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ABSTRACT: In developing hydrogel scaffolds for the soft tissue
regeneration, a number of inorganic or carbonaceous fillers are
embedded in alginate/gelatin-based hydrogel while manufacturing
shape fidelity compliant constructs using three-dimensional (3D)
extrusion printing. Among the spectrum of nanofillers, nano-
hydroxyapatite (nHAP), due to its intrinsic bioactivity, could
promote mineralization and interaction with host tissues while
conferring superior mechanical properties (strength and elastic
modulus). Against this backdrop, this study demonstrates the
effectiveness of nHAP reinforcement in tuning several clinically
relevant properties such as rheological properties, mechanical
properties, swelling, degradation, and antimicrobial properties. At higher concentrations of nHAP (0.75%) in the hydrogel matrix
(3A5G0.75H), a 3.13-fold increment in the compressive strength was observed, with the gel stability window and the thermal
stability of the cross-linked graft being extended to greater than 40 and 143 °C, respectively. This study demonstrated the printability
of the nHAP-reinforced hydrogel ink by fabricating the matrix-shaped graft of dimension 20 mm in diameter and 10 mm in
thickness, and the buildability was established by making the bulk-sized construct up to 62 layers (20 mm in height) with a well-
maintained pore interconnectivity, as demonstrated using micro-CT analysis. Interestingly, the CFU study revealed a 2.9- and 1.5-
fold improvement in the reduction of bacterial adhesion for 3A5G0.75H with respect to Escherichia coli and Staphylococcus aureus
bacteria. Cell culture studies on the 3D printed scaffolds w.r.to NIH 3T3 fibroblast cell line demonstrated a consistent increase in
cell viability and pronounced filopodial extensions, confirming the cytocompatibility of 3A5G0.75H scaffolds and their ability to
support cellular growth during an in vitro culture. Taken together, the present study uncovers a process science-based understanding
of the 3D buildability and biophysical properties of different concentrations of nHAP-reinforced hydrogel inks with clinically
relevant properties.
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1. INTRODUCTION soft tissue engineering. Alginate, a linear polysaccharide
derived from brown algae, is composed of repeating f-p-
mannuronic acid and a-L-guluronic acid units. These units
form a highly hydrated, three-dimensional (3D) network
through ionic cross-linking with divalent cations like Ca*,
resulting in scaffolds with tunable mechanical properties and
controlled degradation rates."”'* This flexibility is crucial for
developing scaffolds that can accommodate the unique
mechanical and biological demands of soft tissues.' ™'
Gelatin, derived from the partial hydrolysis of collagen,
retains repeating glycine—proline—X sequences, where X varies

Tissue engineering and organ transplantation are integral to
contemporary regenerative medicine, addressing the escalating
demand for viable solutions in tissue repair and organ
replacement.”” Tissue engineering employs a combination of
biomaterials, cellular components, and bioactive molecules to
fabricate functional tissue constructs, providing potential
alternatives to traditional organ transplantation approaches.”>
While organ transplantation is a life-saving procedure, it is
confronted with challenges such as a shortage of donor organs,
immune rejection, and ethical considerations.”"* By advancing
biomaterials, cellular technologies, and bioengineering meth-
odologies, tissue engineering seeks to create bioengineered
tissues and organs, thereby mitigating dependence on donor
organs and addressing issues related to immunosuppression
and transplantation ethics.”” "

Among biopolymer-based hydrogels, alginate—gelatin scaf-
folds stand out for their significant advancements in complex
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among amino acids. Although gelatin’s triple-helix structure is
partially disrupted, it still provides essential bioactive RGD
sites that promote cell adhesion and proliferation.'” ™" Gelatin
hydrogels can be engineered through thermal gelation or
chemical cross-linking to enhance their mechanical stability
and support cellular interactions”>". Both alginate and gelatin,
with their natural origins, offer excellent biocompatibility and
closely mimic the ECM, thus fostering superior cell attachment
and growth compared with many synthetic alternatives. The
ability of alginate to be functionalized with bioactive molecules
further augments its role in tissue regeneration by directing
specific cellular responses, while gelatin supports a conducive
environment for cellular repair and regeneration.””**

The controlled degradation rates of alginate and gelatin
through ionic interactions for alginate and enzymatic activity
for gelatin ensure that scaffolds degrade in harmony with tissue
formation and remodeling. This optimal combination of
mechanical support, bioactivity, and degradation control
makes alginate—gelatin-based hydrogels particularly effective
for complex soft tissue engineering. They address many of the
limitations associated with synthetic and other natural
hydrogels, advancing the field of regenerative medicine by
providing scaffolds that closely mimic the native ECM, support
tissue repair, and facilitate regeneration in complex soft tissue
environments.”* While extensive research has focused on the in
vitro biocompatibility and various biophysical properties of
alginate—gelatin hydrogel-based scaffolds, there is a notable
gap in studies addressing their antimicrobial properties. This
aspect is particularly crucial for regenerating complex soft
tissues, such as urinary tissue, which is highly susceptible to
bacterial infections.”**°

The alginate—gelatin-based hydrogels are hypothesized to
enhance both antimicrobial efficacy and biophysical properties
such as mechanical stiffness, viscoelastic properties, swelling,
and degradation.”””® Tt is expected that nHAp, due to its
nanoscale size and surface properties, interacts with bacterial
membranes, leading to ion exchange processes, such as the
release of calcium and phosphate ions, which compromise
bacterial cell wall integrity. This disruption, coupled with
nHAp’s ability to generate reactive oxygen species (ROS),
induces oxidative stress, leading to antimicrobial properties,
which are particularly valuable where infection prevention is
critical, such as in wound healing or urological scaffolds.” 3!

Among the spectrum of advanced manufacturing ap-
proaches, the extrusion-based 3D printing of hydrogels
provides notable benefits in tissue engineering by offering
precise control over scaffold design and material proper-
ties.”** This method enables the fabrication of complex,
patient-specific scaffolds that closely replicate native tissue
structures, which is critical for successful tissue regeneration
and integration. Through careful adjustment of printing
parameters and hydrogel composition, the technique allows
for fine-tuning of scaffold features such as porosity, mechanical
strength, and degradation rates, optimizing the environment
for cell growth and nutrient diffusion.”* Furthermore,
extrusion-based 3D printing facilitates the incorporation of
functional elements like vascular networks or controlled-release
drug delivery systems, enhancing the scaffold’s overall
effectiveness. Its scalability makes it a viable and efficient
method for producing customized, high-performance scaffolds
suitable for a wide range of clinical applications.***

In this study, we develop nanohydroxyapatite-reinforced 3%
alginate, 5% gelatin hydrogels (3ASG), focusing on the tunable

biophysical properties, such as extent of swelling, degradation
rate, mechanical strength, and rheological properties, etc. The
nanohydroxyapatite-reinforced ink of all compositions
(3A5G0.25H, 3ASGO.SH, and 3AS5G0.75H) demonstrated
good printability, and the buildability was established by
making a circular matrix-shaped graft of different infill densities
that could behave as a natural ECM. The disc-shaped graft of
62 layers and 2 cm height was successfully 3D-printed.
Moreover, focusing on the future clinical translatability by
producing a bulk number of coupon-sized samples for
preclinical testing, a successful trial has been made regarding
the direct printing of the ink in a cell culture well plate. A
comprehensive understanding of the volumetric porosity of the
pre-cross-linked hydrogel ink and 3D-printed graft was
developed by the micro-CT analysis, where several pore
characteristics such as pore volume fraction, pore intercon-
nectivity, and pore tortuosity were analyzed by Amira Avizo
software. Additionally, our study thoroughly investigates the
antimicrobial properties of the nanohydroxyapatite-reinforced
alginate—gelatin-based grafts against Gram-negative Escherichia
coli and Gram-positive Staphylococcus aureus bacteria, where
significant reduction in the bacterial adhesion was observed at
higher concentration of nHAP in the hydrogel matrix.

2. MATERIALS AND METHODS

Pharmaceutical-grade sodium alginate was sourced from S D
Fine Chem Limited (SDFCL). Nanohydroxyapatite, with a
particle size of <200 nm (BET) with a purity of >97%, was
purchased from Sigma-Aldrich. Gelatin derived from porcine
skin (bloom strength ~300) was also acquired from Sigma-
Aldrich. The cross-linking agent utilized in the study, calcium
chloride dihydrate (CaCl,-6H,0), was obtained from Sigma-
Aldrich.

2.1. Scanning Electron Microscopy (SEM). The
morphology of the obtained nanohydroxyapatite (nHAp)
was examined by using fleld emission scanning electron
microscopy (ZEISS, ULTRASS). The samples were coated
with a thin layer of gold via sputtering before analysis. To
prepare the samples, a diluted dispersion of nHAp was drop-
cast onto conductive carbon tape adhered to a metallic
substrate. Subsequently, the samples were dried overnight in an
oven.

2.2. Formulation of Nanohydroxyapatite-Reinforced
Alginate/Gelatin-Based Hydrogel Ink. For synthesizing the
alginate/gelatin/nanohydroxyapatite (nHAp)-based hydrogel,
a different approach was employed. Initially, gelatin (X% w/v)
was dissolved in water at 45 °C until a homogeneous solution
was formed. Next, nanohydroxyapatite (nHAp) at varying
concentrations (Y% w/v) was dispersed into the gelatin
solution with continuous agitation at 45 °C until a uniform
dispersion was obtained. This sequence was important because
adding alginate before nHAp would have resulted in a highly
viscous solution, making it difficult to achieve a uniform
dispersion of the nanoparticles. Once the nHAp dispersion was
ready, a predetermined amount of alginate (Z% w/v) was
added to the nHAp—gelatin solution at 39 °C. The mixture
was stirred overnight to form a semiviscous, homogeneous
solution of alginate, gelatin, and nHAp. To facilitate gelation,
both the alginate/gelatin (AG) and alginate/gelatin/nHAp-
based hydrogels were refrigerated at 4 °C overnight, ensuring
the formation of stable gel structures in both formulations.

2.3. Rheological Parameter Analysis. To ensure the
synthesis of a hydrogel ink suitable for 3D printing with
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favorable buildability, a range of rheological parameters were
evaluated, including shear-thinning behavior, temperature- and
frequency-dependent variations in storage modulus (G’) and
loss modulus (G”), linear viscoelastic regime (LVR),
thixotropic characteristics, and the stability of pre-cross-linked
hydrogel ink over time and temperature, particularly at
physiological conditions. The rheological tests were conducted
using an Anton Paar rheometer (Model-MCR 302) equipped
with a 25 mm parallel plate configuration. Hydrogel samples
were carefully placed between the plates at 21 °C, maintaining
a 1 mm gap between them.

Initially, the viscoelastic properties of the hydrogel ink were
assessed by varying the frequency from 0.01 to 100 rad/s,
focusing on the storage (G’) and loss modulus (G”). Gel
stability was evaluated by measuring the temperature-depend-
ent variations in G’ and G” across a range of 25—42 °C, with
the upper limit exceeding physiological temperature (37 °C).
Time-dependent stability of the pre-cross-linked hydrogel at
room temperature was further analyzed through a time sweep,
where changes in G’ and G” were monitored over 4 h at a
constant shear strain of 1% and a fixed angular frequency of 1
rad/s. The linear viscoelastic regime was determined by
applying a shear strain range of 0.1—1000%.

The hydrogel’s shear-thinning behavior, or pseudoplasticity,
was investigated by measuring viscosity variations across a
shear rate range of 0.1—100 s~'. Additionally, thixotropic
analysis was performed to examine the hydrogel’s shape
recoverability in three stages: preprinting (Step I), during
printing (Step II), and postprinting (Step III). In Step I, a
shear rate of 0.1 s™' was applied for 60 s. During Step II, a
maximum shear rate of 100 s™' was applied for 20 s, and in
Step III, the initial shear rate of 0.1 s was reapplied for 60 s.
This method provided a detailed evaluation of the hydrogel’s
viscosity recovery throughout different stages of the printing
process.

2.4. 3D Extrusion Printing of the Graft. To fabricate
clinically applicable 3D-printed matrix-shaped grafts, a filament
extrudability test was conducted, leading to the selection of a
22G nozzle for the final printing process. The extrusion
pressure for each composition was then optimized by adjusting
the flow rates for the selected material. A CAD design for the
grafts was created by using SolidWorks 2022 software to
fabricate circular matrix-shaped grafts having dimensions of 30
mm in diameter and 1 cm in height. To establish the
buildability of the synthesized hydrogel ink further in terms of
printing the structure of a larger height, a disc-shaped graft of
15 mm diameter and 2 cm height was designed by SolidWorks.

The design was exported as an STL file, which was then
sliced by using Mito Plus software with a layer height of 0.4
mm. The printability and buildability of the synthesized
hydrogel-based biomaterial ink were validated by using a
custom-made extrusion printer developed by Avay Biosciences
Pvt. Ltd., Bangalore, India. The printing was optimized at a
temperature of 21 °C and a speed of 6 mm/s.

2.4.1. Postprinting Cross-Linking the Graft. Following the
printing process, each structure underwent a cross-linking
procedure using a 1 M calcium chloride (CaCl,) solution to
enhance the mechanical stability of the constructs. The printed
structures were placed in a glass Petri dish, and a 1 M CaCl,
solution was carefully applied drop by drop using a 20 mL
plastic syringe. Afterward, the entire printed structure was fully
submerged in a 1 M CaCl, solution for several hours to ensure
thorough cross-linking. This step was essential to achieving the

desired mechanical integrity and stability of the printed
hydrogel constructs.

2.5. Physicochemical Characterizations. 2.5.1. FT-IR.
Fourier Transform Infrared (FT-IR) measurements were
performed on cross-linked hydrogel-based grafts, both pre-
and postimplantation, using a PerkinElmer spectrophotometer.
The analysis was conducted over a wavelength range of 600—
4000 cm™' with a resolution of 4.0 cm™. Each sample
underwent 32 scans to ensure accurate results. To eliminate
moisture interference, all samples were thoroughly dried and
stored in a desiccator overnight before the analysis.

2.5.2. TGA Analysis. To assess the thermal stability of the
freeze-dried cross-linked hydrogel-based grafts, including the
physiological temperature range, thermogravimetric analysis
(TGA) was conducted. Samples weighing approximately 15—
20 mg were placed in an alumina crucible for the analysis. The
temperature range was set from room temperature (25 °C) to
700 °C, with a heating rate of 10 °C/min under a nitrogen
atmosphere. The weight loss was recorded as a function of
temperature, and derivative thermogravimetry (DTG) curves
were generated to identify the material’s thermal degradation
stages.

2.6. Evaluation of the Mechanical Strength of
Composite Hydrogel Scaffolds. 2.6.1. Compressive
Strength. To evaluate the compressive strength, cylindrical
disc-shaped 3D-printed cross-linked samples were prepared for
each composition, with dimensions of 15 mm in diameter, 10
mm in height, and an infill density of 20%. The samples were
washed and immersed in PBS for 30 min to remove any
residual CaCl,. The compressive strength of each sample was
measured using a microUTM analyzer (Mecmesin MultiTest-
10-i) fitted with a S00 N load cell, operating at a cross-head
speed of 2 mm/min. During testing, load—displacement data
were collected for each sample. These data were then
processed, using known dimensions (cross-sectional area and
height) of the samples, to produce stress—strain curves. The
compressive strength of the hydrogel scaffold was determined
by analyzing these curves. Understanding the compressive
strength is essential for assessing the scaffold’s capacity to
withstand compressive forces, a critical factor for its potential
use in tissue engineering. Achieving compressive strength
comparable to that of native tissue is key for the scaffold to
provide adequate mechanical support for tissue regeneration.

2.7. Biophysical Properties. 2.7.1. Swelling. The swelling
capacity of hydrogels is a key factor in their suitability for 3D
bioprinting and tissue engineering, as it reflects the hydrophilic
nature of their three-dimensional polymeric network.**”” To
assess this property, we cast hydrogel solutions of each
composition into hollow cylindrical glass molds with an
internal diameter of 10 mm and a height of S mm. The molds
were placed at 4 °C for gelation, followed by cross-linking in 1
M CaCl, for several hours. For accuracy, 10 samples per
composition were prepared. Afterward, the samples were
freeze-dried for 24 h to remove excess water, and the dry
weight of each disc was recorded as W,

To evaluate swelling efficiency, a measured volume of
phosphate-buffered saline (PBS) was added to each sample,
and the wet weight was recorded at time intervals of 0, 2, 4, 8,
12, 24, 48, and 72 h. At each time point, the samples were
removed from the well plate, the surface water was gently
blotted using tissue paper, and the wet weight was recorded as
W,. The swelling efficiency of each scaffold was calculated
using the formula
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swelling efficiency (%) = (W, — W,/W,) X 100

This analysis provided valuable insights into the hydrogels’
swelling behavior under physiological conditions over time.

2.7.2. Degradation Study. Enzymatic degradation assays
were conducted on the hydrogel-based grafts using disc-shaped
samples following a procedure similar to the swelling study.
The cross-linked hydrogel samples were immersed in a PBS
solution containing collagenase type I enzyme at a concen-
tration of 2 U/mL and incubated at 37 °C. The remaining
mass of the samples (M,) was measured at various time points,
including 0, 4, S, 7, 9, 12, 15, 20, and 28 days after
lyophilization. The percentage of residual mass was calculated
relative to the initial dry weight (M,) of the samples using the
formula

percentage of residual mass (%) = (W;/W,) X 100

This analysis provided an assessment of the enzymatic
degradation behavior of the hydrogel-based grafts over time.
By tracking changes in mass, the study offered valuable insights
into the degradation kinetics and stability of the grafts, which
are essential for their application in tissue engineering.

2.8. Micro-CT Analysis: 3D Volumetric Microstructure
of Pre-Cross-Linked Hydrogel Ink and Cross-Linked-3D-
Printed Hydrogel-Based Graft. To examine the 3D porous
structure of both freeze-dried pre-cross-linked hydrogel-based
ink and post-cross-linked 3D-printed nanohydroxyapatite-
based grafts (3A5G0.25H, 3ASGO0.5H, 3AS5G0.75H), micro-
CT scanning was conducted with an Xradia Versa XRM 500.
The resulting data were analyzed using Avizo software
(Version 9.22). Samples were securely positioned on a
specialized holder within the Xradia chamber, with careful
adjustments to the X-ray source, detector, exposure time, and
voltage to ensure a uniform intensity across specimens. Each
sample underwent 2 h of 3D scanning session, producing 1601
projections per sample, based on the parameters specified in
Figure S.

After scanning, the data were reviewed with the TXM 3D
viewer, and 2D orthoslices were visualized. The 3D porous
structures, including pore volume fraction and interconnectiv-
ity, were analyzed by using Amira Avizo software (Thermo
Fisher Scientific). The TXM files were processed to generate
2D orthoslices in three planes (XY, YZ, and ZX), and a 3D
subvolume, designated as the volume of interest (VOI), was
extracted for detailed analysis.

To distinguish pores from the hydrogel matrix, autothre-
sholding was employed, and axis connectivity was assessed to
determine the pore volume fraction. Pore spaces were isolated,
and a pore network model was created based on the pore
equivalent radius (EqRadius). Pore dimensions and histograms
were analyzed through label analysis after thresholding and
separation of the pores using interactive thresholding, opening,
and separation modules. Additionally, the pore tortuosity was
calculated using the centroid sphere tortuosity module within
the axis connectivity analysis.

2.9. Bacterial Culture Studies. To evaluate the
antimicrobial properties of the hydrogels, we utilized both
Gram-positive Staphylococcus aureus (S. aureus) and Gram-
negative Escherichia coli (E. coli) bacterial strains. Methicillin-
resistant S. aureus (MRSA, USA 300) was sourced from the Sir
Dorabji Tata Centre for Research in Tropical Diseases,
Bangalore, while wild-type E. coli (K12 MG 1655) was
obtained from the National Centre for Biological Sciences

(NCBS). The glycerol stock of S. aureus was revived on
Tryptic Soy Agar, and E. coli was revived on Nutrient Agar.
Single colonies from the agar plates were inoculated into S mL
of Tryptic Soy Broth for S. aureus and Luria Broth for E. coli
and incubated overnight at 37 °C with constant shaking at 100
rpm. The following morning, the optical density was measured
using a spectrophotometer, and the culture was adjusted to 0.5
OD to ensure it was in the log phase.

Hydrogel samples were cut into 1 cm? pieces, sterilized by
immersion in 100% ethanol, and exposed to UV light for 1 h.
After sterilization, the samples were thoroughly washed with
1X PBS and placed in duplicate wells of a 12-well plate. Each
well received 1 mL of the bacterial culture and was incubated
for 4 h.

2.9.1. Serial Dilution and Plating. Following a 4 h
incubation period, a serial dilution was performed. 1 mL of
the bacterial suspension from each well was transferred to 9
mL of fresh Tryptic Soy (TS) or Luria Broth (LB), depending
on the bacterial strain. This suspension was then subjected to
serial dilution up to a 1077 dilution factor. From the last four
dilutions, 100 uL of each was plated on Tryptic Soy Agar (for
S. aureus) or Nutrient Agar (for E. coli). The plates were
incubated overnight at 37 °C. The next morning, colonies were
counted to determine the colony-forming units (CFUs) and
extrapolated to the original volume.

The outcome of this study was represented by calculating
the log reduction in the number of CFUs/mL and determining
the percentage reduction

No. of CFU/mL
No. of colonies

volume of dilution plates X dilution factor

log 10 CFU reduction CFU/mL
_ No of CFU/mL in control
No of CFU/mL in treated culture

2.9.2. Fluorescence Confocal Microscopy: Live Bacteria.
To assess the antimicrobial property on a qualitative and
quantitative basis, live staining of the bacteria on the hydrogel
surface was done. The live stain was prepared according to the
Kit instructions for the LIVE/DEAD Viability/Cytotoxicity
Kit* from Thermo Fisher Scientific.

Living cells are identified by their internal esterase activity,
which converts the cell-permeant calcein AM into fluorescent
calcein. Calcein, a negatively charged dye, remains within live
cells, emitting a strong green fluorescence (~495 nm
excitation/~S1S nm emission). After removal of the bacterial
suspension from the hydrogel, it was washed with PBS mildly
and 1 mL of the live stain was added and incubated in the dark
for 40 min. After 40 min, the stain was removed, and the
material was transferred to a glass slide for a confocal
microscope. The images were taken with an FITC filter.
Intensity was quantified on the Image] software and
normalized with respect to the range.

2.9.3. Mammalian Cell Culture. For mammalian cell
culture, DMEM stock media was supplemented with 10%
(v/v) FBS and an antibacterial-antimycotic solution (Thermo
Fisher) following the manufacturer’s instructions, mixed
aseptically, filter-sterilized, stored at 4 °C, and warmed to 37
°C before use. NIH-3T3 fibroblast cells, isolated from a Swiss
mouse embryo, were thawed at room temperature, resus-
pended in 1 mL of working media, centrifuged at 2000 rpm for

https://doi.org/10.1021/acsomega.4c10743
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Figure 1. (a) SEM images of nanohydroxyapatite powder particles. (b) The obtained particle size distribution from the SEM images calculated by

Image] software.

7 min, and the pellet was resuspended in fresh media. The
suspension was transferred to a T-25 or T-75 flask with 3 or 7
ml working media and incubated at 37 °C in 5% CO,. At a
70% confluence, cells were trypsinized, centrifuged, and
resuspended in 1 mL of fresh media. A total of 100,000 cells
were seeded onto hydrogels sterilized for 4 h with 70% ethanol
under UV light, with 500 uL of media added to each well.

2.9.3.1. WST-1 Assay. Cell viability on cross-linked hydrogel
samples was assessed at 3, S, and 7 days using the WST-1
assay, which measures the mitochondrial activity. At each time
point, the growth medium was aspirated, and samples were
washed with 1X PBS to remove nonadherent cells. A 500 uL
solution of 10% WST-1 in DMEM was added to each well and
incubated at 37 °C for 2 h. The reduction of WST-1 to
formazan by mitochondrial dehydrogenase activity in viable
cells produced a color change, and absorbance was measured at
450 nm by using a microplate reader (AF2200, Eppendorf).
Cell viability was calculated as a percentage of the control
using the following equation

% cell viability = (absorbance of sample

/absorbance of control) X 100

2.9.3.2. Confocal Microscopy. Hydrogel samples were
cultured in the appropriate media for 3 days, after which
they were prepared for confocal imaging. On day 3, the
samples were washed three times with 1X phosphate-buffered
saline (PBS) and fixed with 2% paraformaldehyde (PFA) for
4S min at room temperature to preserve cellular structures.
Following fixation, the samples were permeabilized with 0.1%
Triton X-100 in PBS for 5 min and washed three times with
PBS to remove excess detergent. Alexa Fluor 488 Phalloidin,
diluted according to the manufacturer’s instructions (Thermo
Fisher), was applied to stain F-actin filaments, with overnight
incubation at 4 °C. After staining, the samples were washed
three times with PBS to remove unbound dye, followed by
nuclear staining using DAPI (4',6-diamidino-2-phenylindole)
for 10 min at room temperature. Excess DAPI was removed
with three additional PBS washes. The stained samples were
mounted on glass slides using an appropriate mounting
medium, and high-resolution images were acquired using an
Olympus Confocal Microscope at 20X magnification with
optimized excitation/emission settings for Alexa Fluor 488
(green) and DAPI (blue).

2.10. Statistical Analysis. Statistical analysis was con-
ducted using one-way ANOVA, followed by Tukey’s post hoc
analysis, utilizing GraphPad Prism Version 8.0.2 (263). A
significance level of p < 0.05 was established, with all analyses
performed in triplicate (n = 3). Error bars in the graphs
represent the standard deviation derived from the mean values.

3. RESULTS AND DISCUSSION

In tissue engineering, the nanohydroxyapatite-based hydrogel
formulations and scaffolds have been extensively explored,
particularly for bone and cartilage tissue engineering.’”*’
However, the nanohydroxyapatite-based scaffolds could be
highly effective for soft tissue engineering due to their good
biocompatibility, mechanical strength, and antimicrobial
properties.‘m’41 Moreover, due to its Ca** and PO,*~ contents,
it could significantly promote mineralization, which is highly
effective for any kind of soft tissue engineering."”~*> The
following sections provide a comprehensive idea regarding the
tunability of several biophysical and physicochemical proper-
ties of the alginate—gelatin-based hydrogel ink and 3D-printed
scaffolds by varying the concentration of nHAP. Moreover, an
effective way of improving the antimicrobial property of the
3D-printed hydrogel scaffolds by varying the concentration of
nHAP is also presented in this section. The SEM
morphological investigation of the nHAP powder showed a
completely uniform spherical-shaped particle distribution, as
shown in Figure 1.

3.1. Synthesis of Homogeneously Formed Nano-
hydroxyapatite-Reinforced Hydrogel-Based Biomateri-
al Ink. The sequential mixing of the three components of the
hydrogel at a specific temperature and mixing condition results
in the formation of a homogeneous white-colored hydrogel,
which is crucial for the smooth extrusion of filaments from the
printing cartridge [Figure 2a,b]. The concentration of
nanohydroxyapatite (nHAp) was varied within a small range
from 0.25 to 0.75%. It was observed that when the nHAp
concentration was below 0.25%, the gel stability was poor,
likely due to insufficient interconnectivity and interparticle
interaction at low concentrations below the percolation
threshold. Optimal printability and physicochemical properties
were achieved within this narrow concentration range, while at
concentrations higher than 0.75%, the hydrogel’s viscosity
became too high for 3D printing, preventing further improve-
ment of biophysical properties [Table 1].

3.2. Physicochemical Interactions of the 3D-Printed
Graft. 3.2.1. FT-IR. The chemical interactions between the
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Figure 2. Representation of the overall procedure of formulation of the homogeneous nanohydroxyapatite-reinforced alginate—gelatin-based
hydrogel and several physicochemical characterizations. (a) Schematic represents the formulation steps of the homogeneous hydrogel ink [created
by Biorender.com]. (b) The homogeneous dispersion of nanohydroxyapatite in the hydrogel matrix and the formulation of the stable homogeneous
hydrogel at 4 °C. (c) FT-IR analysis of the synthesized freeze-dried cross-linked hydrogel ink to understand the extensive physicochemical
interactions between the components. (d) Measurement of thermal stability of the freeze-dried cross-linked hydrogel ink through the change of
weight percentage with respect to temperature by TGA analysis. (e) Differential thermogram defines the maximum weight loss temperature of the
cross-linked hydrogel-based grafts. (f) The stability of the cross-linked hydrogel-based graft in the physiological temperature window by TGA.

components of the nHAp-based hydrogel compositions were
analyzed using FT-IR spectroscopy on 3D-printed cross-linked
scaffolds. Since the primary components of all three different
compositional variations (3A5G0.25H, 3ASGO0.SH, and
3A5G0.75H) are similar, overlapping of characteristic peaks
in the FT-IR spectra was observed. However, IR bands

18433

appearing at 1004—1013 and 1060—1083 cm™" correspond to
the C—C and C—O stretching vibrations of alginate [Figure
2c]. The broad IR bands observed at 1674 and 1470 cm™!
correspond to the asymmetric and symmetric stretching
vibrations of the carboxylate ion (COOT™) of alginate,
indicating the formation of adequately cross-linked hydrogel
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Table 1. Formulated Hydrogel-Based Compositions with
Respect to Different Concentrations of Nanohydroxyapatite
(nHAP)

hydrogel alginate  nanohydroxyapatite (nHAP),  gelatin,
composition X% Y% Z%
3A5G0.2SH 3 0.25 N
3A5G0.5H 3 0.5 5
3A5G0.7SH 3 0.7§ S

scaffolds. The IR band at 1674 cm™ also corresponds to the
amide I band and the C—O and C—N stretching bonds of
gelatin. The characteristic peaks of nHAp include those at 962
and 1040—1080 cm™', which are attributed to the phosphate
(PO,*") group stretching vibration. Additionally, the IR bands
at 1532 and 1236 cm™" correspond to gelatin’s amide IT and
amide III stretching vibrations of the C—N and N—H groups,
respectively. The broad peak for the O—H group appears at
3400—3270 cm™!, and the C—H stretching is observed at 2980
em™' [Figure 1c].

3.2.2. TGA. To investigate the thermal stability of the 3D-
printed hydrogel-based graft within a temperature range that
includes physiological conditions, thermogravimetric analysis
(TGA) was performed. Thermal degradation is typically
identified by a weight loss of 5—10%, which often indicates
the onset of significant material decomposition. For certain
polymers and biomaterials, a 5% weight loss (termed T;) is
used as an indicator of degradation onset. In this study, the T
values for 3A5G0.25H, 3A5G0.5H, and 3A5G0.75H are 51, 51,
and 74 °C, respectively [Figure 2d]. The differential
thermogram curve represents the rate of weight loss as a
function of temperature (or time) derived by taking the
derivative of the weight loss curve. The temperature at the
peak maximum is reported as the maximum degradation
temperature (T,,,), indicating when the material degrades at
its fastest rate. The T,,, values for 3A5G0.25H, 3A5GO0.5H,
and 3ASGO0.75H are 119, 119, and 143 °C, respectively [Figure
2e]. At higher concentration of nanohydroxyapatite (nHAp) in
the cross-linked hydrogel matrix (3A5G0.75H), the thermal
stability was significantly improved, as evidenced by TGA and
DTG data. The TGA analysis could not reveal any significant
degradation of the cross-linked hydrogel-based grafts at
physiological temperature, and hence no significant deviation
from the linearity was noticed within the physiological
temperature window [Figure 2f].

3.3. Rheological Property Analysis. The rheological
evaluation of nanohydroxyapatite (nHAp)-reinforced algi-
nate—gelatin-based hydrogel scaffolds is crucial, as it provides
key insights into the material’s mechanical behavior,
processability, and suitability for tissue engineering.*>*’
Rheological properties, such as viscoelasticity (storage and
loss moduli), shear-thinning behavior, and gelation kinetics,
help to predict how the hydrogel will perform under
physiological conditions.

3.3.1. Shear-Thinning Behavior. The shear-thinning nature
of nHAp—alginate—gelatin hydrogels facilitates smooth ex-
trusion and maintains shape fidelity in 3D printing."® The
initial viscosity for 3A5G0.25H, 3A5G0.5H, and 3A5G0.75H
was 3.8 X 10°, 5.6 X 10°, and 1.0 X 10° mPa.s, respectively, at a
shear rate of 0.1 (1/s), within the optimal range for extrusion
printing (30—6 X 107 mPa-s).”” The viscosity vs shear rate plot
[Figure 3b] showed a continuous decrease in viscosity with
increasing shear rate, confirming shear-thinning behavior.

Additionally, the increasing nHAp concentration led to a
gradual increase in zero-shear viscosity, attributed to the
formation of a restrictive network that limits polymer chain
flow [Figure 3a].

3.3.2. Linear Viscoelastic Regime. The influence of shear
on the gel properties was analyzed through amplitude sweep
tests, focusing on the effect of varying nanohydroxyapatite
(nHAp) concentrations in the hydrogel matrix. The
viscoelastic behavior within the linear viscoelastic regime
(LVR) was assessed by varying shear strain from 0.01 to 1000
rad/s and shear stress from 0.1 to 1000 Pa. For all
compositions, the storage modulus (G’) exceeded the loss
modulus (G'’), with tan & values below 1 until the crossover
region. The crossover for 3A5G0.25H occurred at 0.7% strain
and 601 Pa, shifting to higher strain and stress for 3A5G0.5H
(1.1%, 712 Pa) and 3ASGO.7SH (1.02%, 721 Pa) [Figure
3c,d]. The addition of nHAp reduced gel deformability under
shear stress due to enhanced intermolecular interactions from
the high surface area of the nanoparticles.

As shear strain increased, yielding occurred with G”
surpassing G'. Beyond the crossover, permanent deformation
and gel structure breakdown led to tan J values exceeding 1.
The tan § crossover regions for 3A5G0.25H, 3A5G0.5H, and
3A5G0.7SH were at 0.71, 1.02, and 1.1% strain, respectively
[Figure 3e], indicating stronger mechanical interlocking at
higher nHAp concentrations and a shift of the crossover to
higher strain.

3.3.3. Gel Strength. All hydrogel compositions
(3A5G0.25H, 3ASGO.5H, and 3AS5GO0.75H) consistently
showed a higher storage modulus (G’) than loss modulus
(G"") across the frequency range, indicating increased stiffness
with nanohydroxyapatite (nHAp) [Figure 3f]. nHAp particles
enhance G’ through their high stiffness, reinforcing the matrix
by transferring mechanical loads. Strong interfacial interactions
between nHAp and polymer chains restrict chain mobility,
reducing relaxation under stress. The high aspect ratio of
nHAp increases stress transfer surface area, and at higher
concentrations, nHAp forms a percolating network, further
boosting stiffness and elastic response. Significant improve-
ments in both G’ and G’ were observed for 3A5G0.75H.
Higher nHAp concentrations enhance adhesion between
nHAp and the matrix, reducing polymer chain flexibility and
increasing G’. The restricted polymer dynamics lead to higher
energy dissipation, increasing G’'. A notable reduction in the
tan 0 value was observed as the nHAp concentration increased
from 025 to 0.75% due to the formation of stronger
percolating networks that improve stress transfer and amplify
elasticity [Figure 3g].

3.3.4. Temperature-Dependent Stability of the Hydrogel
Ink. Gel stability of all hydrogel compositions was assessed
using a temperature sweep, monitoring viscosity, storage
modulus (G’), and loss modulus (G'') with temperature. As
temperature increased, the hydrogel chain mobility increased,
leading to a decrease in G', G”/, loss factor, and viscosity with
minimal decrease until temperatures exceeded 30 °C. Beyond
this point, G’, G/, and viscosity declined steadily, indicating
polymer chain disentanglement. For 3A5G0.25H, 3A5GO0.5H,
and 3AS5GO0.75H, the tand value remained <1 up to
temperatures of 37.4, 38.2, and >40 °C, respectively, indicating
viscoelastic stability at physiological temperature (37 °C). Due
to viscosity and modulus reductions above 30 °C, 3D printing
should be conducted at temperatures below 30 °C [Figure
3h—j]. The higher nHAp concentration in 3AS5G0.7SH
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Figure 3. Analysis of the rheological properties and developing a correlation between the rheological properties of the hydrogel ink with
intermolecular networking between the nanohydroxyapatite with alginate/gelatin. (a) The schematic represents the mechanical interlocking
phenomenon inside the hydrogel-based components responsible for maintaining the pseudoplastic and viscoelastic properties of the hydrogel ink.
(b) Pseudoplastic/shear-thinning behavior of the synthesized hydrogel ink. Panels (c—e) show the evaluation of the linear viscoelastic regime
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Figure 3. continued

(LVR) of the hydrogel ink by amplitude sweep by observing the variation of storage modulus (G’) and loss modulus (G”), with respect to shear
stress and shear strain and to find the crossover region. (f, g) Analysis of the strength of the synthesized hydrogel ink through frequency sweep by
observing the variation of storage modulus (G’), loss modulus (G”), and tand with respect to frequency. (h—j) Analysis of gel stability with respect
to temperature by observing the variation of storage modulus (G’), loss modulus (G”), loss factor (tan &), and viscosity with respect to temperature
in a temperature window including the physiological temperature window. Panels (k, 1) represent the evaluation of gel stability with respect to time
by observing the linearity of storage modulus (G’), loss modulus (G”), and loss factor (tan &) with respect to time up to 4 h. (m) The analysis of
shape recoverability, i.e.,, the thixotropic behavior of the synthesized hydrogel ink.
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Figure 4. 3D extrusion printability and buildability of the synthesized hydrogel inks (3ASG0.25H, 3ASG0.5H, and 3ASG0.75H). Panels (a—c)
represent the successfully fabricated matrix-shaped graft of different infill densities with a well-maintained pore integrity for all of the hydrogel-
based compositions. (d) The flexibility, foldability, and stability of the matrix-shaped grafts are essential to mimic the viscoelastic property of the
native tissue. Panels (e, g) represent the evidence of successful 3D printing on certain substrates like Petri dishes and cell culture well plates. (f) 3D

buildability by the formation of bulk 3D construct up to 62 layers and 2 cm height.

enhanced thermal stability by improving interactions between
nHAp particles and polymer chains. This interaction helps
maintain structural integrity and prevents excessive disen-
tanglement at elevated temperatures. The stable network
created by nHAp allows the hydrogel to retain its mechanical
properties and viscosity as temperature increases, particularly
in physiological conditions.

3.3.5. Temporal Stability of the Hydrogel Ink. The
synthesized hydrogel inks consistently exhibited a higher
storage modulus (G’) compared to the loss modulus (G''),
with tané values remaining below 1 throughout the 4 h
experimental period at room temperature (25 °C). The
consistent linearity of G’ and G’ indicates that the
incorporation of nanohydroxyapatite (nHAp) enhances the
hydrogel’s ability to resist structural degradation over time
[Figure 3k,1]. This stability under prolonged stress is crucial for
maintaining the hydrogel’s viscoelastic properties, which are
essential for applications such as 3D printing and tissue
engineering, where long-term mechanical performance is
required.

3.3.6. Thixotropic Behavior. The low shear viscosities of
3A5G0.25H, 3A5G0.5H, and 3A5G0.75H were 8.7 X 10°%, 1.4
X 10% and 2.1 X 10° mPa-s, respectively, at a shear rate of 0.1
(1/s). During the test, viscosity remained linear at an initial
shear rate of 0.1 (1/s) for 114 s, followed by an abrupt
decrease at a maximum shear rate of 100 (1/s) for S s. Upon
returning to the initial shear rate, the viscosity significantly
recovered. The recoverable viscosities for 3AS5G0.25H,

3A5G0.5H, and 3A5G0.75H were 4.0 X 10°%, 1.3 x 10% and
8.0 X 10° mPa:s, respectively. Notably, viscosity recovery was
higher for 3A5G0.75H compared to those of 3A5G0.25H and
3ASGO.SH [Figure 3m].

The improvement of viscosity recovery at a higher
concentration of nHAP in the hydrogel matrix (0.75%)
could be attributed to the improved macromolecular
interaction between 3ASG with nHAP as discussed before.

3.4. 3D Extrusion-Printed Grafts: Analysis of Print-
ability. The study optimized key parameters for the 3D
extrusion printing of nanohydroxyapatite (nHAp)-reinforced
alginate—gelatin hydrogels (3ASG). Optimal printability was
achieved with 3% alginate, 5% gelatin, and nHAp concen-
trations of 0.25—0.75 w/v%. Hydrogels with lower viscosity
(e.g, 3A5G0.25H) required a lower printing pressure and
temperature (19 °C), while those with higher viscosity (e.g.,
3ASGO0.75H) needed a higher pressure and temperature (21
°C) due to shear-thinning behavior. Printing speed (6 mm/s)
and layer height (0.4 mm, ~80% of the 22G nozzle size) were
critical for precise filament formation and stable layers.
Constructs, including circular matrix-shaped grafts (1 cm
height, 6 mm inner diameter) with 10—20% infill [Figure 4a—
ce] and free-standing disc-shaped grafts (2 cm height, 62
layers) [Figure 4f], exhibited excellent pore integrity, flexibility,
and shape fidelity. The successful printing of matrix-shaped
grafts in a cell culture well plate demonstrated scalability for
preclinical and clinical studies [Figure 4g]. These constructs
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Figure S. Evaluation of compressive strength and the biophysical properties of the 3D-printed nHAP-reinforced hydrogel scaffolds. Panel (a)
represents the stress—strain curve obtained from the uniaxial compression test. Panels (b—d) are obtained from compressive modulus, fracture
stress, and fracture strain, respectively. Panels (e, f) represent the percentage of swelling and degradation of the synthesized cross-linked freeze-

dried hydrogel-based grafts with respect to time.

maintained pore stability, flexibility, and foldability [Figure
4d], mimicking native tissue characteristics effectively.

3.5. Uniaxial Compression. The compressive and tensile
strengths of cross-linked hydrogel scaffolds were evaluated
using uniaxial compression The ultimate compressive fracture
strengths for 3A5G0.25H, 3A5G0.5H, and 3ASG0.75H were
2.4, 2.6, and 3.3 MPa, respectively, with compressive moduli of
299, 526, and 938 KPa and ultimate fracture strains of 118,
100, and 72% [Figure Sa—d].

The incorporation of nanohydroxyapatite (nHAp) led to a
3.13-fold increase in the compressive modulus, significantly
enhancing the mechanical properties of 3D-printed alginate—
gelatin-based scaffolds. Soft tissue-engineered hydrogel scaf-
folds, including those for cartilage, skin, and urinary tissue,
generally exhibit compressive moduli between 10 and 800 kPa,
with FDA-approved bioinks and cross-linked alginate- or
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gelatin-based scaffolds often falling within this range.””>" In

this study, the highest-performing scaffold, 3ASG0.75H,
demonstrated a compressive modulus of 938 kPa, exceeding
this range while maintaining both printability and biocompat-
ibility. Previous studies on nHAp-reinforced hydrozgels have
reported modulus improvements of 1.5—2.5-fold,*”** whereas
the 3.13-fold increase observed here suggests a more efficient
reinforcement mechanism, potentially due to optimized nHAp
dispersion and enhanced cross-linking interactions. The
resulting mechanical strength is particularly advantageous for
applications requiring increased load-bearing capacity such as
bladder and cartilage tissue engineering. Furthermore, the
achieved modulus closely matches the native mechanical
properties of urinary bladder tissue (200—800 kPa), high-
lighting its potential for clinical translation in complex soft
tissue reconstruction.>”
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3D Volumetric Porosity Analysis from micro-CT
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Figure 6. Analysis of 3D volumetric microstructure and porosity of different 3D-printed hydrogel-based grafts by micro-CT analysis. Panels (a, b)
represent the 3D volumetric microstructure of pre-cross-linked hydrogel ink and cross-linked 3D-printed disc-shaped scaffolds, with S0 layers
having a linear infill density at 0 and 90°. The volumetric porosity analysis was carried out by performing the computational analysis of the micro-
CT data through Amira Avizo software to evaluate several parameters such as pore volume fraction, pore tortuosity, and pore interconnectivity.

3.6. Biophysical Properties. 3.6.1. Swelling. Regulating
the swelling behavior of hydrogel-based grafts is essential for
maintaining mechanical integrity, preventing tissue damage,
and optimizing cellular infiltration and nutrient diffusion,
ensuring a favorable environment for tissue regeneration. An
abrupt swelling increase was observed at 1 h, with percentages
of 122, 105, and 95% for 3A5G0.25H, 3ASGO0.5H, and
3A5G0.75H, respectively. Swelling continued to increase
gradually up to 12 h, reaching 182, 136, and 123%,
corresponding to 60, 31, and 28% increases relative to 1 h
[Figure Se]. Swelling initially occurs due to osmotic pressure
from hydrophilic interactions, balanced at equilibrium by
elastic forces within the cross-linked network. The decrease in
swelling with an increasing nHAp content is attributed to the
enhanced cross-linking density, reduced free volume, and the
rigidity of nHAp, which collectively limit water uptake,

hydrogel—water interactions, and polymer chain mobility,
thereby reducing the percentage of swelling as the nHAp
concentration increases.

3.6.2. Degradation Study. Regulating the degradation of
hydrogel-based grafts is critical in tissue engineering to
synchronize scaffold breakdown with tissue regeneration,
ensuring mechanical support and a conducive environment
for tissue integration and growth.”"”’ In this study, controlled
degradation was observed for all scaffolds up to 30 days, with
an abrupt increase at S days, a gradual increase until 20 days,
and equilibrium thereafter. At 5 days, degradation percentages
were 58, 55, and 52% for 3A5GO0.25H, 3AS5GO0.5H, and
3AS5GO0.75H, respectively, with the highest degradation in
3A5G0.2SH. By 30 days, degradation reached 93% for
3A5G0.25H, 89% for 3ASGO0.5H, and 86% for 3A5G0.75H
[Figure Sf]. Increasing the nHAp content enhances structural

https://doi.org/10.1021/acsomega.4c10743
ACS Omega 2025, 10, 18428—-18443


https://pubs.acs.org/doi/10.1021/acsomega.4c10743?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c10743?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c10743?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c10743?fig=fig6&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c10743?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega http://pubs.acs.org/journal/acsodf
Antimicrobial Property
@ ™ © ... —
N s i . B CFU/mI (E. coti)
3010 I E Ll)h e S' aureus 30x107 -('b‘w:l (S, :‘unm)
2.50+7 4

2 2.5x10 252107
r;) _ _ 20E+74 4
E =E L _E E 20107
= =4 & s g
o s’ C © 150 I
E Lox10 L7 Lox10’
& 5.0x10° S.01+6 o S0<10°

00 . . " _ 0.06104 [

Control JASGO2SH  3ASGOSH  3ASGO7SH Control 3ASG OS5I 3ASGOSH 3ASG 0.7SH Control 3ASGO2SI 3ASGOSI 3ASGOISH
(d) ! E (e) * (t) ? B 101530 Reduction in CF1/ml (. colij

g - . coli 3 S. aureus 7 I | ogyo Reduction in CRU/ml (5. anreas)
E % ao ::i P E L
.g E 54 “:’; 5 E s
2 | § i ;.
= s z
'—] E" 24 &, g 2

14 | 1

0 . 0

JASG 02811 JASGO.SIE JASG 0T8I 3ASG 0.25H JASG 0SH JASG 0.75H IASG 0.25H
(2) ~———————— ___Increasing the concentration of nHAP in the hydmw
S
@ —_—
2
s Control 3A5G0.25H 3A5G0.5H 3A5G0.75H
§ p 4 - = ~ . 2 \_; .
= 3
E™
s
31
]
=
S
=)
=
Z.
Decreasing the number of bacterial colony

Figure 7. A comparative outcome analysis of the antimicrobial study analysis of the cross-linked hydrogel-based scaffolds 3A5G0.25H, 3ASGO0.5H,
and 3A5GO0.75H with respect to Gram-negative E. coli and Gram-positive S. aureus bacteria. Panels (a—c) represent the obtained CFU results with
respect to E. coli and S. aureus bacterial strain. Panel (c) represents the comparative understanding of the number of CFUs on the culture samples
with respect to two different types of bacterial strain. Panels (d, e) represent the obtained log reduction from the CFU study, with respect to E. coli
and S. aureus bacteria. Panel (f) represent the comparative understanding of the obtained log reductions on the cultured samples with respect to E.
coli and S. aureus bacteria. Panel (g) represents the plate pictures of the CFU study performed on the cross-linked hydrogel surface of 3A5G0.25H,

3AS5G0.5H, and 3A5G0.75H.

Table 2. Quantitative Outcome from the CFU Assay

These factors collectively ensure controlled degradation,
aligning the scaffold breakdown with tissue regeneration.

3.7. Micro-CT Analysis of the Hydrogel Scaffolds. For

E. coli S. aureus
hydrogel log;o logyo
samples CFU/mL reduction CFU/mL reduction

control 3.01 x 10Y7 NA 2.83 x 10”7 NA
3A5G0.25H 1.42 x 10 2.2 1.50 x 10% 1.9
3A5G0.2H 6.15 x 10% 4.9 1.19 x 10" 2.4
3A5G0.75H 4.80 x 10% 6.3 9.75 X 10% 2.8

integrity, reduces swelling, and limits the exposed surface area,
mitigating localized stress and enzymatic or chemical attack.

3D-printed hydrogel scaffolds, the 3D microstructure plays a
pivotal role in the biocompatibility. For example, a high pore
volume fraction enhances cell infiltration and distribution,
while the effective pore interconnectivity allows nutrients and
oxygen to diffuse efficiently throughout the scaffold, which is
crucial for forming a functional tissue matrix. Collectively, 3D
microstructure-related features optimize the scaffold’s capacity
to support and enhance tissue growth.

To evaluate the 3D porous microarchitecture of the
synthesized and 3D-printed hydrogel-based grafts, micro-CT

18439 https://doi.org/10.1021/acsomega.4c10743
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Figure 8. Analysis of the bacterial cell viability on the cross-linked nanohydroxyapatite-reinforced alginate—gelatin hydrogel surface (3A5G0.25H,
3A5G0.5H, and 3A5G0.7SH) through the staining of live bacteria by confocal microscopy. (a, b) Qualitative and quantitative evaluation with
respect to live E. coli bacteria on the cross-linked hydrogel surface. (c, d) Qualitative and quantitative evaluation with respect to live S. aureus

bacteria on the cross-linked hydrogel surface.

analysis was performed. A range of important parameters such
as the pore volume fraction, pore interconnectivity, and pore
tortuosity were assessed. The pore volume fraction of the pre-
cross-linked hydrogel ink was measured at 62%, while the 3D-
printed disc-shaped graft exhibited a pore volume fraction of
74%. For soft tissue reconstruction, scaffolds with a pore
volume of 70—90% are ideal for promoting tissue growth.”*>’
This high pore volume ensures adequate space for new tissue
formation and allows for effective nutrient and oxygen
diffusion as well as efficient waste removal, which is crucial
for the development of healthy, integrated tissue [Figure 6].

Pore tortuosity measures the complexity of the pore
pathways, indicating how convoluted they are. It is defined
as the ratio of the actual path length of the pore to the straight-
line distance between two points, as expressed by the following
equation.

18440

tortuosity = actual path length/straight-line distance

In this study, the pore tortuosity values for the pre-cross-
linked hydrogel ink and the 3D-printed grafts were 1.13 and
1.09, respectively. A tortuosity value close to 1 suggests
relatively straight and uncomplicated pore pathways. This
configuration enhances nutrient and oxygen transport, which
are crucial for supporting robust tissue growth and promoting
effective tissue integration. It ensures optimal conditions for
nutrient flow and waste removal within the scaffold [Figure 6].

3.8. Antimicrobial Property. The antimicrobial perform-
ance of 3D-printed nanohydroxyapatite (nHAp)-reinforced
hydrogel scaffolds (3A5G0.25H, 3A5GO0.SH, and 3A5G0.75H)
was evaluated against E. coli and S. aureus, selected as
representative Gram-negative and Gram-positive bacteria due
to their clinical significance and biofilm-forming ability. CFU
analysis demonstrated a progressive reduction in bacterial
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cells on the scaffold surface.

colonies with increasing nHAp concentration, as reflected in
the log reduction values [Figure 7 and Table 2]. Live/dead
imaging further confirmed fewer viable bacteria on hydrogel
surfaces with a higher nHAp content compared to the control
(3ASG) [Figure 8]. This enhanced antimicrobial efficacy is
attributed to the inherent antibacterial properties of nHAp,
which facilitate bacterial membrane disruption through Ca**
and PO,*” ion interactions, as well as the increased matrix
stiffness observed in rheological and compressive strength
analyses [Figures 3 and S]. Notably, E. coli exhibited greater
susceptibility than S. aureus, likely due to its thinner
peptidoglycan layer and more permeable outer membrane,
which allow for increased interaction with nHAp. As a result,
higher nHAp concentrations (0.25—0.75%) led to a more
pronounced log reduction for E. coli than for S. aureus [ Table
2]. These findings underscore the potential of nHAp-based
hydrogels in the development of infection-resistant biomaterial
scaffolds.

3.8.1. In Vitro Cytocompatibility. Cell culture studies
conducted over various time points, up to 7 days,
demonstrated a consistent increase in cell viability for both
the control (3A5G) and the 3A5G0.75H scaffolds w.r.to day 1.
The selection of the 3ASGO0.7SH scaffold for in vitro
experiments was based on its superior mechanical properties,
rheological performance, and antimicrobial efficacy, as
previously outlined. Although the high porosity of the 3ASG
scaffold posed initial challenges in achieving substantial cell
adhesion and viability, a significant improvement in cell
viability was observed over time, suggesting that these scaffolds
can effectively support cell attachment and proliferation during
extended culture periods [Figure 9a].

Furthermore, confocal microscopy was utilized to qual-
itatively assess the cell morphology on the 3D extrusion-
printed scaffold surfaces. Representative confocal images reveal
distinct morphological changes, including pronounced filopo-
dial extensions and enhanced cell-to-cell interactions, partic-
ularly evident at 3 days of culture [Figure 9b]. These
morphological features highlight the favorable cytocompati-
bility of the scaffolds and confirm their ability to provide a
conducive microenvironment for cellular growth and activity
during in vitro culture.

4. CONCLUSIONS

Despite advancements in tissue engineering with artificial
scaffolds, the reconstruction of complex soft tissues remains
limited by persistent challenges with the synthetic hydrogel
grafts, primarily due to the inferior strength, stability in
physiological conditions, and rejection of the graft primarily by
E. coli-mediated bacterial infection. In this context, the present
study demonstrates the potential efficacy of nanohydroxyapa-
tite addition in terms of tuning the physicochemical properties,
such as mechanical strength, rheological behavior, swelling, and
degradation behavior of alginate—gelatin-based hydrogel
scaffolds. These enhancements in biophysical properties are
largely attributed to the strong intermolecular interactions
among the primary hydrogel components, alginate and gelatin,
and the uniform dispersion of nanohydroxyapatite, which help
to maintain gel strength and stability over prolonged periods
under physiological conditions. Interestingly, at higher
concentrations of nanohydroxyapatite (0.75%), a noticeable
increase in compressive strength was observed due to the
formation of a reinforced intermolecular network within the
hydrogel matrix. The improvement in the stiffness of the
hydrogel matrix at a higher concentration of nanohydrox-
yapatite (0.75%) significantly reduced the bacterial adhesion of
E. coli and S. aureus. The in vitro cytocompatibility data
demonstrated healthy extended cell morphology and signifi-
cant improvement in the cell viability of the nanohydrox-
yapatite-reinforced hydrogel scaffolds.

In summary, the current study critically analyzes the efficacy
of nanohydroxyapatite as a potential reinforcing additive in
terms of achieving structurally robust 3D-printed tissue-
engineered graft along with tailorable biomimetic and also
provides an insightful understanding regarding the selection of
the best possible nanofillers to modify the hydrogel matrix for
tailoring the physicochemical and biophysical properties.
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