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ABSTRACT

This study investigates the anisotropic properties of three different poly(lactic-co-glycolic acid)
(PLGA)-based materials: PLGA with nano-calcium sulphate (nCS), PLGA with fucoidan (fu) and
PLGA with both nCS and fu. Using finite element analysis (FEA), the study explores their potential
applications in bone tissue engineering. Anisotropy, or the directional dependency of mechanical
properties, is critical in designing biomaterials for bone regeneration due to the complex,
hierarchical structure of natural bone. The objective was to evaluate the mechanical behaviour of
each composite material under simulated physiological conditions, focusing on their anisotropic
responses to loading. The findings indicate that PLGA-nCS exhibited the highest degree of
anisotropy, with enhanced stiffness and strength along preferred load-bearing directions, making
it suitable for applications requiring higher mechanical stability. In contrast, PLGA-nCS-fu

ARTICLE HISTORY
Received 8 August 2025
Revised 12 October 2025
Accepted 27 October
2025

KEYWORDS
Poly(lactic-co-glycolic
acid) (PLGA);
nano-calcium sulphate
(nCS); fucoidan (fu); finite
element model (FEM);

demonstrated moderate mechanical strength but displayed isotropic behaviour, ensuring bone tissue engineering

consistent compressive performance across all directions. The study highlights the synergistic
effects of incorporating nCS and fu into PLGA-based materials. fu, a natural sulphated
polysaccharide derived from brown seaweed, significantly enhances the biological performance of
these composites.

Introduction variation of mechanical properties based on the direc-

. . . . . tion of applied force that plays a pivotal role [2,3].
Bone tissue engineering represents a critical frontier in PP play P 23]

regenerative medicine, aiming to develop biomaterials
capable of supporting, repairing or regenerating dam-
aged bone [1]. Central to this endeavour is the chal-
lenge of mimicking the complex structural and
mechanical characteristics of native bone tissue.
Among these characteristics, anisotropy, which is the

Bone's anisotropic behaviour stems from its hierarchi-
cal organization, comprising a multi-scale structure
that endows it with both stiffness and resilience. This
structural anisotropy enables bone to endure diverse
physiological loads while maintaining integrity and
function [3].
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Reproducing this anisotropic nature in synthetic
scaffolds remains a significant challenge in the design
of biomaterials for bone regeneration. Bone's direc-
tional mechanical performance is essential for its
load-bearing capability and resistance to deformation
or failure under stress [4]. Consequently, any material
intended to replace or support bone must not only be
biocompatible but must also exhibit directional
strength and stiffness to integrate functionally with
the host tissue [5,6]. This requirement shows the need
for advanced biomaterials that go beyond isotropic
mechanical responses to more closely mimic the phys-
iological behaviour of bone.

Poly(lactic-co-glycolic acid) (PLGA) has emerged as a
widely studied polymer in bone tissue engineering due
to its favourable characteristics, including biocompatibil-
ity, controlled biodegradability and adaptable mechanical
properties [7]. However, pure PLGA typically exhibits iso-
tropic mechanical behaviour, limiting its effectiveness in
applications where anisotropic responses are crucial [8].
This mechanical limitation has prompted researchers to
investigate composite formulations by incorporating bio-
active fillers or modifiers that can impart anisotropic fea-
tures while enhancing overall scaffold functionality.

Among the promising candidates for composite
design are nano-calcium Sulphate (nCS) and fucoidan
(fu), each offering distinct advantages. nCS is known to
significantly enhance the compressive strength and
osteoconductivity of PLGA, contributing to better
mechanical integration with native bone [9,10]. fu, a sul-
phated polysaccharide derived from brown seaweed,
offers a spectrum of biological functions, including
anti-inflammatory, antioxidant and osteogenic activities,
making it a valuable additive for promoting cellular
behaviour essential for bone repair [11]. When combined
with PLGA, these additives offer the potential to develop
multifunctional scaffolds that are not only mechanically
robust but also biologically responsive.

This study utilizes finite element analysis (FEA), a
computational simulation technique, to evaluate the
anisotropic mechanical behaviour of three PLGA-based
composites: PLGA-nCS, PLGA-fu and PLGA-nCS-fu. FEA
enables detailed modelling of mechanical responses
under physiological loading conditions, making it a
powerful tool for assessing the directional performance
of biomaterials [12]. Through simulating the mechani-
cal environment of bone, FEA allows for an in-depth
comparison of how different composite configurations
respond to stress along various axes, offering insights
into their suitability for load-bearing applications [13].

Ultimately, this research aims to identify which
composite formulation best replicates the anisotropic
mechanical behaviour of natural bone while

maintaining the necessary biological functionality. The
findings are expected to inform the design and selec-
tion of next-generation scaffolds in bone tissue engi-
neering, particularly those requiring both structural
support and enhanced biological interaction. With
integrating nCS and fu into PLGA-based scaffolds and
analysing their anisotropic characteristics, this study
contributes to the development of advanced biomate-
rials that more closely match the physiological and
functional demands of bone tissue, thereby improving
the efficacy of regenerative therapies.

Method

This study employed a combination of Mimics Materialize
and ANSYS software to perform FEA on three different
materials as explained in Figure 1: for each of the mate-
rials = (A) PLGA-nCS-fu, (B) PLGA-nCS and (C) PLGA-fu;
the mechanical responses were evaluated by analysing
seven different samples. Each sample was tested for its
ability to withstand compressive stresses while monitor-
ing the displacement, deformation and stress distribu-
tion across the material.

microCT analysis

The microstructural of the scaffolds was analysed using
high-resolution micro-computed tomography (CT)
(microCT, Bruker Skyscan 1172). Each scaffold was
scanned at a voxel resolution of 9 pm with an X-ray
source set at 80kV and 100 pA [14] and a 0.5mm alu-
minium filter was applied to minimize beam harden-
ing artefacts. Samples were mounted on a 360°
rotating stage, with projection images captured at 0.4°
rotation steps and frame averaging of 2 to enhance
image quality. Calibration was performed using stan-
dard density phantoms (aluminium and polystyrene)
to ensure greyscale accuracy. The raw data were recon-
structed using NRecon software (version 1.6.10.4) with
beam hardening correction, ring artefact suppression,
and Gaussian smoothing applied. Post-reconstruction
image analysis was conducted using CTAn and mimics
software to evaluate internal architecture, pore size
distribution and total porosity. All images were thresh-
old based on standard histogram values to differenti-
ate scaffold material from background noise.

3D model creation using Mimics Materialize

Mimics Materialize software was utilized to create detailed
3D models of bone scaffold structures for each
PLGA-based material. Mimics Materialize facilitates the



microCT

Statistical analysis
Pore size, Stress

test and Voo
anisotropic value
» Finite element ANSYS software
model

3D reconstruction

ARTIFICIAL CELLS, NANOMEDICINE, AND BIOTECHNOLOGY 55

Mimics
Materialise
4
. 2D microCT
region of images

interest

<---"" 3-matic software

.
.

Figure 1. A comparative analysis of three different polymer-ceramic composite-each cube represents a virtual model of porous
PLGA-based composite. The differences colours indicate varying levels of mechanical stress or strain under a simulated load (the

vertical arrows suggest the direction of the applied force).

generation of high-resolution models based on CT data.
In this study, material designs for each scaffold were gen-
erated to replicate the structural properties essential for
bone tissue engineering. These models were subse-
quently refined to accurately represent the anisotropic
features of each material. All images were threshold
based on standard histogram values to differentiate scaf-
fold material from background noise.

Pore size analysis

To accurately determine the pore size distribution, a sys-
tematic approach was employed using Mimics Materialize
software. First, a threshold was established to distinguish
the target regions, followed by the construction of a 3D
dataset from 500 CT slices. The greyscale values were set
to 100% volume, ensuring optimal visualization of the
porous structures. Key anatomical regions, including the
anterior, posterior, top and bottom, were identified to
maintain consistency in segmentation.

The thresholding technique was applied to segment
the structure, with Hounsfield units ranging from 35 to
255 used to select the material itself, while HU values
below 35 were classified as pores. Due to data size

constraints, a cropped mask (500mm x 500mm x 500mm)
was extracted and saved for further analysis, as generating
a 3D model for the entire sample was computationally
intensive. The segmented 3D data were then exported as
an STL file, enabling further geometric assessment.

For pore size quantification, the pore size ruler tool
in Mimics Materialize was utilized to measure 200 pore
diameters per sample, ensuring statistical robustness.
Given that each experimental group consisted of seven
samples, a total of 1400 pore size readings were
recorded. This high-resolution measurement approach
provided a comprehensive pore size distribution anal-
ysis, enhancing the accuracy and reproducibility of the
results. Through standardizing this method, the study
ensures precision in evaluating scaffold porosity, a crit-
ical factor in optimizing nutrient transport and cell
infiltration for tissue engineering applications.

Porosity

To analyse the porosity of the scaffold, 3-Matic and
Mimics Materialize software were employed for a
detailed 3D reconstruction and FEA. Initially, threshold-
ing parameters were adjusted, setting the minimum
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value to 0 and the maximum value at the middle
intensity range, ensuring accurate segmentation of the
porous structure. A mask shift was applied, differenti-
ating regions with green and yellow indicators to
enhance visualization. The 3D construction of the
porous structure was then performed, allowing a com-
prehensive assessment of scaffold architecture.

Subsequently, the segmented model was processed
in 3-Matic, where the STL file was imported, and a 3D
model was generated. To ensure mesh quality, remesh-
ing was performed using uniform remesh settings, fol-
lowed by the application of tetrahedral (Tet-4) volume
meshing to create a finite element-ready model. Upon
successful meshing, the model was saved and exported
for further analysis in ANSYS, enabling a detailed eval-
uation of the scaffold’s mechanical behaviour under
simulated physiological conditions. This standardized
approach ensures high precision in porosity quantifica-
tion, allowing for an accurate assessment of scaffold
performance in terms of mechanical stability, nutrient
diffusion and cell infiltration, which are critical for tis-
sue engineering applications.

Finite element model development

To evaluate the mechanical behaviour of the scaffold
structure, a FEA was conducted using ANSYS
Workbench. The external model was first imported by
selecting the required. cdb external file, followed by
an update in the setup panel to ensure proper integra-
tion of the dataset. A static structural analysis system

1%

Figure 2. Finite element model of simulated bone scaffold.
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was initialized, and the engineering data module was
used to define the material properties of PLGA-nCS-fu,
with an assigned Young's modulus of 12GPa and a
Poisson’s ratio of 0.3. The total number of elements for
all 21 models ranged from 850,000 to 1,000,000 tetra-
hedral elements. To apply the loading conditions,
named selections were used to define the top layer of
the scaffold, and nodal displacement was assigned to
simulate a 1% compression of the sample, ensuring a
controlled deformation analysis. A fixed support was
applied to constrain the model, preventing unintended
motion during simulation (Figure 2).

The porosity percentage (mean) of three different
biomaterial composites used for bone tissue engineer-
ing applications, there are PLGA-nCS-fu, PLGA-nCS and
PLGA-fu was shown in Figure 3. The y-axis represents
the porosity percentage, while the x-axis lists the dif-
ferent samples. Error bars are included to indicate the
variability or standard deviation in the measurements.
Porosity is a key factor that affects the biological per-
formance and mechanical properties of scaffolds used
in bone regeneration, influencing cell infiltration, nutri-
ent diffusion, and mechanical strength. The assess-
ments were performed using one-way ANOVA and
post-hoc test and were statistically significant if
*p<0.05; p value = 0.000482342.

The results were retrieved by inserting total defor-
mation and equivalent von Mises stress under the
solution module, enabling a detailed assessment of
the scaffold’s structural response under the applied
compression. The von Mises stress distribution was

2.5mm




analysed, providing insights into stress concentration
zones within the porous structure. The wireframe dis-
play was removed to enhance visualization, ensuring a
clear interpretation of deformation and stress patterns.

To analyses the anisotropic behaviour of the model,
two additional simulations were performed with the
same 1% compressive nodal displacement but applied
along the other two axes (Y-axis and Z-axis). Since each
model underwent analysis along three axes, a total of 63
FEA simulations were conducted. The ANSYS Workbench
project was saved to ensure reproducibility and facilitate
further optimization of the scaffold design. This approach
provides a comprehensive finite element-based mechan-
ical evaluation, ensuring that the scaffold meets the
required structural integrity for tissue engineering appli-
cations while maintaining optimal pore interconnectivity
for cell infiltration and nutrient transport.

Data interpretation

Following the simulations, the data were analysed to
compare the mechanical performance of each compos-
ite in terms of anisotropy, strength and stiffness. To
determine the effective stiffness of the scaffold, numeri-
cal results from ANSYS Workbench were processed using
excel for statistical analysis. The median value of the
dataset was extracted using the MEDIAN (B2:B200000)
function, ensuring a robust measure of central tendency
while minimizing the influence of extreme values. A his-
togram analysis was performed to visualize the distribu-
tion of stiffness values, and all zero values were removed
to enhance data accuracy. The median stiffness value
was then normalized by dividing it by the applied strain,
considering that the model was loaded with a 1% nodal
displacement. The effective stiffness was therefore calcu-
lated as 68 MPa divided by 1% strain, yielding a stiffness
value of 6.8GPa. This method provides a quantitative
assessment of scaffold rigidity, allowing for precise eval-
uation of mechanical stability and structural perfor-
mance in relation to porosity variations.

Statistical analysis

Statistical analysis was conducted using OriginPro ver-
sion 2024. Prior to one-way analysis of variance (ANOVA),
data normality was assessed using the Shapiro-Wilk
test, and homogeneity of variance was tested using
Levene test (p>0.05). All 21 groups showed p values >
0.05 in the Shapiro-Wilk test, indicating no significant
deviation from normality. One-way ANOVA was then
performed to access group differences, followed by
Tukey's post hoc test for pairwise comparison. A p value
of <0.05 was considered statistically significant.
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Results
Microstructure of materials

PLGA and nCS composites are widely used in bone tis-
sue engineering due to their biocompatibility and
degradation properties [9,15]. The microCT images
reveal a specific microstructural pattern characterized
by a uniform pore distribution. However, the grey
value histograms highlight some variability in porosity
(Table 1) across different samples, particularly in pore
size distribution. The histograms associated with each
sample show a range of grey intensities, correlating
with the density distribution of the materials. The
microstructures of the samples display small, well-
distributed pores, indicative of homogeneous struc-
tural formation. However, slight variations in grey value
peaks suggest differences in density within certain
areas of the samples, likely caused by inconsistencies
in the mixing process or nCS particle agglomeration.

Porosity plays a crucial role in determining the bio-
logical performance and mechanical properties of scaf-
folds for bone regeneration, impacting cell infiltration,
nutrient diffusion and structural integrity. The data
were analysed using one-way ANOVA followed by
Tukey’s post hoc test, with statistical significance set at
p<0.05. As shown in Figure 4, a significant difference
in mean pore size was observed among the scaffold
groups (p=0.00048). To ensure robust analysis, 200
pore size measurements were recorded for each sam-
ple, resulting in a total of 1400 data points per material
group (n=7). These measurements provided a compre-
hensive assessment of the pore size distribution across
the PLGA-nCS-fu, PLGA-nCS and PLGA-Fu scaffolds.

The incorporation of fu introduces significant
changes to the microstructure of PLGA-nCS-fu com-
posites. MicroCT images show that fu enhances the
uniformity of pore distribution, likely due to its influ-
ence on the polymer network and its interactions with
PLGA and nCS particles [16]. The grey value histograms
for PLGA-nCS-fu samples exhibit a broader range of
values, suggesting a wider variety of pore sizes and
density distributions compared to PLGA-nCS materials.
fu appears to act as a stabilizer, preventing nCS parti-
cle agglomeration and contributing to a more evenly
distributed microstructure [17]. Notably, the histograms
for fu-incorporated materials show more prominent
peaks at lower grey values, indicating the presence of
more porous or lower-density regions.

The PLGA-nCS-fu materials exhibit a more homoge-
neous microstructure compared to PLGA-nCS materi-
als. The histograms for PLGA-nCS materials display
multiple peaks or irregular distributions, whereas the
fu-containing samples show more streamlined, single
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Figure 3. The porosity percentage (mean) of three different biomaterial composites used for bone tissue engineering applications:
PLGA-nCS-fu, PLGA-nCS and PLGA-fu.
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Figure 4. The figure shows the mean pore size distribution for three different types of biomaterial composites: PLGA-nCS-fu,
PLGA-nCS and PLGA-fu, across different samples (A1-A7, B1-B7 and C1-C7, respectively). The y-axis represents the pore diameter
(in microns), while the x-axis indicates the individual samples for each composite type. The bars indicate the average pore size
for each sample, with error bars showing the variability or standard deviation in the measurements. All groups passed the nor-
mality test (Shapiro-Wilk, p>0.05), and variance homogeneity was confirmed (Levene’s test, p>0.05). One-way ANOVA revealed
statistically significant differences among the scaffold groups (p <0.05), suggesting that scaffold composition had a significant
impact on the measured outcomes.

Table 1. Summary of pore size distribution for the three scaffold compositions: (A) PLGA-nCS-fu, (B) PLGA-nCS and (C) PLGA-fu.
The table presents the mean pore size, standard deviation, and minimum-maximum pore size values (in pm) based on microCT
measurements (n=1400 data points per material group).

Material A (PLGA-nCS-fu) B (PLGA-nCS) C (PLGA-fu)
Mean pore size (um) 354.58 129.03 235.80
Standard deviation 44,96 28.03374 35.5673

Minimum-maximum pore size (um) 320.29-373.49 102.85-162.19 227.91-260.59
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Table 2. Comparison of porosity values for different biomaterial samples, including PLGA-nCS-fu, PLGA-nCS and PLGA-fu. The
porosity of these samples was determined through 3D reconstruction from micro-CT images and mimic materialize software,
providing insight into the internal structure and pore distribution of each composite material.

PLGA-nCS-fu PLGA-nCS PLGA-fu

Legend:

B solid
. Gap/(air

A2: porosity 48% B2: porosity 27%

' &
/

A3: porosity 45%

C2: porosity 46%

B3: porosity 32%
C3: porosity 35%

(Continued)
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Table 2. Continued.

PLGA-nCS-fu PLGA-nCS

PLGA-fu

&

A4: porosity 35% B4: porosity 33%

A5: porosity 20% B5: porosity 12%

A6: porosity 41% B6: porosity 22%

A7: porosity 35% B7: porosity 28%

C4: porosity 49%

C5: porosity 49%

C6: porosity 52%

C7: porosity 46%




peaks, reflecting uniform pore sizes and densities. This
indicates that fu contributes to better dispersion of
the nCS particles, resulting in more controlled and
even pore formation. Furthermore, the inclusion of fu
affects the overall density distribution within the com-
posite. PLGA-nCS-fu materials have larger pore sizes
and a broader pore distribution, which enhances fluid
permeability and may improve the material’s biological
performance, particularly in bone healing applications.

In all datasets, histograms were used to quantify
microstructural properties by adjusting the minimum
and maximum grey values to align with the specific
densities of each material. Through setting different
grey scale values, the analysis for each sample was
fine-tuned to accurately reflect the distribution of
pores and material phases [18,19]. This approach
enabled a precise comparison of dense and porous
regions between PLGA-nCS and PLGA-nCS-fu materials.
In the PLGA-nCS samples, the histogram range was
narrower, indicating fewer variations in density and
porosity. In contrast, the histograms for PLGA-nCS-fu
materials had broader ranges, reflecting greater vari-
ability in density and pore size distribution.

These differences are crucial for understanding the
mechanical behaviour and biological potential of these
composites, as pore size and distribution directly influ-
ence tissue in growth rates and the degradation profile
of the scaffold [20,21]. The use of histograms was
instrumental in highlighting these distinctions, as vary-
ing the minimum and maximum values provided a
more detailed understanding of porosity and density
distribution. PLGA-nCS-fu materials showed a wider
distribution of grey values, indicating greater variability
in density, likely due to the incorporation of fu, which
contributes to a more porous and less dense structure.
In contrast, PLGA-nCS materials displayed a relatively
narrower distribution, reflecting a more uniform micro-
structure with less variation in pore size and density.

The lack of gap bubbles in the freeze-dried
PLGA-nCS-fu compared to PLGA-nCS is attributed to
the presence of fu in the mixture. fu, known for its
hydrophilic properties, can effectively absorb and
retain water [22]. These characteristics contribute to a
more uniform distribution of the solution, resulting in
a controlled sublimation process during freeze-drying
[23]. fu helps maintain the structural integrity of the
material, preventing the formation of large bubbles
[24]. Additionally, fu increases the viscosity of the solu-
tion prior to freeze-drying [25], which stabilizes the
mixture and prevents structural collapse or the forma-
tion of gaps caused by rapid gas escape.fu may chem-
ically interact with PLGA and nCS, potentially modifying
the matrix and influencing degradation dynamics.
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These interactions could result in a denser matrix
capable of retaining moisture more effectively, thereby
reducing hole formation by facilitating delayed and
consistent sublimation. The incorporation of fu also
alters the thermal characteristics of the compound,
including its freezing point and sublimation heat,
impacting the vapour release during freeze-drying and
reducing the development of substantial vapour path-
ways (bubbles). These combined effects produce a
freeze-dried product with no visible gaps or bubbles,
characterized by a more uniform and dense structure
compared to PLGA-nCS without fu.

Moreover, dichloromethane (DCM) plays a key role
as a volatile organic compound that evaporates at
room temperature and during freeze-drying, leading
to the formation of gas bubbles as it transitions from
liquid to gas [26,27]. fu increases the viscosity of the
mixture and creates a more stable matrix [28,29],
inhibiting the formation of channels through which
DCM can escape. This results in a smoother, more uni-
form structure without visible gaps. The interaction
between fu, PLGA and nCS alters the evaporation
dynamics of DCM, effectively trapping the solvent
within the matrix and modulating its release rate
during the freeze-drying process.

Pore geometry is a crucial factor influencing scaf-
fold performance in inducing bone regeneration
[30,31]. Proper pore size enables osteoblasts and mes-
enchymal stem cells (MSCs) to infiltrate and grow
within the scaffold. An optimal pore size (100-500 um)
is essential for facilitating cell migration and prolifera-
tion, which promotes tissue formation. Interconnected
pores further enhance scaffold functionality by allow-
ing the diffusion of nutrients, oxygen and growth fac-
tors necessary for cell survival and tissue growth
[30,32]. Additionally, interconnected pores facilitate the
removal of waste products, maintaining a healthy envi-
ronment for cells within the scaffold [33,34].

A scaffold with appropriate pore geometry also
supports blood vessel formation (angiogenesis) within
the scaffold [35,36]. Blood vessels are vital for long-term
tissue survival, ensuring a steady supply of nutrients
and oxygen to newly formed bone tissue [30,37].
Moreover, the shape and size of pores impact the scaf-
fold’s mechanical strength and stiffness, which must
be compatible with the surrounding bone tissue
[21,38]. Pore geometry also helps balance the scaf-
fold’s strength with its degradation rate, allowing it to
support bone formation without collapsing [6,301.

Proper pore geometry promotes osteoconductivity,
facilitating the natural growth of new bone along the
scaffold’s surfaces [39,40]. A well-designed pore geom-
etry serves as a framework that guides bone tissue
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growth into the scaffold, supporting integration with
native bone [41,42]. This integration is critical for
achieving functional and structural compatibility with
the host tissue, making pore geometry a key consider-
ation in scaffold design for bone tissue engineering.
The pore size of bone scaffolds is critical for facili-
tating cell infiltration, nutrient exchange, vasculariza-
tion and new bone formation [36,43]. The optimal
pore size for bone scaffolds typically ranges from 300
to 500 um [40]. This range has been shown to promote
osteoblast adhesion and proliferation, MSC differentia-
tion, and vascularization. Smaller pores (100-200pum)
are more suitable for initial cell attachment, while
larger pores (300-500 um) are better suited for vascu-
larization and bone formation. Studies have identified
the 300-400pum range as optimal, as it effectively bal-
ances osteoconductivity and mechanical strength [44].

Influence porosity in mechanical strength

The porosity of scaffolds plays a crucial role in deter-
mining their mechanical properties, permeability and
biological performance, particularly in tissue engineer-
ing applications [45]. Analyses focus on overall porosity
shape, pore distribution, porosity levels and the biolog-
ical implications of these structures (Figure 1). The
PLGA-nCS-fu material exhibits a denser matrix with
fewer and smaller pores, as evidenced by its lower
porosity percentages, ranging from 29.6% to 41.4%. The
inclusion of fu enhances the compactness of the poly-
mer structure, reducing pore size and affecting pore
connectivity [46]. This compactness may be advanta-
geous in applications requiring controlled release of
bioactive molecules or prioritizing mechanical strength.
In contrast, the PLGA-nCS sample, with porosity levels
between 58.3% and 68.9%, demonstrates a more open
structure with larger and better-connected pores [47].
This structural openness suggests that PLGA-nCS may
facilitate superior transport properties, including
improved nutrient and oxygen diffusion, which are crit-
ical for supporting cell proliferation within the scaffold.

In terms of pore distribution, PLGA-nCS-fu and
PLGA-fu materials exhibit a more uniform but less dis-
tributed pore structure throughout the matrix. This
uniformity might reflect the influence of fu during fab-
rication, potentially inhibiting the formation of larger
or more interconnected pores [24]. On the other hand,
PLGA-nCS material exhibits a wider range of pore sizes
and a higher degree of interconnectivity. This struc-
tural openness may provide better mechanical flexibil-
ity, advantageous in dynamic biological environments.
The porosity level directly affects the scaffold’s ability
to support cell attachment and proliferation [48].

Although PLGA-nCS-fu has lower porosity than
PLGA-nCS, previous in vitro results show that PLGA-
nCS-fu has a greater biological effect on MSCs [15].
This may be due to the higher porosity of PLGA-nCS
arising from defects during the freeze-drying process,
while the pore size of PLGA-nCS-fu is more consistent
throughout the material.

Additionally, the presence of fu, known for its bio-
active properties, may compensate for the lower
porosity of PLGA-nCS-fu by promoting selective cell
adhesion and differentiation [49,50]. This makes
PLGA-nCS-fu potentially more suitable for applications
requiring targeted therapeutic interventions or con-
trolled biological responses [51]. In contrast, the higher
porosity and interconnectivity of PLGA-nCS material
may contribute to its extensive cell proliferation capa-
bilities. These findings highlight the importance of tai-
loring scaffold properties to match specific biological
and mechanical requirements, demonstrating that
material composition significantly impacts scaffold per-
formance in biomedical applications. This comparative
analysis highlights the need for further research to
explore specific cell-scaffold interactions facilitated by
fu in the PLGA matrix and to optimize the balance
between porosity and bioactivity for various therapeu-
tic applications.

Analysing pore size diameter using Mimics
Materialize ensures that bone scaffolds meet biologi-
cal, mechanical, and clinical requirements, facilitating
effective bone regeneration and long-term success in
implantation [52,53]. Mimics enables precise measure-
ment of pore size, ensuring that the scaffold meets
these biological criteria. A pore size of 300-400um is
considered ideal, as it allows for the infiltration of
osteoblasts, blood vessels and nutrients, thereby pro-
moting new bone formation and vascularization.
Studies, such as those by Mikael, suggest that pore
sizes around 200-400um provide a favourable envi-
ronment for osteogenesis, encouraging the differentia-
tion of MSC into osteoblasts, which are crucial for
bone formation [54,55].

Simon et al. reported that scaffolds with random
pore sizes supported continuous bone ingrowth from
the outer periphery, while solid walls led to discontin-
uous ingrowth characterized by bone islands through-
out the scaffold. In contrast, scaffolds with uniformly
sized pores and porous walls facilitated both continu-
ous and discontinuous bone ingrowth, enabling bone
formation not only from the margins but also through-
out the entire defect area. This demonstrates that a
well-designed porous structure enhances osteogenesis
during both in vitro and in vivo processes [39]. These
findings emphasize the importance of tailoring



scaffold pore geometry to optimize bone regeneration
outcomes.

Bone scaffolds must facilitate the flow of nutrients,
oxygen, and waste products to ensure cell viability
and tissue regeneration [33,34]. Optimal pore sizes
play a crucial role in enabling this exchange, promot-
ing effective bone healing. Mimics Materialize provides
precise 3D analysis, allowing researchers to evaluate
whether the pore structure supports this essential
exchange [56]. Scaffolds with average pore sizes
between 160 and 500 um are sufficient to promote
new bone formation [57]. However, excessively large
pore sizes (greater than 400um) can compromise the
scaffold’s mechanical strength, which is critical for
load-bearing applications [58].

The optimal pore size range for supporting cell pro-
liferation in regenerative applications has been exten-
sively studied. For load-bearing bone grafts, a pore
size range of 50-500 pum is recommended [59]. Larger
pores (greater than 300 um) have been shown to facil-
itate vascularization, while smaller pores (less than
150 pum) allow cells to pass directly across them, and
pores larger than 200 um provide space for cell occu-
pancy [39,60,61]. A balance between porosity, pore
size, and mechanical stability is a crucial aspect of suc-
cessful bone implantation [62]. Mimics aids in simulat-
ing and analysing these factors, helping researchers
optimize the balance between porosity and mechani-
cal strength for improved scaffold design [6,21].

To complement the microCT-based analysis of mac-
roporosity and mechanical anisotropy, previously pub-
lished Brunauer-Emmett-Teller (BET) surface area and
pore size distribution data provide critical insights into
the scaffold’s micro and mesoporous characteristics.
Using the BET nitrogen adsorption method, it was
observed that PLGA-nCS-fu composites exhibited a rel-
atively lower specific surface area (0.95 m?/g) com-
pared to PLGA-fu (1.69 m?/g) and PLGA-nCS (174 m?/g)
[15]. This reduction may have facilitated the earlier
release of osteogenic cues, contributing to enhanced
gene expression in vitro. Furthermore, the pore size of
PLGA-nCS-fu was heterogeneous, ranging between 2
and 10nm, aligning with literature reports that
nanopores in the 2-10nm range can induce osteo-
genic differentiation of stromal cells. These findings
previously reported by Shaz et al. (2024), also revealed
that compositional variations significantly influence
scaffold surface architecture, with all composites exhib-
iting Type IV isotherms with hysteresis loops indicative
of mesoporosity. When considered alongside the cur-
rent microCT and FEA results, these data reinforce the
importance of multi-scale porosity and anisotropy in
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optimizing bone tissue

engineering.

scaffold performance for

Discussion

The purpose of this study was to evaluate the isotro-
pic and anisotropic mechanical properties of three
PLGA-based  composite  materials  (PLGA-nCS-fu,
PLGA-nCS and PLGA-fu) to assess their potential for
bone tissue engineering applications. The p value for
sample A is 0.17 (Figure 4), indicating that the popula-
tion means are not significantly different (p>0.05)
across different directions. This suggests that the
mechanical properties, such as stiffness or elasticity, do
not vary significantly with direction, implying isotropic
behaviour. The mechanical behaviour of bone graft
materials, whether isotropic or anisotropic, is critical
for their suitability in various biomedical applications
[2,12]. Isotropic materials, like PLGA-nCS-fu, exhibit
consistent properties in all directions, simplifying their
use in applications that require uniform mechanical
performance. Thus, a p value greater than 0.05 for
directional differences in ANSYS analysis confirms that
the PLGA-nCS-fu material behaves isotropically for the
analysed properties.

In contrast, samples B (PLGA-nCS) and C (PLGA-fu)
(Figure 4) show significant differences in mechanical
properties across different directions (p <0.05), indicat-
ing anisotropic behaviour. Anisotropy in materials
means that their properties, such as stiffness or elastic-
ity, vary depending on the direction of measurement.
This directional dependency is particularly relevant for
bone tissue engineering, as natural bone is inherently
anisotropic. Anisotropic scaffolds, such as PLGA-nCS
and PLGA-fu, have the potential to mimic the natural
variability of bone, supporting enhanced cell adhesion,
proliferation and tissue formation [6,63]. Understanding
these anisotropic properties is critical for optimizing
the design and application of PLGA-based composites
for bone regeneration. Through identifying how nCS or
fu enhances directional properties, researchers can
determine which composite is better suited for specific
structural or load-bearing applications in bone
repair [5,64].

The significant p values (<0.05) for samples B and C
confirm that the observed differences in mechanical
properties are inherent to the composition and struc-
ture of each material, rather than random variation.
This anisotropic behaviour may result from the distinct
interactions between PLGA and the additives (nCS
and fu), which influence the alignment or distribution
of material phases within the composite. These
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Figure 5. The figure presents the compressive stress values of three different biomaterial composites: PLGA-nCS-fu, PLGA-nCS and
PLGA-fu-across three different compression directions: X, Y and Z. Each bar represents the mean stress value for a specific material
and direction, with error bars indicating the variability of the data. The compressive stress is given in megapascals (MPa). Sample
A (PLGA-nCS-fu): p value = 0.17, p>0.05. This indicates that the differences in stress values for PLGA-nCS-fu are statistically no
significant differences (isotropic). Sample B (PLGA-nCS): p value = 0.007, p<0.05. This shows that the differences between the
stress values for PLGA-nCS are statistically significant differences (anisotropic). Sample C (PLGA-fu): p value = 0.03, p < 0.05. This
indicates that the differences in stress values for PLGA-fu are statistically significant differences (anisotropic).

interactions affect mechanical performance under
directional forces, explaining the importance of under-
standing and controlling these properties for optimal
biomedical applications.

The observed increase in pore size and heterogene-
ity in the PLGA-nCS-fu scaffold, as quantified through
microCT and confirmed via BET analysis, suggests that
the inclusion of both nCS and fu modifies the internal
microarchitecture in a way that favours osteogenic dif-
ferentiation [15]. This is consistent with previous find-
ings by Viswanathan et al. and Yin et al., who reported
that hierarchical porosity supports stem cell adhesion
and nutrient exchange [65,66]. However, our data fur-
ther indicate that such heterogeneity correlates with
anisotropic mechanical responses, particularly along
the x- and y-axes, as demonstrated in the FEA simula-
tions. This finding diverges from earlier studies that
treated mechanical anisotropy as a limitation rather
than a design parameter. Clinically, this implies that
tailoring scaffold anisotropy may be essential for
load-bearing bone sites where directional stress distri-
bution governs implant performance. Future transla-
tional efforts should thus explore the integration of
multiscale fabrication techniques, such as 3D bioprint-
ing to control anisotropy while ensuring biological
compatibility [67,68]. Moreover, longitudinal in vivo
models could validate how scaffold architecture
dynamically influences bone remodelling, especially
under physiological loading conditions [69].

Anisotropic behaviour and mechanical properties

Sample A exhibits similar stress values across all direc-
tions, indicating isotropic behaviour based on a statis-
tical analysis p value of 0.05, that shows in Figure 5.
This means the mechanical properties are evenly dis-
tributed, providing consistent stiffness and strength
regardless of the direction of the applied load. In con-
trast, Samples B and C exhibit significant differences in
stress values between different directions, indicating
anisotropy that shown in Table 3. This suggests that
these materials have a preferred direction for strength
and stiffness, akin to natural bone, which is structurally
optimized to resist loads in specific directions [70,71].

Among the three materials, the PLGA-nCS compos-
ite demonstrated the most pronounced anisotropic
behaviour, with higher stiffness and strength observed
in preferred loading directions. The addition of both
nCS and fu appears to synergistically enhance the
structural integrity of PLGA. This combination creates a
material with isotropic characteristics, meaning its
mechanical properties remain consistent regardless of
the direction of loading. Isotropic materials offer con-
sistent mechanical performance in all directions, sim-
plifying the design and application of implants and
bone grafts. This uniformity reduces the need for pre-
cise alignment during surgery, making these materials
easier to use and more adaptable to varying surgical
conditions.
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Table 3. The FEA results for evaluating the anisotropic mechanical properties of three different composite materials used for bone
tissue engineering: PLGA-nCS-fu, PLGA-nCS and PLGA-fu. The analysis assesses medium stress values along the X, Y and Z axes for
each sample group, indicating their mechanical response under compression along different orientations.

PLGA-nCS-fu
Sample X-axis compression Y-axis compression Z-axis compression

MPa

I Max
40
35
30

I 25
20
15

10

Min

Med stress: 33.9MPa

MPa

I Max
40 Med stress: 55.8 MPa

Med stress: 50.8 MPa

35

30
25
.
15
10
P
I Min

Med stress: 25.4MPa Med stress: 21.5MPa Med stress: 33.6 MPa

(Continued)
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Table 3. Continued.

PLGA-nCS-fu

Sample X-axis compression Y-axis compression Z-axis compression

PLGA-nCS

Med stress: 96.5MPa Med stress: 83.2MPa

Med stress: 78.5MPa

Med stress: 94.2 MPa Med stress: 72.6 MPa

Med stress: 111.0MPa Med stress: 107.0MPa Med stress: 111.0MPa

Med stress: 81.5MPa

Med stress: 93.9MPa Med stress: 72.9MPa Med stress: 92.4 MPa

(Continued)
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PLGA-nCS-fu
Sample X-axis compression Y-axis compression Z-axis compression
PLGA-fu
Sample X-axis compression Y-axis compression Z-axis compression

MPa
Max

Med stress: 2.8 MPa

0.5
Min

Med stress: 2.1 MPa

Sample X-axis compression

Med stress: 3.2 MPa

£

Med stress: 2.4 MPa

Med stress: 2.5 MPa

Med stress: 2.2 MPa

Med stress: 1.6 MPa Med stress: 2.1 MPa

Med stress: 3.1 MPa

Med stress: 2.3MPa
Z-axis compression

Med stress: 1.6 MPa
Y-axis compression

Med stress: 2.7 MPa

48

Med stress: 1.6 MPa

A

Med stress: 1.4 MPa

Med stress: 2.2 MPa
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This finding aligns with previous studies suggesting
that the inclusion of both organic and inorganic addi-
tives can significantly improve PLGA's mechanical
properties [9,72]. nCS provides structural reinforce-
ment, enhancing stiffness and strength [73], while fu
contributes to bioactivity and mechanical support,
resulting in a material with balanced properties suited
for bone tissue engineering [23,74].

The PLGA-nCS and PLGA-fu composites exhibit
directional dependency in their mechanical properties,
akin to natural bone, which demonstrates varying
strengths along different axes. This characteristic makes
these composites well-suited for load-bearing applica-
tions or regions of the body subjected to complex and
directional forces. With mimicking the natural anisotro-
pic behaviour of bone, these composites offer improved
integration, efficient load transfer and enhanced
long-term success in high-stress regions, such as long
bones or joints [75,76]. The reinforcement properties
of nCS contribute to the additional strength of
PLGA-nCS, albeit with reduced flexibility. This perfor-
mance suggests that PLGA-nCS is a promising candi-
date for bone tissue engineering in scenarios where
moderate directional strength is sufficient.

In contrast, the PLGA-fu composite exhibited the
least anisotropic behaviour among the three materials.
While Fu enhances the bioactivity of the composite
from previous report, it appears to contribute less sig-
nificantly to directional mechanical strength compared
to nCS [15,77]. However, its anti-inflammatory and
osteogenic properties make PLGA-fu an appealing
option for applications where bioactivity and cell inter-
action are prioritized over high mechanical strength.
This positions PLGA-fu as a versatile material for sce-
narios where biological responses take precedence,
such as in scaffolds designed for tissue regeneration or
non-load-bearing applications.

Implications for bone tissue engineering

The clinical application of bone graft substitutes necessi-
tates a careful balance between mechanical integrity and
biological efficacy. The results indicate that PLGA-nCS
(Sample B) is best suited for high-load-bearing sites
where mechanical robustness is paramount. PLGA-nCS-fu
(Sample A) offers a promising option for scenarios requir-
ing both structural integrity and enhanced biological
activity, such as sites demanding moderate mechanical
strength combined with fu's healing-promoting proper-
ties. Meanwhile, PLGA-fu (Sample C) may be more appro-
priate for non-load-bearing applications, leveraging its
biological benefits, such as promoting cell attachment

and anti-inflammatory effects, rather than relying on
mechanical strength.

This study highlights PLGA-nCS as a promising mate-
rial for bone scaffolds, particularly due to its anisotropic
properties, which more closely replicate the load-bearing
characteristics of natural bone. Its superior mechanical
performance in specific loading directions meets the
requirements for bone tissue engineering, where scaffold
materials must support varied loads without structural
failure. While PLGA-nCS-fu and PLGA-fu may not exhibit
the same level of anisotropy as PLGA-nCS, they each
offer distinct advantages. PLGA-nCS-fu may be ideal for
scaffolds in non-load-bearing bone regions due to its
moderate strength, whereas PLGA-fu is well-suited for
applications prioritizing bioactivity, such as promoting
early-stage bone regeneration and reducing inflamma-
tion. These findings show the need for material selection
tailored to the specific demands of the intended clinical
application.

This study primarily aimed to explore the compara-
tive mechanical behaviour and anisotropic perfor-
mance of PLGA-based biocomposites (PLGA-nCS,
PLGA-fu and PLGA-nCS-fu) using FEA as a predictive
tool. Rather than absolute quantitative validation, the
focus was on identifying relative trends and structural
differences attributable to material composition. To
ensure computational efficiency without compromis-
ing result accuracy, a mesh convergence procedure
was conducted. Tetrahedral (Tet-4) elements were
used, yielding final models with 850,000-1,000,000 ele-
ments [78]. This corresponded to an element size
approximately 1.4% of the total model width, a ratio in
accordance with previous FEA guidelines for biological
materials. Additional mesh refinement beyond this
threshold produced <2% variation in total deformation
and von Mises stress, while significantly increasing
computational load. Thus, this density was considered
optimal for comparative modelling.

All models were constructed using consistent mesh
density, boundary conditions and geometric dimen-
sions to eliminate confounding factors and isolate the
impact of scaffold composition on mechanical
responses. However, it is acknowledged that material
parameters, such as Young’s modulus and Poisson’s
ratio were derived from literature values rather than
experimental measurements, a limitation that may
affect the absolute accuracy of the simulation outputs.
Moreover, while a mesh refinement check was per-
formed, a full mesh sensitivity or parametric analysis
was not conducted due to hardware limitations. These
omissions are transparently noted as limitations of the
current modelling strategy.



Future work will address these constraints by integrat-
ing mechanical testing data from fabricated scaffolds to
calibrate the material models, conducting comprehensive
mesh convergence analyses and exploring dynamic and
non-linear boundary conditions to more accurately repli-
cate physiological environments. Despite these limita-
tions, the comparative findings from this FEA framework
remain robust and meaningful, as the identical meshing
and simulation parameters across all groups allow confi-
dent interpretation of the observed anisotropy and
mechanical trends as being due to compositional differ-
ences, not numerical artefacts.

Limitations and challenges

FEA provides a powerful tool for exploring the mechan-
ical response of biomaterial scaffolds under various
loading conditions; however, it is inherently con-
strained by a set of idealized assumptions. This study
applied static, uniform loading and assumed homoge-
neous material properties, which may not fully repli-
cate the complex and dynamic environment of the
human body. Furthermore, the simulations do not
account for time-dependent factors, such as biodegra-
dation [79], tissue remodelling [80] or biofluid interac-
tions [81], which are critical for clinical relevance.

Although compression testing of the fabricated
scaffolds has been performed and reported in a related
study [15], biological validation (in vivo cellular
response [82] and tissue integration [86]) remains to
be fully addressed in future phases of this research.
Hence, the conclusions drawn from the FEA are predic-
tive in nature and should be interpreted as part of a
broader scaffold evaluation framework, not as defini-
tive clinical outcomes. Future work will incorporate
long-term degradation modelling [83], dynamic physi-
ological loading [84] and experimental validation,
including animal models [85], to assess how anisotropy
and material composition influence scaffold integra-
tion and functional performance over time.

Conclusion and future directions

FEA provided valuable insights into the mechanical
performance of PLGA-based composites with various
additives. The inclusion of nCS significantly enhanced
compressive strength, positioning PLGA-nCS as a
strong candidate for orthopaedic applications requir-
ing high mechanical performance. PLGA-nCS-Fu strikes
a balance between mechanical strength and biological
benefits, while PLGA-fu is better suited for applications
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that prioritize biological functionality over mechanical
integrity. A key challenge in developing ideal bone
grafts lies in replicating the anisotropic nature of nat-
ural bone, which exhibits varying mechanical proper-
ties depending on the load direction, such as trabecular
bone strength differs along anatomical axes. While iso-
tropic materials offer advantages such as uniform load
distribution, simpler design, and reduced weak points,
they may not fully match natural bone properties and
can be less effective for directional loading. Conversely,
anisotropic materials mimic natural bone properties,
providing optimized load-bearing capabilities and
enhanced stability, but they present challenges such
as complex manufacturing, uneven load distribution,
and the need for precise alignment during surgery.

Further in vivo studies are needed to validate these
findings and examine the biological effects of these
composites on bone regeneration. Experimental test-
ing is essential to corroborate the FEA results and
investigate additional factors such as degradation
rates, bioactivity and cell-scaffold interactions. Future
research should also focus on optimizing the composi-
tion and ratios of PLGA, nCS, and Fu to enhance the
anisotropic properties of these composites. Doing so
could lead to scaffolds that more closely replicate the
mechanical and structural properties of natural bone.
In vivo investigations will be crucial for confirming
these results and refining the materials for clinical
applications, paving the way for more effective and
versatile bone graft solutions.
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