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Abstract

This study addresses the challenges of osteochondral tissue engineering by developing
a hybrid scaffold with intercalated layers of poly(e-caprolactone) (PCL) in combination
with different concentrations of nanosized synthetic smectic clay (Lap) and a hydrogel
of chitosan, collagen and demineralized bone powder (DBP). The scaffold design specif-
ically targets the critical junction between subchondral bone and calcified cartilage and
utilizes the mechanical strength of PCL/Lap nanocomposites and the bioactivity of the chi-
tosan/collagen/DBP hydrogel to support tissue regeneration. The PCL/Lap nanocompos-
ite, characterized by increased hydrophilicity, improved swelling behavior, and enhanced
stiffness, provides a robust scaffold, while the hydrogel layers improve bioactivity and
fluid retention. Three-dimensional printing technology was used to fabricate multi-layer
scaffold, ensuring interfacial cohesion between the layers. Rheological, morphological,
chemical, and mechanical characterizations confirmed the successful integration of the
materials and the mechanical suitability for the subchondral environment. Biocompatibility
assays demonstrated the non-hemolytic nature of the scaffolds and a favorable trend in
cell viability with increasing Lap content. This study presents a novel scaffold design that
effectively combines mechanical stability and biological functionality. It fulfills the complex
requirements of osteochondral repair and offers a promising platform for future tissue
engineering strategies.

Keywords: tissue engineering; nanocomposites; 3d printing; hydrogels; articular cartilage;
bone
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1. Introduction

Tissue engineering has proven to be a promising approach to meet the urgent need
for effective treatments in regenerative medicine, with applications in various tissues
such as cartilage and bone [1,2]. These tissues play an important role in maintaining the
structural integrity and function of the musculoskeletal system. However, while bone has a
remarkable capacity for self-repair, particularly in the case of minor injuries, its regenerative
potential is significantly limited in the case of large-scale or complex defects [2]. Articular
cartilage, on the other hand, has only a very limited ability to repair itself after injury
or degeneration, which makes its regeneration a particularly urgent problem in tissue
engineering [3].

The creation of scaffolds that can mimic both the mechanical and biological properties
of native tissue is essential for the advancement of tissue engineering strategies. Such
scaffolds must provide adequate mechanical support to withstand physiological stresses
while creating a favorable environment for cell attachment, proliferation and differentia-
tion [4,5]. This challenge is particularly pronounced in osteochondral defects, where both
the articular cartilage and the underlying subchondral bone are affected and require simul-
taneous regeneration. Conventional scaffold materials are often inadequate as they either
lack sufficient mechanical strength or do not support the necessary biological activity [6,7].
This dual challenge requires the development of innovative materials and scaffold designs
that effectively bridge the gap between mechanical robustness and bioactivity.

Synthetic polymers such as poly(e-caprolactone) (PCL) are frequently used due to
their mechanical robustness, ease of processing and adjustable degradation rate. PCL
is particularly valued for its high tensile strength and ductility, making it suitable for
applications where long-term structural support is required. However, PCL is inherently
hydrophobic, which can limit its interaction with cells and biological tissue, posing a
challenge for effective tissue integration [8,9]. This limitation necessitates strategies to
improve the hydrophilicity and bioactivity of PCL-based scaffolds. To overcome these
challenges, natural polymers such as chitosan and collagen are often incorporated into
scaffold constructs. These naturally derived materials exhibit excellent biocompatibility,
biodegradability and inherent bioactivity, making them ideal candidates for improving
the biological performance of synthetic scaffolds [10,11]. Chitosan, a chitin derivative, is
known for its antimicrobial properties and its ability to promote wound healing, while
collagen, the primary structural protein of the extracellular matrix, is a natural substrate for
cell attachment and growth [10,12,13]. The combination of synthetic and natural polymers
aims to create scaffolds that are not only mechanically stable but also enhance biological
response, improving tissue integration and regeneration.

In recent years, the incorporation of nanomaterials such as Lap, a synthetic layered
silicate, has gained attention due to its ability to further improve the properties of polymer-
based scaffolds. Lap can increase the hydrophilicity of hydrophobic polymers such as PCL,
thereby improving cell affinity and promoting more effective tissue integration. In addition,
the unique nanoscale structure of Lap can facilitate the uniform dispersion of nanoparticles
in the polymer matrix, which can improve the mechanical properties of the scaffold without
compromising its bioactivity. This dual improvement, mechanical and biological, makes
Lap a valuable additive in the development of advanced scaffolds for tissue engineering ap-
plications [14-16]. Another important component in the development of bioactive scaffolds
is demineralized bone powder (DBP). DBP is obtained from bone tissue from which the
mineral content has been removed. What remains is a matrix rich in collagen and growth
factors, which are crucial for bone regeneration. The incorporation of DBP into scaffolds
improves their osteoconductive properties and promotes the adhesion, proliferation and
differentiation of bone cells [17,18]. By integrating DBP with biopolymers such as chitosan
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and collagen, the scaffold not only mimics the natural bone environment, but also supports
the regeneration of bone tissue by providing the necessary biochemical cues. This makes
DBP a key material for scaffolds developed for bone tissue engineering, particularly in
applications that require both structural support and biological functionality [19,20].

Hybrid scaffolds which combine materials with different properties offer a promising
strategy for tissue engineering. By combining mechanically robust materials such as PCL
with bioactive hydrogels, these scaffolds are designed to provide both structural support
and a favorable environment for tissue regeneration [21,22]. However, the development
of such scaffolds poses a major challenge, particularly when hydrophobic materials such
as PCL are combined with hydrophilic hydrogels. The layering of these materials can be
particularly advantageous. This approach is increasingly being explored, with 3D printing
playing a crucial role in the production of multi-material, multi-layered scaffolds. The
precision and versatility of 3D printing allows for careful placement of the individual
layers of material, ensuring strong adhesion and cohesion without compromising the
overall structural integrity of the scaffold [23-27]. This method is particularly promising for
applications where both mechanical strength and biological activity need to be integrated,
particularly for heterogeneous tissues, such as osteochondral tissue engineering.

The current study thus builds on these advances by developing a hybrid scaffold with
intercalated layers of PCL/Lap and chitosan/collagen/DBP. This design takes advantage
of the complementary properties of these materials: PCL/Lap provides the mechanical
strength necessary to support physiological loads, while the chitosan/collagen/DBP hydro-
gel increases bioactivity and hydrophilicity, creating a more favorable environment for cell
attachment and proliferation. In addition, the scaffold integrates recognized key effector
components for bone tissue engineering, including bioactive ions released from nanosized
smectic clay (e.g., magnesium and silicate), which stimulate osteogenic signaling; natural
growth factors from DBP, particularly bone morphogenetic proteins (BMPs), which promote
osteoblastic differentiation; cell adhesion motifs (e.g., RGD sequences) present in collagen,
which support cellular attachment and proliferation; and chitosan, which, although not
a signaling molecule per se, contributes through its amine groups by adsorbing serum
glycoproteins that modulate cell-material interactions [10,13,17,28].

By combining these materials in a layered scaffold, we aim to create a structure that
not only fulfills the mechanical requirements of bone and cartilage, but also promotes
tissue integration and regeneration. This approach specifically targets the critical transition
between subchondral bone and calcified cartilage, which is a key challenge in osteochondral
defects. By trying to mimic the different properties of these two layers, our design attempts
to overcome the dual challenge of providing both mechanical stability and biological
functionality, thus providing a novel solution to the complex problems of osteochondral
repair. The aim of this study is to fabricate and characterize these hybrid scaffolds, evaluate
their potential for tissue engineering applications and contribute to the development of
more effective strategies for osteochondral regeneration.

2. Materials and Methods
2.1. Preparation of PCL/Lap Nanocomposite

PCL with a molecular weight of 80 kDa (Sigma-Aldrich, St. Louis, MO, USA) was used
as the polymer matrix. The PCL pellets were dissolved in chloroform (Synth, Diadema,
SP, Brazil) at an initial concentration of 10% (w/v) PCL with magnetic stirring at room
temperature. The dissolution was carried out until a homogeneous and clear solution
was obtained, ensuring complete dissolution of the polymer. Separately, Laponite® XLG
(BYK Additives, Wesel, NRW, Germany), a synthetic phyllosilicate, was dispersed in 3
mL of chloroform. Dispersion was achieved by vigorous magnetic stirring to prevent
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agglomeration of the Lap nanoparticles, following the methodology used in previous
studies [29-33].

Once both components were prepared, the Lap dispersion was gradually added to the
PCL solution with constant stirring. This step was crucial to ensure an even distribution of
Lap in the polymer matrix. The resulting mixture was magnetically stirred for a further
period of time to improve the interaction between PCL and Lap particles. After the mixing
process, the solvent (chloroform) was evaporated under controlled conditions in a fume
hood to prevent contamination and ensure safety.

Three different concentrations of Lap were tested in this study: 0.0% (pure PCL), 0.5%,
1.0% and 1.5% (w/v), referred to as PCL, PCL/Lap 0.5, PCL/Lap 1.0 and PCL/Lap 1.5,
respectively. These low concentrations were selected based on previous studies that demon-
strated enhanced mechanical and biological performance of polymer-Lap nanocomposites
at similar levels [29,34-36]. The prepared PCL/Lap nanocomposites were then stored in
airtight containers to prevent moisture absorption and degradation prior to use.

2.2. Formulation of Chitosan/Collagen/DBP Hydrogel

The formulation of the chitosan/collagen hydrogel and its variant with DBP involved
a series of precise steps to ensure homogeneity and optimal material properties. Chitosan
powder (Polymar, Fortaleza, CE, Brazil) was first dissolved in an acetic acid solution
(Sigma-Aldrich, St. Louis, MO, USA) at a concentration of 2% (w/v) with constant magnetic
stirring at room temperature. The dissolution process was carried out for one hour to
ensure complete solubilization of the chitosan, resulting in a clear and viscous solution.
After preparing the chitosan solution, collagen type I (Sigma-Aldrich, St. Louis, MO, USA)
was added to the system at a concentration of 1% (w/v). The collagen was gradually added
to the chitosan solution with constant stirring for 30 min.

To formulate the chitosan/collagen/DBP hydrogel, DBP was first prepared according
to the method of Lee et al. [20]. In brief, a bovine thigh bone was obtained from a local
butcher, and all residual tissue and fat were carefully removed with a scalpel. The cleaned
bone was then scalded in a saline solution containing sodium chloride (NaCl) for two hours
to further purify the bone matrix. It was then washed in deionized water for a further hour.
The bone was then dried in an oven at 100 °C. It was then mechanically chopped with a
serrated saw to obtain fine bone particles. These particles were then sieved through an
analytical sieve with a mesh size of 400 to obtain a uniform particle size distribution. The
bone powder was then mixed in a 1:1 solution of acetone (Sigma-Aldrich, St. Louis, MO,
USA) and Milli-Q water with vigorous stirring for two hours. The demineralized bone
powder was then filtered using filter paper and a funnel and then dried and freeze-dried to
obtain a fine, dry powder.

This DBP was then incorporated into the previously prepared chitosan/collagen
hydrogel at a concentration of 0.5% (w/v). The DBP was added to the hydrogel stepwise
for 30 min under constant magnetic stirring to ensure uniform distribution in the matrix.

2.3. Fabrication of Hybrid 3D Printed Scaffolds

The scaffold was designed using SolidWorks Standard version software and sliced
with Slic3r software version 1.0.1. This resulted in a cylindrical structure with a diameter
of 7 mm, a total height of 1.6 mm and a rectilinear fill pattern with a printed layer height
of 0.2 mm. The hybrid scaffolds were produced using a 3D bioprinter equipped with
an extrusion-based printing system (Allevi 2, Allevi, Philadelphia, PA, USA). Two inde-
pendent print heads were used for the 3D printing process, each configured to dispense
different materials.
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The first print head was intended for the application of the PCL/Lap nanocomposite,
which was filled into a metal syringe and dispensed through a 23G metal needle. The
PCL/Lap nanocomposite was heated to a controlled temperature range of 80-90 °C and
held for 15-20 min prior to application to ensure good flowability and extrusion consistency.
Once the PCL/Lap layer was applied, the framework had to cool and solidify completely
before the hydrogel layer could be applied.

The second print head was used to apply the chitosan/collagen/DBP hydrogel. This
material was filled into a plastic syringe and applied at room temperature through a conical
25G plastic needle. After the chitosan/collagen/DBP hydrogel layer was printed, the
hydrogel was cross-linked using the freeze—thaw technique [37]. The scaffold was placed in
a freezer at —20 °C and completely frozen for 2 h. After this time, the scaffold was removed
and thawed for a further 2 h at room temperature.

In this layer-by-layer approach, four consecutive layers of PCL/Lap nanocomposite
were printed first, which together formed the bottom layer of the scaffold, followed by the
printing of four more layers of chitosan/collagen/DBP hydrogel, which formed the top
layer (Figure 1).

Figure 1. Schematic representation of the structure of the hybrid scaffold, showing the layer-by-layer
approach. The lower layers represent the printed PCL/Lap nanocomposite (white layer), while the
upper layers represent the printed chitosan/collagen/DBP hydrogel (yellow layer).

For the comparative analysis, scaffolds were produced from PCL/Lap nanocomposites
with three different Lap concentrations (0.5%, 1.0% and 1.5%) and with and without hydro-
gel layers. A qualitative visual inspection confirmed that the overall scaffold dimensions
closely match the CAD design (Figure 1). Minor variances in filament deposition reflect
nozzle diameter tolerances and cooling-induced shrinkage, without affecting the scaffold’s
macroscopic geometry.

2.4. Analyzes and Characterizations

The fabricated hybrid 3D-printed scaffolds were subjected to characterization and
analysis as described in the following sections.

2.4.1. Rheological Analysis

The rheological measurements of the solutions were carried out with a rheometer
(AR-G2, TA Instruments, New Castle, DE, USA) equipped with a parallel plate geometry
with a gap setting of 0.3 mm. The viscosity of the samples was measured over a range of
0.1to 8 s~ ! to evaluate the shear thinning behavior of the formulations. Each formulation
was carefully loaded onto the bottom plate of the rheometer to ensure that as little air as
possible was entrapped. The PCL/lap samples were measured at a controlled temperature
of 80-90 °C to replicate the conditions during 3D extrusion, while the hydrogel samples
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were measured at room temperature. All samples were kept in equilibrium for 5 min prior
to measurement to ensure thermal and mechanical stability.

2.4.2. Contact Angle Measurement

The wettability of the scaffolds was evaluated by measuring the angle of contact
with water at intervals of 0 and 5 s. The analysis was performed to compare the surface
hydrophilicity of PCL/Lap nanocomposites with and without Laps. The images of the
water droplets on the scaffold surfaces were taken with a macro camera under cold light
illumination to minimize any thermal effects on the droplet shape. The images were then
processed and analyzed using Image] version 1.53t software, whereby the contact angles
were precisely measured.

2.4.3. Morphological Analysis by Scanning Electron Microscopy (SEM)

The morphological properties of the scaffold were examined using a scanning electron
microscope (SEM) (FEI Quanta FEG 250, FEI Company, Hillsboro, OR, USA) at an accelera-
tion voltage of 20 kV. Specimens were attached to aluminum stubs with double-sided carbon
tape to ensure stable positioning during imaging. Qualitative assessment of microstructural
features was based on images obtained from at least three independent experiments.

2.4.4. Fourier-Transform Infrared Spectroscopy (FTIR)

The chemical composition and functional groups of the PCL/Lap nanocompos-
ites with different Lap concentrations and the final hybrid scaffolds including the chi-
tosan/collagen/DBP hydrogel layers were analyzed by Fourier transform infrared spec-
troscopy (FTIR) in attenuated total reflectance (FTIR-ATR) mode with a Bruker Vertex 70
spectrometer (Bruker, Billerica, MA, USA). The spectra were recorded over a wavenumber
range of 500-4000 cm~! and averaged over 60 scans to ensure a high signal-to-noise ratio.
The spectral data was processed and analyzed using ORIGINPro 9 software (OriginLab
Corporation, Northampton, MA, USA).

2.4.5. Swelling Test

The swelling behavior of the scaffolds were evaluated by immersing the specimens in
phosphate-buffered saline (PBS, pH 7.4) at a controlled temperature of 37 °C. Samples were
weighed at regular intervals of 1, 2, 3, 4, 5, 6 and 7 h to monitor water uptake over time.
Prior to immersion, the dry weight of each sample was recorded. After each time interval,
samples were gently blotted to remove excess surface liquid and then weighed immediately.
The degree of swelling was calculated as the percentage increase in weight relative to the
original dry weight. This test was performed in triplicate to ensure reproducibility and
accuracy of results.

2.4.6. Mechanical Testing

Mechanical compression tests were performed to evaluate the effect of Lap con-
centration and the presence of chitosan/collagen/DBP hydrogel layers on the stiff-
ness of scaffolds. The tests were conducted using a universal testing machine (EMIC,
Séao José dos Pinhais, PR, Brazil) equipped with a 200 kN load cell. Cylindrical specimens
(15 mm high x 7 mm in diameter) were printed by interleaving several layers (Supplemen-
tary Video S1). The layers followed the same manufacturing parameters described in
Sections 2.1 and 2.3; several layers were printed until the minimum recommended desired
height for use in the universal machine was reached. The main mechanical parameter evalu-
ated was Young’s modulus, calculated from the slope of the linear region of the stress—strain
curve obtained during the test. Young’s modulus (determined in this study) is equivalent
to the modulus of elasticity, according to ASTM D695 [38] and ISO 604 [39] standards.
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2.4.7. Biocompatibility Assessment: Hemolysis Test

The hemolysis test was conducted following the protocols outlined by Mendes et al. [40]
and Batista et al. [41]. In brief, scaffold samples were incubated in 2.0 mL tubes containing
0.9% NaCl saline and 100 pL of erythrocytes from mammalian arterial blood (Canis lupus
familiaris). The use of erythrocytes was approved by the Ethics Committee for Research of
the Federal College of Piaui (Protocol No. 463/18). The samples were incubated at 37 °C
for 1 h to simulate physiological conditions. After incubation, the tubes were centrifuged
at 3000 rpm for 5 min, and the supernatant was carefully transferred to a 96-well plate.
Hemoglobin release in the supernatant was quantified using a GloMax Microplate Reader
(Promega, Madison, WI, USA) at a wavelength of 560 nm. Saline served as a negative
control (0% hemolysis), while a 1% detergent solution was used as a positive control (100%
hemolysis). This assay provided a quantitative measure of the hemolytic potential of
the scaffolds, which is crucial for evaluating their biocompatibility in tissue engineering
applications.

2.4.8. In Vitro Cytocompatibility Assessment: MTT Assay

The in vitro cytocompatibility of the final hybrid scaffold was evaluated using the
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay, in accordance
with ISO 10993-5:2009 [42] and ISO 10993-12:2021 [43] standards for biological evaluation of
medical devices. All procedures were conducted in compliance with the ethical principles
established by the Brazilian National Council for the Control of Animal Experimentation
(CONCEA), at the Integrated Center for Morphology and Stem Cell Research (NUPCELT)
of the Federal University of Piaui (UFPI).

Pre-osteoblastic MC3T3-E1 cells (subclone 4) were purchased from the Cell Bank
of Rio de Janeiro (BCR]J, Brazil) and expanded in «e-MEM (Minimum Essential Medium
Eagle—Alpha modification, Sigma-Aldrich, St. Louis, MO, USA) supplemented with
10% fetal bovine serum (FBS, Sigma-Aldrich, St. Louis, MO, USA) and 100 U/mL
penicillin-streptomycin (LGC Biotecnologia, Cotia, SP, Brazil), under standard incuba-
tion conditions (37 °C, 5% CO,). Upon reaching approximately 80% confluence, cells were
harvested and seeded at a density of 10,000 cells/well into 96-well plates, where sterilized
hybrid scaffolds were already positioned. UV sterilization of scaffolds was performed for
30 min on each side prior to use.

Negative controls consisted of cells cultured in the absence of scaffolds, while blank
wells containing only medium served as background reference. Cell viability was assessed
after 24, 48, and 72 h of incubation. At each time point, 0.5 mg/mL of MTT solution (Sigma-
Aldrich, St. Louis, MO, USA) was added to each well and incubated for 4 h. Subsequently,
formazan crystals formed by metabolically active cells were solubilized with 500 uL of
dimethyl sulfoxide (DMSO, Sigma-Aldrich, St. Louis, MO, USA) and incubated for 10 min
under agitation. Aliquots of 100 uL were transferred to new 96-well plates, and absorbance
was read at 595-600 nm using a microplate spectrophotometer (BioTek ELx800, Winooski,
VT, USA). Cell viability was calculated relative to the negative control and expressed as a
percentage.

2.5. Statistical Analysis

All experiments were performed in triplicate and results are expressed as mean
=+ standard deviation (SD). Statistical analysis was performed with GraphPad Prism 7
software (GraphPad Software Inc., Boston, MA, USA) using two-way ANOVA. A p-value of
less than 0.05 was considered statistically significant. This procedure was applied uniformly
to all data sets.
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3. Results and Discussion

The development of PCL/Lap nanocomposites and chitosan/collagen/DBP hydrogels
was the basis for the fabrication of the hybrid 3D-printed scaffolds investigated in this
study. In the fabrication of PCL/Lap nanocomposites, PCL was dissolved in chloroform
and then Lap nanoparticles were dispersed in the polymer matrix. This process ensured a
homogeneous distribution of Lap, which is crucial for improving the mechanical properties
and printability of the resulting scaffolds. In parallel, chitosan/collagen/DBP hydrogels
were formulated by first dissolving chitosan in acetic acid and then incorporating type I
collagen and demineralized bone powder (DBP). The aim of this methodical preparation
was to obtain a hydrogel with optimal viscoelastic properties and bioactivity suitable for
integration into the scaffold structure.

The rheological characterization of solutions is a crucial technique to assess the me-
chanical properties of materials in response to applied stress or strain. In this study, a
rheological analysis was performed to evaluate the viscoelastic properties of the PCL/Lap
nanocomposite and chitosan/collagen hydrogels both with and without DBP. The re-
sults presented in Figure 2 show the rheological behavior of the PCL solution and its
nanocomposites with different Lap concentrations (0.5%, 1.0% and 1.5%) as well as the
chitosan/collagen hydrogel and the chitosan/collagen/DBP hydrogel.

1.4x10° ® PCL
PCL/Lap 0.5
oo, ® PCL/Lap 1.0
1.9%10° 2e %o ® PCL/Lap 1.5
o -\.".. @ Chitosan/Collagen
e .:... ® Chitosan/Collagen/DBP
—_ 3 a
3 1.0¢10 ea, *2%es,
S o Telih
3 UX ° ..‘
7
O B.0xI0? oo e K
8 4 W ) .\\
S 2 o e \ )
4 0x10 .. . @
@ . 1y 7 c;
2 0x102 * %
0.,. ”
] .">
0.0 P0% %% %0 § guoe e 2N n O Geone
0o 20 40 6.0 8.0

Shearrate 1/s

Figure 2. Rheological analysis as a function of shear rate for PCL/Lap nanocomposites with different
Lap concentrations (0.5%, 1.0% and 1.5%) and chitosan/collagen hydrogels with and without DBP.

As can be seen in Figure 2, all solutions exhibited viscoelastic behavior, although the
viscosity and elasticity of the different formulations varied. The PCL solution exhibited a
base viscosity which progressively increased with increasing concentration of Lap. This
increase in viscosity can be attributed to the higher degree of dispersion of the nanoparticles
in the polymer matrix, which leads to increased interactions between the polymer chains
and the Lap platelets. The shear-thinning behavior observed in the PCL/Lap nanocom-
posites, as reported in other studies [44,45], points to its potential for extrusion-based 3D
printing, where the material must flow easily under shear stress but remain structurally
stable after extrusion [46—48]. In this context, rheological behavior is not only indicative of
structural properties but also critical for printability. For extrusion-based systems, printable
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formulations typically exhibit viscosities in the range of 0.03 to >60,000 Pa-s, depending
on material type and shear conditions [49,50]. More specifically, for effective material
deposition during extrusion, viscosity should decrease under shear, ideally falling within
the range of 0.3 to 30 Pa-s, as higher values may require excessive extrusion pressure and
lower values may impair filament formation and stability [51,52]. When at rest or under
very low shear rates, ideal formulations typically present viscosities between 100 and
10,000 Pa-s, providing sufficient mechanical integrity and shape retention after deposi-
tion [53]. In our results, all formulations fall within these established rheological windows,
presenting higher viscosity at rest and a consistent decrease across the shear rate range
tested, confirming their suitability for extrusion-based fabrication and structural stability
post-printing. In the case of the chitosan/collagen hydrogels, the addition of DBP led to
a slight increase in viscosity at low shear rates, while the viscosity profiles converged at
higher shear rates. This subtle increase may be attributed to interactions between DBP
particles and the chitosan/collagen matrix, possibly through hydrogen bonding or other
intermolecular forces, contributing to improved structural integrity and shape retention
after extrusion [54]. Thus, this characteristic is beneficial for the application of the hydro-
gel in tissue engineering, as it supports dimensional stability in the post-printing phase.
Rheological analysis thus provides important insights into the mechanical properties and
processability of these materials, particularly in the context of 3D printing and tissue
engineering applications.

Contact angle measurement is used to evaluate the wettability of a surface, which is
an important indicator of its hydrophilicity or hydrophobicity. In this study, this technique
was used to investigate the change in hydrophilicity of PCL after the addition of Lap.
The results indicate that the surface of pure PCL is hydrophobic, as shown by the higher
measured contact angle (120° &+ 3° at 0 s and 121° & 2° at 5 s, Figure 3a,b, respectively),
which is confirmed by previous studies [55,56]. After the addition of Lap, a significant
decrease in the contact angle was observed, reflecting an increase in the hydrophilicity of
the surface (82° & 2° at 0 s and 86° £ 3° at 5 s, Figure 3c and 3d, respectively). This result
was expected as Lap is inherently more hydrophilic than PCL [14]. The hydrophilicity of
the surface is crucial for the interactions between cells and structures, particularly for cell
adhesion, which is closely related to the surface energy of the material [57-59]. Furthermore,
improving the hydrophilicity of the PCL/Lap nanocomposite is crucial for its subsequent
integration with the hydrogel layers in the scaffold, as a hydrophobic surface could hinder
this interaction [60]. No significant differences were found between the different Lap
concentrations, so only representative images of PCL and PCL/Lap 0.5 are shown in
Figure 3.

Building on the findings from the contact angle measurements, where the addition
of Lap significantly increased the surface hydrophilicity of the PCL nanocomposites, the
swelling behavior further supports this observation. As can be seen in Figure 4, the swelling
ability of the PCL/Lap nanocomposites in PBS increased with the Lap concentration over
a 7 h period, reflecting the greater affinity for water absorption due to the increased hy-
drophilicity caused by Lap. This trend emphasizes the hydrophilic nature of Lap, which
facilitates water uptake within the nanocomposite matrix, as shown by the significant
decrease in contact angle (Figure 3c,d). This improved swelling behavior is particularly im-
portant for applications where controlled hydration and expansion of the scaffold material
is desired [61].
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Figure 3. Representative contact angle measurements showing the changes in wettability of pure
PCL (a,b) and PCL/Lap 0.5 nanocomposite (c,d) at 0 and 5 s, respectively. Statistical significance was
found between the pure PCL and PCL/Lap 0.5 nanocomposite groups (p < 0.05), with no significant
differences observed between the different Lap concentrations.

PCL
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Figure 4. Swelling behavior of PCL/Lap nanocomposites with different Lap concentrations (0.0%,
0.5%, 1.0% and 1.5%) over a period of 7 h. A statistically significant increase in swelling was observed
with higher Lap content, particularly after 7 h (p < 0.05).

The fabrication of hybrid 3D-printed scaffolds using the extrusion-based method
successfully resulted in structures with alternating layers of PCL/Lap nanocomposite and
chitosan/collagen/DBP hydrogel. The layer-by-layer approach proved to be a reliable and
reproducible method for fabricating complex scaffolds with visible integration between
the different material layers, as shown in Figure 5. This integration is crucial for ensuring
the overall structural integrity of the scaffold for calcified cartilage and bone tissue, as it
promotes cohesion between the mechanically robust PCL/Lap layers, which are hard like
bone, and the bioactive hydrogel layers, which are soft like articular cartilage.
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Figure 5. Comprehensive illustration of the 3D-printed hybrid scaffold. (a) Shown is the 3D printing
process with a magnified section taken with an optical microscope, illustrating the interface between
the PCL/Lap nanocomposite layer and the chitosan/collagen/DBP hydrogel layer, highlighting
the integration between the two materials. (b) Photo of the printed scaffold consisting only of
the PCL/Lap nanocomposite and (c) the corresponding scaffold with the chitosan/collagen/DBP
hydrogel layer deposited on top.

The surface morphology of the scaffolds was analyzed by SEM to evaluate the
structural differences resulting from the incorporation of Lap and the integration of chi-
tosan/collagen/DBP hydrogel layers. Figure 6a shows the surface of the pure PCL scaffold,
which has a relatively smooth and homogeneous texture characteristic of the amorphous
nature of PCL. The lack of significant surface features indicates limited interaction with
external substances, which is consistent with the hydrophobicity observed in the contact
angle measurements. In contrast, Figure 6b shows the PCL/Lap nanocomposite scaffold,
where the addition of Lap significantly altered the surface morphology. The presence
of Lap particles can be seen as small, scattered features on the surface, contributing to a
rougher texture. This increase in surface roughness is likely responsible for the increased
hydrophilicity mentioned earlier, as the rough surface increases the surface area available
for interaction with water molecules [62]. Figure 6¢ presents the surface morphology of
the chitosan/collagen/DBP hydrogel layer at the top of the scaffold. The observed porous
architecture is characteristic of crosslinked chitosan and collagen hydrogels, as confirmed
by SEM in previous studies [63-65]. These pore-like structures are beneficial for tissue
engineering applications as they can improve nutrient diffusion and waste removal and
create a more favorable environment for cell attachment and proliferation [61,66]. The
presence of these pores indicates that the scaffold supports improved tissue integration and
vascularization, both of which are crucial for the successful regeneration of cartilage and
bone tissue.
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(a) (b)
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Figure 6. Scanning electron microscope (SEM) images showing the surface morphology of
(a) pure PCL scaffold, (b) PCL/Lap nanocomposite scaffold and (c) the upper surface of the chi-
tosan/collagen/DBP hydrogel layer in the hybrid scaffold composed of PCL/Lap nanocomposite
and hydrogel.

FTIR was used to analyze the chemical interactions within the hybrid scaffolds of PCL,
Lap, chitosan, collagen and DBP. The spectra obtained (Figure 7) showed distinct absorp-
tion bands corresponding to the different functional groups in the scaffold components,
indicating successful integration of the materials. The broad bands between 3400 cm !
and 3000 cm ! are attributed to the O-H stretching vibrations, which are mainly associated
with the hydroxyl groups in chitosan and collagen as well as the adsorbed water molecules
in the Lap layers [15,67-69]. The specific peak near 3360 cm~!, which is conspicuous in
all samples, can be associated with the amide A band and O-H stretching, indicating the
presence of hydrogen bonding within the hydrogel matrix. The asymmetric and symmetric
CHj stretching vibrations observed at 2920 cm ! are characteristic of the PCL backbone
and confirm the preservation of the chemical structure of the polymer after integration
with Lap and the hydrogel layers [30,70]. In addition, the bands observed at approx.
1635 cm ™! correspond to the bending vibrations of the adsorbed water molecules (—OH),
which indicate the hydrated structure of the Lap [15]. Further analysis of the spectra
between 1600 cm ! and 1400 cm ! revealed bands associated with N-H bending vibrations,
probably originating from the collagen component. These bands indicate the presence of
amide II and III vibrations [68,69], which confirm the successful incorporation of collagen
into the hydrogel layers. The presence of phosphate groups (PO43") identified by absorp-
tion bands near 1200 cm ! indicates the integration of bone-derived components from the
DBP, which are essential for promoting osteoconductivity in bone tissue engineering [71,72].
In the PCL/Lap 1.5: chitosan/collagen/DBP spectrum, a distinct absorption band was
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also observed in the range of 1730~1750 cm !, which may be attributed to C=0 stretching
from residual acetic acid used in the preparation of the hydrogel layer. This band was not
evident in other formulations, suggesting that minor solvent retention may have occurred
at this concentration. However, as further detailed in the biological characterization section,
this group demonstrated no signs of hemolysis and showed favorable cellular viability,
suggesting that the presence of this band does not compromise scaffold performance. Ad-
ditionally, the slight shifts in the peaks corresponding to the O-H, CH; and PO,3~ bands in
the Lap-containing scaffolds indicate physical interactions between the Lap nanoparticles
and the surrounding polymer matrix [30]. These shifts may indicate enhanced hydrogen
bonding and electrostatic interactions, which are critical for maintaining the structural
integrity of the scaffold and the uniform distribution of bioactive components. Overall, the
FTIR analysis confirms the successful production of hybrid scaffolds with well-integrated
chemical components.

— PCL: Chitosan/Collagen/DBP

—— PCL/Lap 0.5: Chitosan/Collagen/DBP
—— PCL/Lap 1.0: Chitosan/Collagen/DBP
—— PCL/Lap 1.5: Chitosan/Collagen/DBP

O-H

/

CH

/ 2

T
4000 3500

T T T T T
3000 2500 2000 1500 1000

Wavenumber (cm™)

Figure 7. FTIR spectra of hybrid scaffolds: PCL: chitosan/collagen/DBP scaffold, PCL/Lap 0.5:
chitosan/collagen/DBP, PCL/Lap 1.0: chitosan/collagen/DBP scaffold and PCL/Lap 1.5: chi-
tosan/collagen/DBP.

Extending the previous analysis of the swelling behavior of the PCL/Lap nanocompos-
ite, the incorporation of chitosan/collagen/DBP hydrogel layers significantly influenced
the overall swelling ability of the hybrid scaffolds. As can be seen in Figure 8, the percent-
age of swelling after 7 h in PBS increased dramatically for the scaffolds with intercalated
hydrogel layers compared to the scaffolds without hydrogel layers, with all hydrogel-
containing groups exhibiting a statistically significant higher swelling capacity regardless
of the Lap concentration. This pronounced swelling behavior is consistent with the intrinsic
properties of hydrogels, which are known for their high-water absorption capacity and
their ability to store large amounts of water in their network structure [61]. The significant
increase in swelling observed in the hybrid scaffolds indicates that the hydrogel layers
dominate the overall swelling response and effectively enhance the ability of the scaffold
to absorb and bind liquids. This property is particularly beneficial for cartilage tissue
engineering applications where a hydrated environment is fundamental to mimic the
natural extracellular matrix and support cell viability and proliferation. In addition, the
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scaffold’s ability to swell and maintain hydration could facilitate the diffusion of nutrients
and bioactive molecules throughout the construct, further promoting tissue regeneration
and integration [61,73]. The lack of significant differences between the different concentra-
tions of Lap in the hydrogel-containing frameworks underlines the predominant role of
hydrogel in determining the swelling behavior. This observation suggests that although
Lap contributes to the hydrophilicity of the nanocomposite, the hydrogel layers exert a
much stronger influence on the overall swelling dynamics of the scaffold.

40
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Lap 0.5 Lap 1.0 Lap 1.5

Figure 8. Comparative swelling behavior of hybrid scaffolds with and without hydrogel layers
after 7 h in PBS. The presence of chitosan/collagen/DBP hydrogel layers significantly increased the
swelling capacity in all groups, with statistically significant differences observed between the groups
with hydrogel layers and those without hydrogel layers (p < 0.05). No significant differences were
observed between the different concentrations of Lap within the hydrogel-containing groups.

The mechanical performance of the scaffolds was evaluated through uniaxial compres-
sion tests, with the aim of investigating the influence of laponite (Lap) concentration on
the structural stiffness of the printed samples. As shown in Figure 9, the Young’s modulus
under compression varied according to the Lap content incorporated into the PCL matrix,
highlighting the reinforcement potential conferred by argyle to the composite.

The pure PCL scaffolds presented a compression modulus of 130.8 £ 13.6 MPa, values
consistent with those reported in the literature for PCL structures obtained by 3D print-
ing, in which the mechanical performance strongly depends on the printing parameters,
infill density and scaffold architecture. With the incorporation of 0.5%, 1.0%, and 1.5%
(w/v) of Lap, the elastic moduli obtained were 108.7 + 13.6 MPa, 139.1 £ 13.6 MPa, and
135.0 &= 13.6 MPa, respectively. The formulation containing 1.0% and 1.5% Lap showed the
highest modulus and compressive strengths, confirming the reinforcing effect promoted by
nanoclay when adequately dispersed in the polymer matrix.

The sample containing 0.5% Lap showed the lowest compressive modulus (108.7 MPa)
among the formulations evaluated, suggesting that very low concentrations of the nanore-
inforcement were not sufficient to generate a significant improvement in structural stiff-
ness [74]. This behavior may be related to the partial dispersion of the nanoparticles and
the low density of interfacial anchoring points between laponite and PCL, which reduces
the efficiency of stress transfer between the phases. Furthermore, small variations in the
thickness of the printed layers or in the uniformity of the filling may have contributed to
this difference, especially considering the high sensitivity of the modulus to the microstruc-
ture of the scaffolds [74]. Thus, although a significant increase in modulus was observed at
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1.0% Lap, it is not possible to determine whether the reinforcing effect begins precisely at
this concentration, since intermediate values between 0.5% and 1.0% were not evaluated.
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Figure 9. Young’s modulus of scaffolds composed of pure PCL and PCL reinforced with in-
creasing concentrations of Lap (0.5%, 1.0%, and 1.5%), with and without the addition of chi-
tosan/collagen/DBP hydrogel layers.

When comparing scaffolds with and without the hydrogel layer (chitosan/collagen/DBP),
no measurable differences were observed in the compression modulus values; however,
this comparison does not rely on statistical testing and should therefore be interpreted
qualitatively. Although hydrogels are typically soft materials, the presence of the layer
did not measurably reduce the overall stiffness of the samples, indicating that the me-
chanical behavior of the assembly is predominantly controlled by the PCL/Lap polymeric
phase [75]. This result suggests that the interfacial adhesion between the hydrogel and the
matrix was sufficient to maintain structural integrity under compressive load, but that the
hydrogel, due to its viscoelastic nature, acts passively, without significantly contributing
to the increase in the system’s stiffness [76]. Thus, the addition of hydrogel can be con-
sidered beneficial from a biological point of view, without compromising the mechanical
performance of the scaffolds.

The hemolysis test provides crucial insights into the blood compatibility of biomate-
rials as it measures the potential of a material to cause the bursting of erythrocytes and
the subsequent release of hemoglobin into the surrounding medium. This is a crucial
parameter when assessing the safety of materials intended for biomedical applications,
especially when they encounter blood [77,78]. According to the results shown in Figure 10,
the hemolysis rates for all scaffold formulations, including those with different Lap con-
centrations and with or without chitosan/collagen/DBP hydrogel layers, were below 5%,
which classifies them as non-hemolytic [79]. This low hemolytic activity indicates that the
scaffold materials have good blood compatibility, which is crucial for their potential use
in clinical applications. The base material, PCL, is known for its good hemocompatibil-
ity [80], and the addition of Lap did not affect this property. In addition, the addition of
chitosan/collagen/DBP hydrogel layers did not significantly alter the hemolytic behavior
of the scaffolds, further confirming their safety profile. In these areas, the scaffolds may
encounter blood during implantation or in highly vascularized tissue, such as bone. To
avoid inflammatory reactions and support successful integration into the host tissue, it is
crucial that the scaffold materials do not induce hemolysis [81]. The absence of significant
hemolytic activity in all tested scaffold formulations underlines their low toxicity towards
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erythrocytes, suggesting that these materials have a low risk of inducing blood-related
cytotoxicity, making them promising candidates for applications in the field of calcified
cartilage and bone tissue.
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Figure 10. Evaluation of hemolysis of scaffold formulations: (a) Representative image of hemolysis
test for PCL/Lap nanocomposites without hydrogel layers, including negative control, positive
control, PCL, PCL/Lap 0.5, PCL/Lap 1.0 and PCL/Lap 1.5 groups; (b) Representative image of
hemolysis test for PCL/Lap nanocomposites with chitosan/collagen/DBP hydrogel layers, in the
same group order; (¢) Quantitative hemolysis rates for all scaffold formulations. All formulations
showed hemolysis rates below 5%, indicating good blood compatibility and classifying them as
non-hemolytic. No statistically significant differences were found between the scaffold groups tested.

The MTT assay was used to assess the cytocompatibility of the hybrid scaffolds after
24, 48, and 72 h of incubation. As shown in Figure 11, the PCL—chitosan/collagen/DBP
scaffold (without Lap) exhibited low cell viability values, ranging from 40% at 24 h to 30% at
72 h. Although these biopolymers are widely recognized for their intrinsic biocompatibility
when used individually, their combination in this scaffold did not yield the expected
cellular response. In contrast, the presence of Lap was associated with a tendency toward
improved cell viability. Although no statistical differences were detected among groups,
the biological trend aligns with previous studies reporting the beneficial effects of Lap on
cell viability, likely due to enhanced ionic buffering, surface hydrophilicity, and favorable
cell-material interactions [82-84]. The PCL /Lap 0.5 and 1.0 scaffolds exhibited intermediate
behavior, with viability values between 56% and 78%, suggesting a transition toward
cytocompatibility. The PCL/Lap 1.5 formulation demonstrated the most favorable result,
maintaining a consistent cytocompatible profile with viability levels of 75% and 84% at
48 h and 72 h, respectively, both above the ISO 10993-5 [42] threshold of 70%, supporting
its selection as the most promising candidate for use in osteochondral tissue engineering.
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Figure 11. Cell viability of MC3T3-E1 pre-osteoblastic cells exposed to hybrid scaffolds composed of
PCL and chitosan/collagen/DBP, with different concentrations of Lap (0.0%, 0.5%, 1.0%, and 1.5%),
after 24, 48, and 72 h of incubation. Results are expressed as percentage of viability relative to the
untreated control group. No statistically significant difference was found between the groups after
applying one-way ANOVA (p > 0.05).

Among the tested formulations, the PCL/Lap 1.5: chitosan/collagen/DBP scaffold
demonstrated the most balanced performance, combining the highest Young’s modulus,
favorable swelling behavior, and hydrophilicity. Although rheological, hemolysis rates,
and contact angle differences among the PCL/Lap groups were subtle, only the PCL/Lap
1.5: chitosan/collagen/DBP group exceeded the cytocompatibility threshold. Therefore,
this concentration may be considered optimal within the tested range, offering the most
favorable set of physical and biological properties for osteochondral scaffold development.

Although the results of this study show the successful fabrication and characterization
of hybrid 3D-printed scaffolds, there were some challenges and limitations. One major
technical challenge was that the PCL/Lap layer, which was printed at 80-90 °C, had
to cool and solidify before the hydrogel layer could be applied. This step lengthened
the overall printing time and presents an opportunity for optimization for future work,
possibly by refining the cooling process or exploring alternative materials that may allow
for faster transitions between layers. Also, although indirect evidence from rheological, and
mechanical, assessments suggested homogeneous dispersion, we acknowledge that the
absence of direct evaluation may represent a limitation of this study and, in future works,
will incorporate high-resolution SEM and elemental mapping to directly validate the spatial
distribution of Lap within the PCL matrix. Furthermore, the biological evaluation of the
scaffolds was limited to the hemolysis test and MTT assay. However, future studies should
focus on more specific in vitro tests relevant to cartilage and bone tissue, including cell
adhesion, proliferation and differentiation, to evaluate the regenerative potential of the
scaffold. In addition, in vivo studies will be crucial to validate the scaffold’s efficacy in
promoting tissue regeneration and integration in a physiological environment. Furthermore,
future studies could investigate strategies to modulate the spatiotemporal presentation
of key effector molecules within the scaffold, such as gradient structuring, controlled
release systems, and bioresponsive materials, aiming to regulate cell behavior throughout
different stages of osteochondral tissue regeneration. Finally, exploring new formulations
of hydrogels in future studies could further enhance the bioactivity of the scaffold and pave
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the way for more robust and versatile tissue engineering applications. Addressing these
areas will be crucial to advancing the clinical relevance and applicability of these hybrid
scaffolds.

4. Conclusions

The development and characterization of hybrid 3D-printed scaffolds composed of
alternating layers of PCL/Lap nanocomposites and chitosan/collagen/DBP hydrogels
represent a significant advance in the field of cartilage and bone tissue engineering. The
successful fabrication of these scaffolds using a layer-by-layer extrusion-based printing pro-
cess demonstrated the potential of combining mechanically robust and bioactive materials
to create structures that closely mimic the complexity of native tissue. The integration of
Lap into the PCL matrix not only improved the hydrophilicity and swelling capacity of
the scaffolds but also enhanced their stiffness in a concentration-dependent manner, with
Young’s modulus values reaching the range of native subchondral bone. Additionally, the
incorporation of chitosan/collagen/DBP hydrogels improved scaffold microstructure and
fluid retention, which are critical for creating a hydrated environment conducive to tissue
regeneration. This is particularly important for osteochondral tissue engineering, where
the scaffold must support the regeneration of both subchondral bone and calcified cartilage,
two regions with different mechanical and biological requirements.

Furthermore, biocompatibility assessments demonstrated that the scaffolds were non-
hemolytic and exhibited a trend toward improved cytocompatibility with increasing Lap
content, with the PCL/Lap 1.5: chitosan/collagen/DBP scaffold surpassing the threshold
for cell viability. These findings support the potential of this formulation as the most
promising candidate for further preclinical investigations.

However, this study has also highlighted areas that need to be explored in the future.
These include optimizing the printing process to reduce manufacturing time and the need
for more extensive biological studies to fully determine the regenerative potential of these
scaffolds. In summary, the hybrid scaffolds developed in this study represent a potential
platform for cartilage and bone tissue engineering that can be flexibly adapted for a variety
of regenerative applications. Future research should build on these results to further
refine the scaffold design and validate its efficacy in vivo to ultimately advance the clinical
translation of these innovative materials.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/jfb16120441/s1, Video S1: Mechanical tests.

Author Contributions: Conceptualization: T.F.C.L.V.,, M.R.V,, ERM. and A.O.L.; methodology:
TEC.L.V, MRV, TDS. and A.O.L,; investigation: TEC.L.V.,, M.R.V,, AS. AF, ANM., G.d.CB,,
M.H.dS.C,, L.AFF and ER.M,; formal analysis: M.R.V,, AS.AF, TECL.V, ANM. and ERM.;
writing—original draft preparation: M.R.V,, CM.d.S. and T.D.S.; writing—review and editing: T.D.S.
and A.O.L.; funding acquisition: A.O.L.; Supervision: A.O.L. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by National Council for Scientific and Technological Development
(CNPq, 403890/2023-3 and 310883/2020-2 to A.O.L. and 311531/2020-2 to ER.M.).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflicts of interest.


https://www.mdpi.com/article/10.3390/jfb16120441/s1
https://www.mdpi.com/article/10.3390/jfb16120441/s1

J. Funct. Biomater. 2025, 16, 441 19 of 22

References

1. Nordberg, R.C.; Bielajew, B.J.; Takahashi, T.; Dai, S.; Hu, J.C.; Athanasiou, K.A. Recent Advancements in Cartilage Tissue
Engineering Innovation and Translation. Nat. Rev. Rheumatol. 2024, 20, 323-346. [CrossRef]

2. Moghaddam, A.; Bahrami, M.; Mirzadeh, M.; Khatami, M.; Simorgh, S.; Chimehrad, M.; Kruppke, B.; Bagher, Z.; Mehrabani, D.;
Khonakdar, H.A. Recent Trends in Bone Tissue Engineering: A Review of Materials, Methods, and Structures. Biomed. Mater.
2024, 19, 042007. [CrossRef]

3. Huey, D.J.; Hu, J.C.; Athanasiou, K.A. Unlike Bone, Cartilage Regeneration Remains Elusive. Science 2012, 338, 917-921. [CrossRef]

4. Echeverria Molina, M.L.; Malollari, K.G.; Komvopoulos, K. Design Challenges in Polymeric Scaffolds for Tissue Engineering.
Front. Bioeng. Biotechnol. 2021, 9, 617141. [CrossRef]

5. Liu, S.; Yu, J.-M.; Gan, Y.-C.; Qiu, X.-Z.; Gao, Z.-C.; Wang, H.; Chen, S.-X,; Xiong, Y.; Liu, G.-H.; Lin, S.-E.; et al. Biomimetic
Natural Biomaterials for Tissue Engineering and Regenerative Medicine: New Biosynthesis Methods, Recent Advances, and
Emerging Applications. Mil. Med. Res. 2023, 10, 16. [CrossRef]

6. Ramzan, F; Salim, A.; Khan, I. Osteochondral Tissue Engineering Dilemma: Scaffolding Trends in Regenerative Medicine. Stem
Cell Rev. Rep. 2023, 19, 1615-1634. [CrossRef] [PubMed]

7. Ai, C,; Lee, YH.D.; Tan, X.H.; Tan, S.H.S.; Hui, ] H.P.; Goh, J.C.-H. Osteochondral Tissue Engineering: Perspectives for Clinical
Application and Preclinical Development. J. Orthop. Transl. 2021, 30, 93-102. [CrossRef] [PubMed]

8.  Woodruff, M.A.; Hutmacher, D.W. The Return of a Forgotten Polymer—Polycaprolactone in the 21st Century. Prog. Polym. Sci.
2010, 35, 1217-1256. [CrossRef]

9. Yang, X.; Wang, Y.; Zhou, Y.; Chen, J.; Wan, Q. The Application of Polycaprolactone in Three-Dimensional Printing Scaffolds for
Bone Tissue Engineering. Polymers 2021, 13, 2754. [CrossRef]

10. Fan,].; Abedi-Dorcheh, K.; Sadat Vaziri, A.; Kazemi-Aghdam, F; Rafieyan, S.; Sohrabinejad, M.; Ghorbani, M.; Rastegar Adib, F;
Ghasemi, Z.; Klavins, K.; et al. A Review of Recent Advances in Natural Polymer-Based Scaffolds for Musculoskeletal Tissue
Engineering. Polymers 2022, 14,2097. [CrossRef]

11.  Pramanik, S.; Kharche, S.; More, N.; Ranglani, D.; Singh, G.; Kapusetti, G. Natural Biopolymers for Bone Tissue Engineering: A
Brief Review. Eng. Regen. 2023, 4, 193-204. [CrossRef]

12.  Wang, L.; Xu, Z.; Zhang, H.; Yao, C. A Review on Chitosan-Based Biomaterial as Carrier in Tissue Engineering and Medical
Applications. Eur. Polym. J. 2023, 191, 112059. [CrossRef]

13. Busra, M.EM.; Lokanathan, Y. Recent Development in the Fabrication of Collagen Scaffolds for Tissue Engineering Applications:
A Review. Curr. Pharm. Biotechnol. 2019, 20, 992-1003. [CrossRef] [PubMed]

14. Stealey, S.T.; Gaharwar, AK.; Zustiak, S.P. Laponite-Based Nanocomposite Hydrogels for Drug Delivery Applications.
Pharmaceuticals 2023, 16, 821. [CrossRef]

15. Wang, C.; Wang, S.; Li, K,; Ju, Y.; Li, J.; Zhang, Y.; Li, J.; Liu, X.; Shi, X.; Zhao, Q. Preparation of Laponite Bioceramics for Potential
Bone Tissue Engineering Applications. PLoS ONE 2014, 9, €99585. [CrossRef]

16. Afewerki, S.; Magalhaes, L.S5.5.M.; Silva, A.D.R; Stocco, T.D.; Silva Filho, E.C.; Marciano, ER.; Lobo, A.O. Bioprinting a Synthetic
Smectic Clay for Orthopedic Applications. Adv. Healthc. Mater. 2019, 8, 1900158. [CrossRef]

17.  Kim, D.; Thangavelu, M.; Cheolui, S.; Kim, H.S.; Choi, M.].; Song, J.E.; Khang, G. Effect of Different Concentration of Demineral-
ized Bone Powder with Gellan Gum Porous Scaffold for the Application of Bone Tissue Regeneration. Int. J. Biol. Macromol. 2019,
134, 749-758. [CrossRef]

18. Gruskin, E.; Doll, B.A.; Futrell, EW.; Schmitz, ].P.; Hollinger, ].O. Demineralized Bone Matrix in Bone Repair: History and Use.
Adv. Drug Deliv. Rev. 2012, 64, 1063-1077. [CrossRef]

19. Ramis, ].M.; Blasco-Ferrer, M.; Calvo, J.; Villa, O.; Cladera, M.M.; Corbillo, C.; Gaya, A.; Monjo, M. Improved Physical and
Osteoinductive Properties of Demineralized Bone Matrix by Gelatin Methacryloyl Formulation. J. Tissue Eng. Regen. Med. 2020,
14, 475-485. [CrossRef]

20. Lee,M.S.; Lee, D.H.; Jeon, J.; Tae, G.; Shin, YM.; Yang, H.S. Biofabrication and Application of Decellularized Bone Extracellular
Matrix for Effective Bone Regeneration. J. Ind. Eng. Chem. 2020, 83, 323-332. [CrossRef]

21. Suamte, L.; Tirkey, A.; Babu, PJ. Design of 3D Smart Scaffolds Using Natural, Synthetic and Hybrid Derived Polymers for Skin
Regenerative Applications. Smart Mater. Med. 2023, 4, 243-256. [CrossRef]

22.  Wasyleczko, M.; Sikorska, W.; Chwojnowski, A. Review of Synthetic and Hybrid Scaffolds in Cartilage Tissue Engineering.
Membranes 2020, 10, 348. [CrossRef] [PubMed]

23. Yao, Z,;Qian, Y,; Jin, Y.; Wang, S.; Li, ].; Yuan, W.-E.; Fan, C. Biomimetic Multilayer Polycaprolactone/Sodium Alginate Hydrogel
Scaffolds Loaded with Melatonin Facilitate Tendon Regeneration. Carbohydr. Polym. 2022, 277, 118865. [CrossRef] [PubMed]

24. Liu,].; Li, L.; Suo, H,; Yan, M,; Yin, J.; Fu, J. 3D Printing of Biomimetic Multi-Layered GeIMA /nHA Scaffold for Osteochondral
Defect Repair. Mater. Des. 2019, 171, 107708. [CrossRef]

25. Bittner, S.M.; Guo, J.L.; Melchiorri, A.; Mikos, A.G. Three-Dimensional Printing of Multilayered Tissue Engineering Scaffolds.

Mater. Today 2018, 21, 861-874. [CrossRef]


https://doi.org/10.1038/s41584-024-01118-4
https://doi.org/10.1088/1748-605x/ad407d
https://doi.org/10.1126/science.1222454
https://doi.org/10.3389/fbioe.2021.617141
https://doi.org/10.1186/s40779-023-00448-w
https://doi.org/10.1007/s12015-023-10545-x
https://www.ncbi.nlm.nih.gov/pubmed/37074547
https://doi.org/10.1016/j.jot.2021.07.008
https://www.ncbi.nlm.nih.gov/pubmed/34722152
https://doi.org/10.1016/j.progpolymsci.2010.04.002
https://doi.org/10.3390/polym13162754
https://doi.org/10.3390/polym14102097
https://doi.org/10.1016/j.engreg.2022.12.002
https://doi.org/10.1016/j.eurpolymj.2023.112059
https://doi.org/10.2174/1389201020666190731121016
https://www.ncbi.nlm.nih.gov/pubmed/31364511
https://doi.org/10.3390/ph16060821
https://doi.org/10.1371/journal.pone.0099585
https://doi.org/10.1002/adhm.201900158
https://doi.org/10.1016/j.ijbiomac.2019.04.184
https://doi.org/10.1016/j.addr.2012.06.008
https://doi.org/10.1002/term.3012
https://doi.org/10.1016/j.jiec.2019.12.005
https://doi.org/10.1016/j.smaim.2022.09.005
https://doi.org/10.3390/membranes10110348
https://www.ncbi.nlm.nih.gov/pubmed/33212901
https://doi.org/10.1016/j.carbpol.2021.118865
https://www.ncbi.nlm.nih.gov/pubmed/34893270
https://doi.org/10.1016/j.matdes.2019.107708
https://doi.org/10.1016/j.mattod.2018.02.006

J. Funct. Biomater. 2025, 16, 441 20 of 22

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.
51.

Jiang, X.; Wu, S.; Kuss, M.; Kong, Y.; Shi, W,; Streubel, PN.; Li, T.; Duan, B. 3D Printing of Multilayered Scaffolds for Rotator Cuff
Tendon Regeneration. Bioact. Mater. 2020, 5, 636—643. [CrossRef]

Fuentes-Caparrés, A.M.; Canales-Galarza, Z.; Barrow, M.; Dietrich, B.; Lauger, J.; Nemeth, M.; Draper, ER.; Adams, D.J.
Mechanical Characterization of Multilayered Hydrogels: A Rheological Study for 3D-Printed Systems. Biomacromolecules 2021,
22,1625-1638. [CrossRef]

Guo, S.; Zhao, H.; Chen, Q.; Zou, B.; Xing, H.; Lai, Q. 3D-Printed Laponite Bioceramic Triply Periodic Minimal Surface Scaffolds
with Excellent Bioactivity for Bone Regeneration. Ceram. Int. 2025, 51, 980-990. [CrossRef]

e Silva, M.d.C.S.; de Sousa, G.F,; das Virgens Santana, M.; Tsumura, W.G.; Stocco, T.D.; Lobo, A.O. Tailoring Mechanical Properties
of Printed GelMA Scaffolds with Multilayers of PLA /Laponite Nanocomposite Fibers. Mater. Lett. 2024, 364, 136314. [CrossRef]
Magalhaes, L.S5.5.M.; Andrade, D.B.; Bezerra, R.D.S.; Morais, A.LS.; Oliveira, F.C.; Rizzo, M.S.; Silva-Filho, E.C.; Lobo, A.O.
Nanocomposite Hydrogel Produced from PEGDA and Laponite for Bone Regeneration. J. Funct. Biomater. 2022, 13, 53. [CrossRef]
Andrade, D.B.; Soares, L.L.S.; Cardoso, EL.A.; Lima, 1.S.; Silva, ].G.V.; Carvalho, M.A.M.; Fonseca, M.G.; Brito, G.d.C.; Santos,
FE.P; Osajima, J.A.; et al. Hydrogel Based on Nanoclay and Gelatin Methacrylate Polymeric Matrix as a Potential Osteogenic
Application. J. Funct. Biomater. 2023, 14, 74. [CrossRef]

Liu, R; Xu, E; Wang, L.; Liu, M.; Cao, X,; Shi, X.; Guo, R. Polydopamine-Coated Laponite Nanoplatforms for Photoacoustic
Imaging-Guided Chemo-Phototherapy of Breast Cancer. Nanomaterials 2021, 11, 394. [CrossRef] [PubMed]

Bravo, I.; Viejo, L.; de los Rios, C.; Garcifa-Frutos, E.M.; Darder, M. Cellulose /Pectin-Based Materials Incorporating Laponite-
Indole Derivative Hybrid for Oral Administration and Controlled Delivery of the Neuroprotective Drug. Int. ]. Biol. Macromol.
2023, 234, 123765. [CrossRef] [PubMed]

Orafa, Z.; Irani, S.; Zamanian, A.; Bakhshi, H.; Nikukar, H.; Ghalandari, B. Coating of Laponite on PLA Nanofibrous for Bone
Tissue Engineering Application. Macromol. Res. 2021, 29, 191-198. [CrossRef]

Wang, Z.; Hu, J.; Yu, ].; Chen, D. Preparation and Characterization of Nano-Laponite/PLGA Composite Scaffolds for Urethra
Tissue Engineering. Mol. Biotechnol. 2020, 62, 192-199. [CrossRef]

Arab-Ahmadi, S.; Irani, S.; Bakhshi, H.; Atyabi, F; Ghalandari, B. Immobilization of Carboxymethyl Chitosan/Laponite on
Polycaprolactone Nanofibers as Osteoinductive Bone Scaffolds. Polym. Adv. Technol. 2021, 32, 755-765. [CrossRef]

Waresindo, W.X.; Luthfianti, H.R.; Priyanto, A.; Hapidin, D.A.; Edikresnha, D.; Aimon, A.H.; Suciati, T.; Khairurrijal, K. Freeze—
Thaw Hydrogel Fabrication Method: Basic Principles, Synthesis Parameters, Properties, and Biomedical Applications. Mater. Res.
Express 2023, 10, 024003. [CrossRef]

ASTM D695-23; Standard Test Method for Compressive Properties of Rigid Plastics. ASTM International: West Conshohocken,
PA, USA, 2022. [CrossRef]

ISO 604; Plastics—Determinagao Das Propriedades de Compressao. ISO: Geneva, Switzerland, 2002.

Mendes, A.N.; Filgueiras, L.A.; Siqueira, M.; Barbosa, G.M.; Holandino, C.; de Lima, D.M.; Pinto, ].C.; Nele, M. Encapsulation of
Piper Cabralanum (Piperaceae) Nonpolar Extract in Poly(Methyl Methacrylate) by Miniemulsion and Evaluation of Increase in
the Effectiveness of Antileukemic Activity in K562 Cells. Int. . Nanomed. 2017, 12, 8363-8373. [CrossRef]

Alves Batista, F; Brena Cunha Fontele, S.; Beserra Santos, L.K.; Alves Filgueiras, L.; Quaresma Nascimento, S.; de Castro e Sousa,
J.M.; Ramos Gongalves, ].C.; Nogueira Mendes, A. Synthesis, Characterization of x-Terpineol-Loaded PMMA Nanoparticles as
Proposed of Therapy for Melanoma. Mater. Today Commun. 2020, 22, 100762. [CrossRef]

ISO 10993-5:2009; Biological Evaluation of Medical Devices—Part 5: Tests for in Vitro Cytotoxicity. ISO: Geneva, Switzerland, 2009.
ISO 10993-12:2021; Biological Evaluation of Medical Devices—Part 12: Sample Preparation and Reference Materials. ISO: Geneva,
Switzerland, 2021.

Dévila, J.L.; D’Avila, M.A. Laponite as a Rheology Modifier of Alginate Solutions: Physical Gelation and Aging Evolution.
Carbohydr. Polym. 2017, 157, 1-8. [CrossRef]

Sheikhi, A.; Afewerki, S.; Oklu, R.; Gaharwar, A K.; Khademhosseini, A. Effect of Ionic Strength on Shear-Thinning
Nanoclay-Polymer Composite Hydrogels. Biomater. Sci. 2018, 6, 2073-2083. [CrossRef]

Amorim, PA.; D’Avila, M.A.; Anand, R.; Moldenaers, P; Van Puyvelde, P.; Bloemen, V. Insights on Shear Rheology of Inks for
Extrusion-Based 3D Bioprinting. Bioprinting 2021, 22, e00129. [CrossRef]

Gogoi, D.; Kumar, M.; Singh, J. A Comprehensive Review on Hydrogel-Based Bio-Ink Development for Tissue Engineering
Scaffolds Using 3D Printing. Ann. 3D Print. Med. 2024, 15, 100159. [CrossRef]

Herrada-Manchon, H.; Ferndndez, M.A.; Aguilar, E. Essential Guide to Hydrogel Rheology in Extrusion 3D Printing: How to
Measure It and Why It Matters? Gels 2023, 9, 517. [CrossRef] [PubMed]

Murphy, S.V.; Atala, A. 3D Bioprinting of Tissues and Organs. Nat. Biotechnol. 2014, 32, 773-785. [CrossRef]

Li, H.; Tan, C.; Li, L. Review of 3D Printable Hydrogels and Constructs. Mater. Des. 2018, 159, 20-38. [CrossRef]

Barrulas, R.V.; Corvo, M.C. Rheology in Product Development: An Insight into 3D Printing of Hydrogels and Aerogels. Gels 2023,
9, 986. [CrossRef]


https://doi.org/10.1016/j.bioactmat.2020.04.017
https://doi.org/10.1021/acs.biomac.1c00078
https://doi.org/10.1016/j.ceramint.2024.11.081
https://doi.org/10.1016/j.matlet.2024.136314
https://doi.org/10.3390/jfb13020053
https://doi.org/10.3390/jfb14020074
https://doi.org/10.3390/nano11020394
https://www.ncbi.nlm.nih.gov/pubmed/33557046
https://doi.org/10.1016/j.ijbiomac.2023.123765
https://www.ncbi.nlm.nih.gov/pubmed/36812973
https://doi.org/10.1007/s13233-021-9028-1
https://doi.org/10.1007/s12033-020-00237-z
https://doi.org/10.1002/pat.5128
https://doi.org/10.1088/2053-1591/acb98e
https://doi.org/10.1520/D0695-23
https://doi.org/10.2147/IJN.S134756
https://doi.org/10.1016/j.mtcomm.2019.100762
https://doi.org/10.1016/j.carbpol.2016.09.057
https://doi.org/10.1039/C8BM00469B
https://doi.org/10.1016/j.bprint.2021.e00129
https://doi.org/10.1016/j.stlm.2024.100159
https://doi.org/10.3390/gels9070517
https://www.ncbi.nlm.nih.gov/pubmed/37504396
https://doi.org/10.1038/nbt.2958
https://doi.org/10.1016/j.matdes.2018.08.023
https://doi.org/10.3390/gels9120986

J. Funct. Biomater. 2025, 16, 441 21 of 22

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

He, Y; Yang, F.; Zhao, H.; Gao, Q.; Xia, B.; Fu, J. Research on the Printability of Hydrogels in 3D Bioprinting. Sci. Rep. 2016,
6,29977. [CrossRef]

Kyle, S.; Jessop, Z.M.; Al-Sabah, A.; Whitaker, 1.S. ‘Printability” of Candidate Biomaterials for Extrusion Based 3D Printing:
State-of-the-Art. Adv. Healthc. Mater. 2017, 6, 1700264. [CrossRef]

Elango, J.; Lijnev, A.; Zamora-Ledezma, C.; Alexis, F; Wu, W.,; Marin, ].M.G.; Sanchez de Val, ].E.M. The Relationship of
Rheological Properties and the Performance of Silk Fibroin Hydrogels in Tissue Engineering Application. Process Biochem. 2023,
125,198-211. [CrossRef]

Ivanova, A.A.; Syromotina, D.S.; Shkarina, S.N.; Shkarin, R.; Cecilia, A.; Weinhardt, V.; Baumbach, T.; Saveleva, M.S.; Gorin,
D.A.; Douglas, T.E.L.; et al. Effect of Low-Temperature Plasma Treatment of Electrospun Polycaprolactone Fibrous Scaffolds on
Calcium Carbonate Mineralisation. RSC Adv. 2018, 8, 39106-39114. [CrossRef]

Ghannadian, P.; Moxley, ] W.; Machado de Paula, M.M.; Lobo, A.O.; Webster, T.]. Micro-Nanofibrillar Polycaprolactone Scaffolds
as Translatable Osteoconductive Grafts for the Treatment of Musculoskeletal Defects without Infection. ACS Appl. Bio Mater. 2018,
1,1566-1578. [CrossRef] [PubMed]

Dave, K.; Gomes, V.G. Interactions at Scaffold Interfaces: Effect of Surface Chemistry, Structural Attributes and Bioaffinity. Mater.
Sci. Eng. C 2019, 105, 110078. [CrossRef] [PubMed]

Paxton, N.C.; Woodruff, M.A. Measuring Contact Angles on Hydrophilic Porous Scaffolds by Implementing a Novel Raised
Platform Approach: A Technical Note. Polym. Adv. Technol. 2022, 33, 3759-3765. [CrossRef]

Niemczyk-Soczynska, B.; Gradys, A.; Sajkiewicz, P. Hydrophilic Surface Functionalization of Electrospun Nanofibrous Scaffolds
in Tissue Engineering. Polymers 2020, 12, 2636. [CrossRef]

Stocco, T.D.; Moreira Silva, M.C.; Corat, M.A.F.; Gongalves Lima, G.; Lobo, A.O. Towards Bioinspired Meniscus-Regenerative
Scaffolds: Engineering a Novel 3D Bioprinted Patient-Specific Construct Reinforced by Biomimetically Aligned Nanofibers. Int. J.
Nanomedicine 2022, 17, 1111-1124. [CrossRef]

Ansari, M.; Darvishi, A.; Sabzevari, A. A Review of Advanced Hydrogels for Cartilage Tissue Engineering. Front. Bioeng.
Biotechnol. 2024, 12, 1340893. [CrossRef]

Boyan, B.D.; Lotz, E.M.; Schwartz, Z. Roughness and Hydrophilicity as Osteogenic Biomimetic Surface Properties. Tissue Eng.
Part A 2017, 23, 1479-1489. [CrossRef]

Azaza, Y.B.; van der lee, A; Li, S.; Nasri, M.; Nasri, R. Chitosan/Collagen-Based Hydrogels for Sustainable Development:
Phycocyanin Controlled Release. Sustain. Chem. Pharm. 2023, 31, 100905. [CrossRef]

Correia, C.R.; Moreira-Teixeira, L.S.; Moroni, L.; Reis, R.L.; van Blitterswijk, C.A.; Karperien, M.; Mano, J.F. Chitosan Scaffolds
Containing Hyaluronic Acid for Cartilage Tissue Engineering. Tissue Eng. Part C Methods 2011, 17, 717-730. [CrossRef]

Zhu, Y,; Dong, Z.; Wejinya, U.C; Jin, S.; Ye, K. Determination of Mechanical Properties of Soft Tissue Scaffolds by Atomic Force
Microscopy Nanoindentation. J. Biomech. 2011, 44, 2356-2361. [CrossRef] [PubMed]

yadav, P.; Beniwal, G.; Saxena, K.K. A Review on Pore and Porosity in Tissue Engineering. Mater. Today Proc. 2021, 44, 2623-2628.
[CrossRef]

Cheng, J.; Zhu, H.; Huang, J.; Zhao, J.; Yan, B.; Ma, S.; Zhang, H.; Fan, D. The Physicochemical Properties of Chitosan Prepared by
Microwave Heating. Food Sci. Nutr. 2020, 8, 1987-1994. [CrossRef] [PubMed]

Kristoffersen, K.A.; Mage, I.; Wubshet, S.G.; Bocker, U.; Riiser Dankel, K.; Lislelid, A.; Renningen, M.A.; Afseth, N.K. FTIR-Based
Prediction of Collagen Content in Hydrolyzed Protein Samples. Spectrochim. Acta. A. Mol. Biomol. Spectrosc. 2023, 301, 122919.
[CrossRef]

Becerra, J.; Rodriguez, M.; Leal, D.; Noris-Suarez, K.; Gonzalez, G. Chitosan-Collagen-Hydroxyapatite Membranes for Tissue
Engineering. J. Mater. Sci. Mater. Med. 2022, 33, 18. [CrossRef]

Ebrahimi, Z.; Irani, S.; Ardeshirylajimi, A.; Seyedjafari, E. Enhanced Osteogenic Differentiation of Stem Cells by 3D Printed PCL
Scaffolds Coated with Collagen and Hydroxyapatite. Sci. Rep. 2022, 12, 12359. [CrossRef]

Pang, S.; Su, EY.; Green, A.; Salim, J.; McKittrick, J.; Jasiuk, I. Comparison of Different Protocols for Demineralization of Cortical
Bone. Sci. Rep. 2021, 11, 7012. [CrossRef]

Ma, T; Ren, D.; Wang, J.; Fu, E; Sun, W.Q.; Sun, H. Enhanced Osteogenicity of the Demineralized Bone-Dermal Matrix Composite
by the Optimal Partial Demineralization for Sustained Release of Bioactive Molecules. |. Biomed. Mater. Res. B Appl. Biomater.
2024, 112, €35358. [CrossRef]

Liu, M.; Zeng, X.; Ma, C.; Yi, H.; Ali, Z,; Mou, X,; Li, S.; Deng, Y.; He, N. Injectable Hydrogels for Cartilage and Bone Tissue
Engineering. Bone Res. 2017, 5, 17014. [CrossRef]

Yazdanpanah, Z.; Kumar Sharma, N.; Zimmerling, A.; Cooper, D.M.L.; Johnston, J.D.; Chen, X. Investigation into Relationships
between Design Parameters and Mechanical Properties of 3D Printed PCL/nHAp Bone Scaffolds. PLoS ONE 2023, 18, e0288531.
[CrossRef]


https://doi.org/10.1038/srep29977
https://doi.org/10.1002/adhm.201700264
https://doi.org/10.1016/j.procbio.2022.12.012
https://doi.org/10.1039/C8RA07386D
https://doi.org/10.1021/acsabm.8b00453
https://www.ncbi.nlm.nih.gov/pubmed/34996207
https://doi.org/10.1016/j.msec.2019.110078
https://www.ncbi.nlm.nih.gov/pubmed/31546353
https://doi.org/10.1002/pat.5792
https://doi.org/10.3390/polym12112636
https://doi.org/10.2147/IJN.S353937
https://doi.org/10.3389/fbioe.2024.1340893
https://doi.org/10.1089/ten.tea.2017.0048
https://doi.org/10.1016/j.scp.2022.100905
https://doi.org/10.1089/ten.tec.2010.0467
https://doi.org/10.1016/j.jbiomech.2011.07.010
https://www.ncbi.nlm.nih.gov/pubmed/21794867
https://doi.org/10.1016/j.matpr.2020.12.661
https://doi.org/10.1002/fsn3.1486
https://www.ncbi.nlm.nih.gov/pubmed/32328265
https://doi.org/10.1016/j.saa.2023.122919
https://doi.org/10.1007/s10856-022-06643-w
https://doi.org/10.1038/s41598-022-15602-y
https://doi.org/10.1038/s41598-021-86257-4
https://doi.org/10.1002/jbm.b.35358
https://doi.org/10.1038/boneres.2017.14
https://doi.org/10.1371/journal.pone.0288531

J. Funct. Biomater. 2025, 16, 441 22 of 22

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

Koch, E; Thaden, O.; Conrad, S.; Trondle, K.; Finkenzeller, G.; Zengerle, R.; Kartmann, S.; Zimmermann, S.; Koltay, P. Mechanical
Properties of Polycaprolactone (PCL) Scaffolds for Hybrid 3D-Bioprinting with Alginate-Gelatin Hydrogel. . Mech. Behav. Biomed.
Mater. 2022, 130, 105219. [CrossRef]

Hernandez, I.; Kumar, A.; Joddar, B. A Bioactive Hydrogel and 3D Printed Polycaprolactone System for Bone Tissue Engineering.
Gels 2017, 3, 26. [CrossRef]

Momtahan, N.; Panahi, T.; Poornejad, N.; Stewart, M.G.; Vance, B.R; Struk, J.A.; Castleton, A.A.; Roeder, B.L.; Sukavaneshvar, S.;
Cook, A.D. Using Hemolysis as a Novel Method for Assessment of Cytotoxicity and Blood Compatibility of Decellularized Heart
Tissues. ASAIO ]. 2016, 62, 340-348. [CrossRef]

Escudero-Castellanos, A.; Ocampo-Garcia, B.E.; Dominguez-Garcia, M.V.; Flores-Estrada, ].; Flores-Merino, M.V. Hydrogels
Based on Poly(Ethylene Glycol) as Scaffolds for Tissue Engineering Application: Biocompatibility Assessment and Effect of the
Sterilization Process. |. Mater. Sci. Mater. Med. 2016, 27, 176. [CrossRef]

Balaji, A.; Jaganathan, S.K.; Ismail, A.F.; Rajasekar, R. Fabrication and Hemocompatibility Assessment of Novel Polyurethane-
Based Bio-Nanofibrous Dressing Loaded with Honey and Carica Papaya Extract for the Management of Burn Injuries. Int. J.
Nanomedicine 2016, 11, 4339—-4355. [CrossRef] [PubMed]

Padalhin, A.R.; Thuy Ba Linh, N.; Ki Min, Y.; Lee, B.-T. Evaluation of the Cytocompatibility Hemocompatibility in Vivo Bone
Tissue Regenerating Capability of Different PCL Blends. J. Biomater. Sci. Polym. Ed. 2014, 25, 487-503. [CrossRef] [PubMed]
Horakova, J.; Mikes, P.; Saman, A.; Svarcova, T.; Jencova, V.; Suchy, T.; Heczkova, B.; Jakubkova, S.; Jirousova, J.; Prochazkova,
R. Comprehensive Assessment of Electrospun Scaffolds Hemocompatibility. Mater. Sci. Eng. C 2018, 82, 330-335. [CrossRef]
[PubMed]

Cardoso, EL.A.; Soares, L.L.S,; Silva, D.B.A.; Argdlo Neto, N.M,; Silva Filho, E.C ; Silva, A.S.; Bezerra, D.O.; Cruz, M.S.P.; Nunes,
EC.; Melo, W.G.G.; et al. Cytotoxicity and Genotoxic Impacts of LAPONITE® on Murine Adipose Stem Cells. Appl. Clay Sci.
2024, 261, 107572. [CrossRef]

Liu, B,; Li, J.; Lei, X;; Miao, S.; Zhang, S.; Cheng, P.; Song, Y.; Wu, H.; Gao, Y.; Bi, L.; et al. Cell-Loaded Injectable
Gelatin/ Alginate/LAPONITE® Nanocomposite Hydrogel Promotes Bone Healing in a Critical-Size Rat Calvarial Defect Model.
RSC Adv. 2020, 10, 25652-25661. [CrossRef]

Zhou, L.; Zhang, C.; Shi, T.; Wu, D.; Chen, H.; Han, J.; Chen, D.; Lin, J.; Liu, W. Functionalized 3D-Printed GelMA /Laponite
Hydrogel Scaffold Promotes BMSCs Recruitment through Osteoimmunomodulatory Enhance Osteogenic via AMPK/mTOR
Signaling Pathway. Mater. Today Bio 2024, 29, 101261. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.jmbbm.2022.105219
https://doi.org/10.3390/gels3030026
https://doi.org/10.1097/MAT.0000000000000373
https://doi.org/10.1007/s10856-016-5793-3
https://doi.org/10.2147/IJN.S112265
https://www.ncbi.nlm.nih.gov/pubmed/27621626
https://doi.org/10.1080/09205063.2013.878870
https://www.ncbi.nlm.nih.gov/pubmed/24450757
https://doi.org/10.1016/j.msec.2017.05.011
https://www.ncbi.nlm.nih.gov/pubmed/29025666
https://doi.org/10.1016/j.clay.2024.107572
https://doi.org/10.1039/D0RA03040F
https://doi.org/10.1016/j.mtbio.2024.101261

	Introduction 
	Materials and Methods 
	Preparation of PCL/Lap Nanocomposite 
	Formulation of Chitosan/Collagen/DBP Hydrogel 
	Fabrication of Hybrid 3D Printed Scaffolds 
	Analyzes and Characterizations 
	Rheological Analysis 
	Contact Angle Measurement 
	Morphological Analysis by Scanning Electron Microscopy (SEM) 
	Fourier-Transform Infrared Spectroscopy (FTIR) 
	Swelling Test 
	Mechanical Testing 
	Biocompatibility Assessment: Hemolysis Test 
	In Vitro Cytocompatibility Assessment: MTT Assay 

	Statistical Analysis 

	Results and Discussion 
	Conclusions 
	References

