shown in
Fig. 8. On the first day, we observed similar metabolic activity
in all the 3D-printed scaffolds. However, as the culture pro-
gressed, cellular activity increased. We also noticed that the
incorporated gelatin in the SA/CH scaffold network signifi-
cantly enhanced the metabolic activity of cells. The highest
cell metabolic activity was obtained with SA/CH/GE15. This
enhanced cell metabolic activity could be attributed to the
availability of a higher number of cell-binding sites over
the scaffold surface, due to the presence of the gelatin RGD
sequence that promoted cell adhesion and proliferation [101,
110]. Thus, the developed 3D-printed SA/CH/GE scaffolds
were demonstrated to be cytocompatible.

Cell attachment and cytoskeleton arrangement

The concept behind scaffolds is to provide a surface on which
cells can attach and proliferate. When cells interact with the
implanted scaffold, they attach, spread over the surface, and
subsequently proliferate by cell division. Therefore, it was
essential for us to inspect the newly developed scaffolds
after cell seeding to confirm their compatibility with cel-
lular growth. The morphology of the cells attached over the
printed scaffolds was assessed by analyzing the SEM images
captured on Day 4 and Day 7 of culture (Figs. 9a—%h). All
four scaffold compositions showed well attachment of cells
over their surfaces on the fourth day of culture. The cells had
spread and proliferated on all the scaffolds on Day 7. These
observations suggest that the SA/CH/GE scaffolds provided
a favorable environment for cellular growth and were thus
biocompatible. Moreover, the scaffolds containing gelatin
showed better cell attachment and increased cell density in
comparison to those without gelatin. SA/CH/GE scaffolds
with higher gelatin content fostered enhanced cell density,
probably because of the availability of more cell-binding
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Fig.9 SEM and confocal images for the assessment of cell attachment
and cytoskeleton organization of cells cultured over the SA/CH/GE
scaffolds, taken on Days 4 and 7. SEM images of the cells: SA/CH/GEy
(a, e), SA/CH/GE:; (b, f), SA/ICH/GE (¢, g), and SA/CH/GE;5 (d, h).

sites. Thus, they provided a more favorable microenviron-
ment for cell attachment, migration, and proliferation [111].

We investigated cytoskeleton organization on the fourth
and seventh days of cell culture by staining the actin filament
with phalloidin and the nucleus with DAPI. The confocal
microscope images of cytoskeleton organization are dis-
played in Figs. 9i-9p. The cells were found to be attached
on the scaffold surface with low cell density on Day 4 of cell
culture. However, the number of cells had increased, showing
that the cells had proliferated well over the scaffold surface
with the progression of the culture. On all the SA/CH/GE
scaffolds, cells were found to have mixed morphology,
including spherical and elongated shapes. However, more
elongated cells were observed over the SA/CH/GE; 5 scaffold
compared to other scaffold compositions, indicating superior
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SA/CH/GE,,

SA/CH/GE,,

Confocal microscopic images of the cultured cells: SA/CH/GEy (i, m),
SA/CH/GE:s (j, n), SA/CH/GE 9 (k, 0), and SA/CH/GE;5 (1, p). SEM:
scanning electron microscopy; SA: sodium alginate; CH: chitosan; GE:
gelatin

filamentous action. The density of cell attachment on the sur-
face of the various scaffolds was improved by the addition
of gelatin. Higher gelatin content led to higher cell prolifer-
ation, and accordingly, the highest cell density was obtained
with the SA/CH/GE5 scaffold. Thus, the fabrication of 3D-
printed scaffolds that incorporate gelatin in the SA/CH scaf-
fold network provides an enhanced cell-supportive surface
which maintains the cytoskeleton organization of osteoblast-
like cells that facilitates tissue regeneration.

In vitro biomineralization

ARS assay was performed to inspect biomineralization of
the scaffolds by the cultured cells. ARS binds to the calcium
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produced by the osteoblast-like cells, forming an ARS—cal-
cium complex [63]. The images and quantitative analysis
of ARS-stained scaffolds are shown in Fig. 10. The images
show dark red spots over all the scaffold surfaces, indicating
the formation of mineralized inorganic matrix produced by
the cells. This suggests that SA/CH/GE scaffold promotes
biomineralization. However, the clearest and most promi-
nent biomineralized nodules were found in SA/CH/GEg
and SA/CH/GEjs, indicating higher mineralization in scaf-
folds with higher gelatin content. Quantitative analysis of
the ARS assay revealed that the addition of gelatin sig-
nificantly enhanced biomineralization of the scaffolds, and
that enhanced biomineralization modules were formed with
increased content of gelatin in the scaffolds. The higher
ECM biomineralization obtained with SA/CH/GE;5 indi-
cated higher cell proliferation in comparison to the other
scaffold compositions [105]. We therefore concluded that
gelatin-containing SA/CH scaffold might be a suitable plat-
form for cell adhesion, proliferation, and differentiation to
promote bone regeneration.

Conclusions

In this study, we developed sodium alginate/chitosan/gelatin
tri-polymeric complexes with different compositions as
bioinks for 3D printing, allowing us to fabricate SA/CH/GE
scaffold structures with varying gelatin content (0%—15%,
volume fraction). These 3D-printed scaffolds were desig-
nated as SA/CH/GE (control), SA/CH/GEs, SA/CH/GE,
and SA/CH/GE 5. SEM images displayed the layer-by-
layer 3D assembly of the microfibrous scaffold struc-

of the Saos-2 cells representing biomineralization activity on the scaf-
folds. Data are presented as mean-standard deviation (n=3). “p<0.05,
**p<0.01. SA sodium alginate, CH chitosan, GE gelatin

tures, which had interconnected porous networks and
the desired pore-size range. All the scaffold composi-
tions exhibited acceptable contact angles (<90°) reflect-
ing their hydrophilic nature, degradation with a trend
of SA/CH/GE(<SA/CH/GEs<SA/CH/GE|¢<SA/CH/GE;s,
and swelling. The most controlled swelling behavior was
seen in scaffolds with higher gelatin content. The in vitro
biomineralization determined by ARS assay and protein-
adsorption studies revealed higher bioactivity and cell adhe-
sion properties in scaffolds containing gelatin, confirming
these scaffolds as suitable template for BTE. The cell-
supportive properties of all the fabricated SA/CH/GE struc-
tures are evident from the in vitro cell studies. The scaffolds
promote cell attachment, viability, and proliferation, which
further augments biomineralization (forming an apatite layer
over the surface). Therefore, it has been demonstrated here
that the incorporation of gelatin in SA/CH scaffold makes
it a potential substrate for BTE. Furthermore, SA/CH/GE
with 15% gelatin content (SA/CH/GE5) is the most suitable
among all the printed scaffold compositions we tested.
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