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ABSTRACT: Tissue engineering has increasingly focused on developing scaffolds capable of providing 
structural support while promoting cell adhesion and distribution on the scaffold surface, thereby 
supporting tissue regeneration. In this study, polyhedral-based scaffolds with dodecahedron, icosahedron, 
and truncated icosahedron geometries were designed and fabricated from polylactic acid (PLA) using 
fused deposition modeling (FDM) 3D printing. The morphology and pore size of the scaffolds were 
characterized using optical microscopy, and their mechanical behavior was evaluated through uniaxial 
compression tests in flat and vertical orientations. Human gingival fibroblasts (HGF) were cultured on 
the scaffolds to evaluate cell proliferation using WST-1 assays after 1, 3, and 7 days, as well as cell 
morphology and distribution by scanning electron microscopy (SEM) and fluorescence microscopy 
after 24 h. Statistical analysis was performed using one-way analysis of variance (ANOVA) followed 
by Tukey’s post hoc test (p<0.05). The results demonstrated that the scaffold geometry and loading 
orientation significantly influenced the mechanical behavior of the printed structures. The vertically 
oriented icosahedron scaffold exhibited the highest compressive strength (378.45±0.09 MPa), whereas 
the truncated icosahedron exhibited the highest elastic modulus (147.07±2.13 MPa). HGF proliferation 
remained comparable to that of the tissue culture plate control over the evaluated time periods. SEM 
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and fluorescence microscopy revealed cell adhesion and distribution on all scaffold surfaces, although 
differences in cell organization were observed depending on the scaffold geometry. The results indicate 
that polyhedral architectures influence both the mechanical properties and cellular response of 3D-printed 
PLA scaffolds.

KEYWORDS: Tissue engineering; Scaffolds; Mechanical properties; 3D-printing; Polyhedron; Cellular response.

RESUMEN: La ingeniería tisular se ha enfocado en el desarrollo de andamios capaces de proporcionar 
soporte estructural, favorecer la adhesión celular y la distribución de células en su superficie, y promover 
la regeneración tisular. En este estudio, se diseñaron y fabricaron andamios basados en geometrías 
poliédricas de dodecaedro, icosaedro e icosaedro truncado utilizando ácido poliláctico (PLA) mediante 
impresión 3D por deposición fundida (FDM). La morfología y el tamaño de poro de los andamios fueron 
caracterizados mediante microscopía óptica, mientras que su comportamiento mecánico fue evaluado 
mediante ensayos de compresión uniaxial en orientaciones planas y verticales. Fibroblastos gingivales 
humanos (HGF) fueron cultivados sobre los andamios para evaluar la proliferación celular mediante 
ensayos WST-1 a 1, 3 y 7 días, así como la morfología y distribución celular mediante microscopía 
electrónica de barrido (SEM) y microscopía de fluorescencia después de 24 h. El análisis estadístico 
se realizó mediante un análisis de varianza (ANOVA) de una vía, seguido de la prueba post hoc de 
Tukey (p<0.05). Los resultados demostraron que la geometría y la orientación de carga influyeron 
significativamente en el comportamiento mecánico de las estructuras impresas. El andamio de icosaedro 
en orientación vertical presentó la mayor resistencia a la compresión (378.45±0.09 MPa), mientras que 
el icosaedro truncado mostró el mayor módulo elástico (147.07±2.13 MPa). La proliferación de HGF se 
mantuvo comparable a la del control en placa de cultivo durante los periodos evaluados. Las imágenes 
por SEM y microscopía de fluorescencia mostraron adhesión y distribución celular sobre todas las 
superficies de los andamios, aunque se observaron diferencias en la organización celular dependiendo 
de la geometría del andamio. Los resultados indican que las arquitecturas poliédricas influyen tanto en 
las propiedades mecánicas como en la respuesta celular de los andamios de PLA impresos en 3D.

PALABRAS CLAVE: Ingeniería de tejidos; Andamios; Propiedades mecánicas; Impresión 3D; Poliedros; 
Respuesta celular.

INTRODUCTION

Tissue regeneration remains a major 
challenge in regenerative medicine, particularly 
when defects exceed the natural healing capacity 
of the body, thereby limiting the restoration of 
tissue structure and function (1). Conventional 
therapeutic approaches, such as autografts and 
allografts, have several limitations, including donor-
te morbidity, limited availability, and the risk of 
immune rejection or disease transmission (2-4). In 
this context, tissue engineering (TE) has emerged 

as an alternative strategy, focusing on the develo-
pment of biomaterial-based scaffolds capable 
of providing structural support while promoting 
cell adhesion, proliferation, migration, and tissue 
formation (5,6).

Recent advances in additive manufactu-
ring technologies have offered alternative scaffold 
fabrication methods for tissue engineering (TE) 
applications. Techniques such as fused deposition 
modeling (FDM), selective laser sintering (SLS), and 
digital light processing (DLP) enable the fabrication 
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of scaffolds with controlled architectures, porosity, 
and pore interconnectivity, thereby enabling the 
production of structures with reproducible macro- 
and microarchitectures (7-10). Compared with 
conventional fabrication methods such as salt 
leaching, phase separation, and electrospinning, 
additive manufacturing offers greater control over 
scaffold geometry and internal organization, facili-
tating the design of structures with complex archi-
tectures (9-13).

Scaffold geometry is an important parame-
ter because it directly influences the mechani-
cal behavior and biological performance of the 
construct (14). Parameters such as pore size, pore 
interconnectivity, surface topography, and structu-
ral organization can modulate nutrient diffusion, 
cell migration, mechanical stress distribution, and 
tissue colonization (15-19). Studies have demons-
trated that scaffold architecture can influence cell 
adhesion, morphology, proliferation, and extra-
cellular matrix organization by providing specific 
topographical and mechanical cues (17,20,21). 
In addition, the mechanical behavior of scaffolds 
is dependent on the spatial distribution of the 
structural elements and their ability to redistribute 
applied loads uniformly throughout the structure 
(22,23).

Most scaffold designs reported for TE appli-
cations are based on conventional geometries, 
such as cubic or cylindrical lattices. However, 
emerging polyhedral-based architectures, inclu-
ding dodecahedron, icosahedron, and truncated 
icosahedron geometries, have attracted attention 
for their high symmetry, interconnected pore distri-
butions, and structural organization (16,24-28). 
Previous studies have suggested that polyhedral 
geometries may offer advantageous mechanical 
properties and stress distributions compared with 
traditional lattice structures, potentially influen-
cing scaffold stability and cellular organization 
(29,30). Furthermore, geometries with intercon-
nected porous networks may facilitate cell coloni-

zation along the scaffold architecture, providing 
more continuous pathways for cell migration and 
nutrient transport (18,31). Nevertheless, despite 
these potential advantages, the biological response 
to polyhedral scaffold architectures remains 
unclear, particularly in oral and craniofacial tissue 
engineering applications.

Evaluating scaffold biocompatibility helps 
determine whether the fabricated structures can 
support cell survival and colonization without 
inducing adverse cellular responses (32,33). 
Human gingival fibroblasts (HGF) are widely used 
as an in vitro model in oral tissue engineering 
because they are representative of oral connective 
tissues and are important for soft tissue repair and 
extracellular matrix remodeling (34-36). Moreo-
ver, fibroblasts are highly responsive to changes 
in surface topography and scaffold architecture, 
making them useful for evaluating early cell coloni-
zation (17,20,21).

Therefore, this study aimed to design and 
fabricate 3D-printed polylactic acid (PLA) scaffolds 
based on dodecahedron, icosahedron, and trunca-
ted icosahedron geometries using FDM technology 
and to evaluate the influence of these polyhedral 
architectures on the mechanical behavior and 
HGF cellular response. The morphology, pore size, 
compressive properties, cell proliferation, and cell 
distribution on the scaffold surfaces were analyzed 
to determine the influence of scaffold geometry 
on the performance of the printed structures for 
potential oral and craniofacial tissue engineering 
applications.

MATERIALS AND METHODS

DESIGN OF POLYHEDRON-BASED SCAFFOLDS

The scaffolds were designed using Autodesk 
Fusion software based on an unfolded dodeca-
hedron, an unfolded icosahedron, and a trunca-
ted icosahedron to obtain computational models 
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(Figure 1). The scaffold sizes were as follows: 15 
× 15 × 3 mm for the dodecahedron, 15 × 10 × 3 
mm for the icosahedron, and 8 mm in diameter for 
the truncated icosahedron.

Figure 1. Reference polyhedra, their unfolded shape, and the 
designed scaffold. a) Dodecahedron. b) Icosahedron. c) Trunca-
ted icosahedron.

3D PRINTING OF THE DODECAHEDRON, 
ICOSAHEDRON, AND TRUNCATED ICOSAHEDRON 
SCAFFOLDS

The generated files described in the previous 
section were processed using the slicing software, 
Orcaslicer 2.3.1. The established printing parame-
ters were as follows: layer height of 0.2 mm, speed 
of 200 mm/s, rectilinear infill with a density of 20%, 
and no top or bottom covers for the dodecahedron 
and icosahedron to preserve their open architec-
ture and porosity. For the truncated icosahedron, 
the same values for the layer height, printing 
speed, infill density, and type were set without 
modifying the presence of the top and bottom 
covers to maintain structural stability during the 
printing process. The models were printed using a 
PLA filament (white, 1.75 mm diameter, Creality), 
employing the Fused Deposition Modeling (FDM) 

additive manufacturing technique with a Creality 
3D printer (model K1C) and a 0.4 mm diame-
ter print nozzle. The PLA filament was heated to 
200°C and deposited on the print bed at 50°C to 
promote model adhesion. Twenty scaffolds were 
fabricated for each geometry.

MORPHOLOGICAL CHARACTERIZATION

The scaffolds were examined using an 
inverted optical microscope (RoHS brand, model 
XIB-100) at 10x and 40x magnifications to observe 
their structure and determine pore size. 

COMPRESSIVE STRENGTH TEST

The mechanical properties of the printed 
scaffolds were evaluated using uniaxial compres-
sion tests in a Shimadzu universal testing machine 
(model AGS-X; Kyoto, Japan) equipped with a 
10 kN load cell. The tests were performed at a 
strain rate of 5 mm/min until structural failure. 
Three samples of each scaffold were tested; the 
dodecahedron and icosahedron were evaluated in 
two orientations, flat and vertical (Figure 2.a and 
Figure 2.b), and the truncated icosahedron was 
evaluated in a single orientation (Figure 2.c).

Figure 2. Compression test. a) Flat orientation of the scaffolds 
for evaluating the compressive strength in the largest areas of 
the dodecahedron and icosahedron scaffolds. b) Vertical orienta-
tion of the scaffolds for evaluating the compressive strength in the 
smallest area of the dodecahedron and icosahedron scaffolds. c) 
Area of force application in the truncated icosahedron scaffold.

The experimental data on compressive stress 
(MPa) and strain (%) were continuously recorded 
for each test to generate the corresponding curves 
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and obtain the parameters of elastic modulus (E), 
maximum compressive strength (σmax), strain at 
failure (εf), and absorbed energy.

BIOCOMPATIBILITY ASSAYS

To evaluate the influence of 3D scaffolds 
with different geometries on cell proliferation and 
colonization, human gingival fibroblasts (HGF, 
ATCC PCS-201-018) were used. The HGF were 
cultivated in Dubelcco’s Modified Eagle Medium 
(Biowest, Nuaillé, Francia) supplemented with 
10% of fetal bovine serum (FBS, Gibco, Waltham, 
MA, USA), 1% of antibiotic solution (penicillin 100 
UI/ml and streptomycin 100 μg/ml), and L-gluta-
mine. The cell culture was maintained at 37°C in 
a humidified atmosphere containing 5% CO

2
 and 

95% air. The 3D scaffolds were previously placed 
into a 48-well cell culture plate and sterilized for 
30 minutes with UV light (3 samples per group). 

The proliferation of HGF cells was assessed 
using the WST-1 kit (Roche Diagnostics GmbH, 
Mannheim, Germany) after 1, 3, and 7 days. For 
this purpose, HGF cells were seeded onto 3D 
scaffolds at a density of 2 x 104 per sample. On 
the specified days, the cell culture media were 
replaced with fresh media containing the WST-1 
reagent at a 1:10  ratio, and the cultures were 
incubated for 4 h. After the incubation period, 
the medium was removed and placed in 96-well 
plates for absorbance measurement at 450 nm 
using a spectrophotometer (PKL PPC 145 Micro-
plate reader, Paramedical, SA, Italy). This assay 
is based on the reduction of tetrazolium salt to 
soluble formazan by viable cells; the measured 
absorbance is directly related to cell viability. The 
experiments were conducted in triplicate.

To evaluate the behavior of HGF on the 3D 
scaffolds with different geometries after 24 h, 

scanning electron microscopy (SEM) and fluores-
cent microscopy were used. After 24 h of cell 
culture, the samples were washed with phosphate-
buffered saline (PBS) to remove non-adherent cells. 
For SEM microscopy, the samples were fixed with 
2% glutaraldehyde, dehydrated with increasing 
concentrations of alcohol (25-100%), and air-dried. 
For observation by field-emission scanning electron 
microscopy (FESEM; JEOL, JSM-7800F, Tokyo, 
Japan), the samples were previously coated with 
gold. For fluorescent microscopy, PKH67 Green 
fluorescent cell linker (PKH67, Sigma-Aldrich, 
MO, USA) was used. Briefly, before cell seeding, 
the cells were washed, resuspended in Diluent 
C, and incubated with the dye solution for 5 min 
according to the manufacturer's instructions. 
Once stained, the cells were seeded onto the 3D 
scaffolds at a density of 4 x 104 per sample. After 
24 h, the samples were washed and fixed with PBS 
and 2% glutaraldehyde. Before imaging, samples 
were washed with MilliQ water and observed with 
a fluorescence LED microscope (Amscope, Irvine, 
CA, USA).

STATISTICAL ANALYSIS

The results are presented as mean ± 
standard deviation (SD). A one-way analysis of 
variance (ANOVA) followed by Tukey's post hoc test 
to identify statistical differences (p<0.05) between 
groups in compressive strength and biocompatibi-
lity tests. The statistical analysis was performed 
using GraphPad Prism 8 software. 

RESULTS

The scaffolds were printed exactly as desig-
ned, with respect to size and pore size. Micros-
copic observations revealed the different polymer 
layers that formed the scaffolds, as well as the 
square pores in the dodecahedron and icosahe-
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dron scaffolds and the pentagonal and hexago-
nal pores in the truncated icosahedron scaffold 
(Figure 3).

Figure 3. Comparison between the designed and printed scaffolds 
and their observations under an optical microscope at different 
magnifications (10x and 40x). a) Dodecahedron. b) Icosahedron. c) 
Truncated icosahedron.

Conversely, the pore size was larger for the 
dodecahedron and icosahedron scaffolds, whereas 
the truncated icosahedron exhibited two different 
pore sizes depending on whether they were penta-
gonal or hexagonal, with the former being smaller 
(Table 1).

Table 1. Pore size of scaffolds.

Scaffold Pore size
(mm±SD)

Dodecahedron 1.64 ± 0.42

Icosahedron 1.66 ± 0.42

Truncated icosahedron (pentagonal pore) 0.85 ± 0.21

Truncated icosahedron (hexagonal pore) 1.43 ± 0.08

The results of the compressive strength tests 
on the three scaffolds with different geometries are 
presented in Table 2. The truncated icosahedron 
scaffold exhibited the highest modulus of elasticity 
(147.07 ± 2.13 MPa), whereas the flat dodecahe-
dron showed the lowest elastic modulus (2.00 ± 
0.01 MPa), with statistically significant differences 

between the groups. The icosahedron scaffold 
evaluated in the vertical orientation presented the 
highest compressive strength (σmax = 378.45 
± 0.09 MPa), which was statistically significant 
compared to all other analyzed configurations. The 
icosahedron and dodecahedron scaffolds evaluated 
in the flat orientation showed the greatest defor-
mation at failure, 112.13 ± 6.14% and 117.88 ± 
14.53%, respectively, with statistically significant 
differences between the groups. The icosahedron 
scaffold evaluated in both orientations absorbed 
the most energy, followed by the dodecahedron 
scaffold, with statistically significant differences 
between groups.

The proliferation of HGF seeded directly onto 
the different 3D scaffolds was evaluated using 
WST-1. Over the days, an increase in HGF prolife-
ration was observed in all groups, comparable to 
the culture plate (TCP), without showing significant 
differences (Figure 4).

The interaction of fibroblasts with the 
surfaces of the printed models demonstrates cell 
colonization across the different structural archi-
tectures evaluated (Figure 5). On the surface 
of the dodecahedron scaffold, the fibroblasts 
are observed distributed in small cell aggre-
gates (Figure 5.a). Moreover, in fluorescence 
images, the cells exhibit irregular morphology and 
cytoplasmic extensions, suggesting initial contact 
with the material, preferentially on the angles of 
the porous structures (Figure 5.a’-Figure.a’’). 
The surface of the icosahedron model exhibits a 
higher cell density and larger clusters of adhered 
fibroblasts (Figure 5.b). These cells display an 
elongated morphology, consistent with adhesion 
and anchorage along the surface of the scaffold 
(Figure 5.b’-Figure.b’’). The surface of the trunca-
ted icosahedron scaffold exhibits a more homoge-
neous cell distribution (Figure 5.c). On fluores-
cent images, it was possible to observe the cell 
colonization along the scaffold architecture (Figure 
5.c’-Figure 5.c’’).
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Table 2. Parameters obtained from the compressive strength test.

Scaffold/orientation E (MPa) σmax (MPa) εf (%) Absorbed energy
(MJ/m³)

Dodecahedron	

Flat(+) 2.00 ± 0.01 44.04 ± 0.01 117.88 ± 14.53 17.80 ± 0.03

Vertical(-) 51.00 ± 0.02(+) 234.98 ± 0.05(+) 93.59 ± 3.05(+) 20.50 ± 0.29

Icosahedron

Flat(/) 1.10 ± 0.09(-) 81.09 ± 0.03(+,-) 112.13 ± 6.14(-) 32.25 ± 0.22(+,-)

Vertical(x) 87.67 ± 1.50(-,/) 378.45 ± 0.09(+,-,/) 65.64 ± 1.96(+,-/) 33.22 ± 0.56(+,-)

Truncated icosahedron(&) 147.07 ± 2.13(+,-,/,x) 34.31 ± 5.98(+,-,/,x) 24.51 ± 4.39(+,-,/,x) 2.35 ± 4.60(+,-,/,x)

Elastic modulus (E), maximum compressive strength (σmax), and strain at failure (εf). Statistically significant differences (p≤0.05) between 
the flat dodecahedron (+), vertical dodecahedron (-), flat icosahedron (/), vertical icosahedron (x), and truncated icosahedron (&).

Figure 4. HGF viability seeded onto 3D printed dodecahedron, icosahedron, and truncated icosahedron after 1, 3, and 7 days of cell culture.
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Figure 5. SEM images of HGF seeded on the 3D-printed dodecahedron (a), icosahedron (b), and truncated icosahedron (c) scaffolds; and 
corresponding fluorescent images (a’, a’’), (b’, b’’), and (c’, c’’).

DISCUSSION

In this study, three polyhedral architectures 
printed using FDM, namely dodecahedron, icosa-
hedron, and truncated icosahedron, were evalua-
ted to analyze how geometric topography influen-
ces the mechanical strength and cellular response 
of HGF. The geometric design of scaffolds is one 
of the factors that determines both the mechanical 
behavior and biological response in TE applica-
tions (22,23).

All printed scaffolds showed consistent 
dimensional accuracy and structural reproducibi-
lity, as observed by visual inspection and optical 
microscopy, maintaining the designed geometric 
features and pore distribution. 

The scaffold dimensions were selected 
to maintain comparable overall sizes among the 
different geometries while preserving the charac-

teristic polyhedral architecture and interconnected 
pore structure of each design. 

The results of the mechanical behavior 
showed that the icosahedron geometry in the 
vertical orientation exhibited the highest mechani-
cal strength, reaching values of 378.45 ± 0.09 MPa, 
which was significantly higher than that of the other 
configurations evaluated. This behavior can be 
explained by the more uniform spatial distribution 
of the structural points of the icosahedron, which 
supports better redistribution of compressive loads 
throughout the three-dimensional structure (37).  

Various studies have shown that geometries 
based on regular polyhedra provide a more uniform 
distribution of mechanical stresses than conventio-
nal cubic or cylindrical geometries (29,30), thereby 
improving mechanical properties. In particular, 
the high connectivity of the edges in the printed 
icosahedron may contribute to the creation of 
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more efficient load transmission routes, reducing 
concentrations of local stress and delaying struc-
tural failure (38).

In contrast, the dodecahedron scaffolds 
evaluated in the vertical orientation also exhibited 
high compressive strength (234.98 ± 0.05 MPa), 
although lower than that of the vertical icosahe-
dron (378.45 ± 0.09 MPa). This suggests that 
although both architectures exhibit high structural 
connectivity, the angular distribution of the faces 
of the icosahedron allows for more efficient load 
transmission under compression than that of the 
dodecahedron (39).

Another relevant aspect of this study 
was the influence of scaffold orientation during 
compression testing. In both the dodecahedron 
and icosahedron, samples evaluated in the vertical 
orientation exhibited greater strength than those 
evaluated in the flat orientation. This behavior can 
be attributed to the inherent anisotropic nature 
of materials manufactured using FDM, where the 
mechanical strength largely depends on the orien-
tation of the deposited layers. When the load is 
applied parallel to the direction of the layers, the 
structure can withstand greater stress due to the 
continuity of the extruded filament, whereas in 
the flat orientation, the load is distributed along 
the interfaces between layers, which are usually 
areas of lower mechanical cohesion (40,41). This 
phenomenon has been reported in FDM-printed 
structures, where the manufacturing orientation 
can significantly alter the elastic modulus and 
compressive strength of scaffolds (42).

In contrast to the maximum strength, the 
dodecahedron and icosahedron scaffolds evalua-
ted in the flat orientation exhibited the greatest 
deformations before failure, indicating a higher 
capacity for plastic deformation before structural 
failure. This behavior can be associated with the 
progressive collapse mechanisms of the structu-

ral cells, which are characteristic of porous archi-
tectures (43). Similarly, the icosahedron scaffolds 
exhibited the highest energy absorption capacity, 
regardless of the evaluation orientation. This result 
suggests that the icosahedral architecture offers 
greater structural strength and a higher capacity to 
dissipate mechanical energy, a desirable property 
in scaffolds intended to withstand physiological 
loads or mechanical impacts in biomedical appli-
cations (44).

The biocompatibility of biomaterials is an 
important parameter in the field of TE to ensure 
a proper interaction with cells without interfe-
ring with the healing and regeneration processes 
(45). In this work, 3D PLA scaffolds with different 
geometries (i.e., dodecahedron, icosahedron, 
and truncated icosahedron) were placed in direct 
contact with HGF to evaluate cell proliferation and 
colonization along the scaffold architecture. The 
results showed that cell proliferation remained 
constant over time, confirming the biocompatibility 
of PLA and creating a suitable environment for cell 
growth (46-48). Furthermore, SEM and fluorescent 
images revealed fibroblast adhesion and coloni-
zation on all surfaces of the evaluated scaffolds, 
confirming the biocompatibility of the material. In 
the case of the dodecahedron scaffold, HGF formed 
small cell aggregates, mostly at the angles, with 
irregular morphology, indicating cell adhesion. The 
icosahedron geometry exhibited a more exten-
sive cell distribution on the scaffold surface than 
the other evaluated geometries, which may be 
associated with differences in scaffold architec-
ture and pore organization (17,20). The truncated 
icosahedron exhibited a more homogeneous distri-
bution of cells, with fibroblasts displaying elonga-
ted morphology, and following the patterns of the 
scaffold. The elongated morphology of cells on the 
surfaces of 3D-printed scaffolds is characteristic 
of cells that have formed stable adhesions to the 
surface and are colonizing the topography of the 
material (20,21). 
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Several studies have demonstrated that 
the surface topography and porous architecture 
of scaffolds can modulate cell adhesion, migra-
tion, and organization, as cells are able to detect 
and respond to these structures (17,49). In this 
context, the polyhedral architectures evaluated in 
this study provide topographic cues for cell coloni-
zation and extracellular matrix deposition (31). The 
combination of high porosity, stress distribution, 
and cell colonization observed in these geometries 
could contribute to improving tissue integration 
and regeneration (18,19).

The evaluated scaffold geometries may have 
potential applications in oral, periodontal, and 
craniofacial tissue engineering, where scaffold 
architecture, porosity, and cell colonization are 
important for soft-tissue regeneration and tissue 
integration. The ability of the scaffolds to support 
HGF viability and distribution on their surfaces 
suggests that these polyhedral structures may 
serve as structural platforms for future studies 
focusing on oral connective tissue regeneration. 
However, additional in vitro and in vivo studies 
are required to evaluate further their regenerative 
potential and clinical applicability (17,20,31,36).

CONCLUSION

In this study, 3D-printed PLA scaffolds 
based on dodecahedron, icosahedron, and trunca-
ted icosahedron geometries were successfully 
fabricated using FDM to evaluate the influence of 
scaffold architecture on the mechanical behavior 
and cellular response. The results demonstrated 
that the scaffold geometry and loading orien-
tation influenced the compressive properties of 
the printed structures. In particular, the vertically 
oriented icosahedron scaffold exhibited the highest 
compressive strength, whereas the truncated 
icosahedron exhibited the highest elastic modulus 
among the evaluated groups.

Biological evaluation demonstrated that 
all scaffold geometries maintained HGF viability 
throughout the evaluation period. In addition, 
SEM and fluorescence microscopy analyses 
showed cell colonization and distribution along 
the scaffold surfaces.

The findings of this study suggest that 
polyhedral scaffold architectures influence both the 
mechanical behavior and early cellular response of 
3D-printed PLA scaffolds. Among the evaluated 
geometries, the icosahedron scaffold exhibited the 
highest compressive strength and a more homoge-
neous cell distribution on the scaffold surface. 
These structures have potential applications in oral, 
periodontal, and craniofacial tissue engineering.

FUNDING: The authors thank the financial support 
from DGAPA‑UNAM: PAPIIT program IG200826 
and IN202924.

CONFLICT  OF  INTEREST: The authors declare that 
they have no conflict of interest.

DATA AVAILABILITY: All the data required to support 
the study's conclusions are included in this 
manuscript.

AUTHOR CONTRIBUTION STATEMENT: Conceptuali-
zation and  design: I.C.-M., R.A.-Ch. and M.A.A.-P.; 
Literature  review:  I.C.-M., R.A.-Ch. and M.A.A.-P.; 
Methodology  and  validation:  I.C.-M., R.A.-Ch. and 
J.S.-B.; Formal analysis: I.C.-M. and R.A.-Ch.; In-
vestigation  and  data  collection:  I.C.-M., R.A.-Ch., 
J.S.-B. and J.A. A.-A.; Resources:  J.S.-B., J.A. A.-
A. and M.A.A.-P.; Data  analysis  and  interpretation:  
I.C.-M., R.A.-Ch.,J.S.-B., J.A. A.-A.and M.A.A.-P; 
Writing-original  draft  preparation:  I.C.-M., R.A.-
Ch.,J.S.-B. and M.A.A.-P.; Writing-review & editing: 
I.C.-M., R.A.-Ch. and M.A.A.-P.; Supervision:  J.S.-
B. and J.A. A.-A; Project  administration: J.S.-B. and 
M.A.A.-P; Funding acquisition: J.S.-B. and M.A.A.-P.



ODOVTOS-International Journal of Dental Sciences Cruz-Maya et al: Evaluation of Cellular Response to 3D-Printed Scaffolds Based on Polyhedral Geometries

ODOVTOS-Int. J. Dent. Sc. | Online First, 2026  | ISSN: 2215-3411. 705ODOVTOS-Int. J. Dent. Sc. | Online First, 2026 | ISSN: 2215-3411. 704

REFERENCES

1.	 Santoro A., Voto A., Fortino L., Guida R., 
Laudisio C, Cillo M, et al. Bone Defect 
Treatment in Regenerative Medicine: Explo-
ring Natural and Synthetic Bone Substitutes. 
Int J Mol Sci. 2025 Mar 27; 26 (7): 3085. 
doi:10.3390/ijms26073085

2.	 Banerjee D., Vydiam K., Vangala V., Mukher-
jee S. Advancement of Nanomaterials- and 
Biomaterials-Based Technologies for Wound 
Healing and Tissue Regenerative Applica-
tions. ACS Appl Bio Mater. 2025 Mar 17; 8 
(3): 1877-99. doi:10.1021/acsabm.5c00075

3.	 March A., Castillo Aguirre S.H., Eliseev R., 
Choe R., Benoit D.S.W. Long-term tissue 
engineered periosteum-mediated allograft 
healing is hindered due to persistent fibro-
sis and limited allograft remodeling. Bone 
Rep. 2025 Sep; 26: 101865. doi:10.1016/j.
bonr.2025.101865

4.	 Ganesan O., Kiwanuka H., Hamaguchi R., 
Orgill D.P. A review of regenerative medicine 
and tissue engineering with a focus on wound 
healing and anti-aging. Front Surg. 2025 Jun 
5; 12. doi:10.3389/fsurg.2025.1504563

5.	 Olson J.L., Atala A., Yoo J.J. Tissue Enginee-
ring: Current Strategies and Future Direc-
tions. Chonnam Med J. 2011; 47 (1): 1. 
doi:10.4068/cmj.2011.47.1.1

6.	 Ashammakhi N., GhavamiNejad A., Tutar 
R., Fricker A., Roy I., Chatzistavrou X., et 
al. Highlights on Advancing Frontiers in 
Tissue Engineering. Tissue Eng Part B Rev. 
2022 Jun 10; 28 (3): 633-64. doi:10.1089/ten.
teb.2021.0012

7.	 Franco Urquiza E.A. Advances in Additive 
Manufacturing of Polymer-Fused Deposi-
tion Modeling on Textiles: From 3D Printing 
to Innovative 4D Printing—A Review. 
Polymers (Basel). 2024 Mar 4; 16 (5): 700. 
doi:10.3390/polym16050700

8.	 Pereira A.C., Nayak V.V., Coelho P.G., Witek 
L. Integrative Modeling and Experimental 
Insights into 3D and 4D Printing Technolo-
gies. Polymers (Basel). 2024 Sep 24; 16 (19): 
2686. doi:10.3390/polym16192686

9.	 Arias-Peregrino V.M., Tenorio-Barajas A.Y, 
Mendoza-Barrera C.O., Román-Doval J., 
Lavariega-Sumano E.F., Torres-Arellanes 
S.P., et al. 3D Printing for Tissue Engineering: 
Printing Techniques, Biomaterials, Challen-
ges, and the Emerging Role of 4D Bioprin-
ting. Bioengineering. 2025 Aug 30; 12 (9): 
936. doi:10.3390/bioengineering12090936

10.	Prem Ananth K., Jayram N.D. A compre-
hensive review of 3D printing techniques 
for biomaterial-based scaffold fabrication 
in bone tissue engineering. Annals of 3D 
Printed Medicine. 2024 Feb; 13: 100141. 
doi:10.1016/j.stlm.2023.100141

11.	Kwon D.Y., Park J.Y., Lee B.Y., Kim M.S. 
Comparison of Scaffolds Fabricated via 3D 
Printing and Salt Leaching: In Vivo Imaging, 
Biodegradation, and Inflammation. Polymers 
(Basel). 2020 Sep 26; 12 (10): 2210. 
doi:10.3390/polym12102210

12.	Pazhamannil R.V., Alkhedher M. Advances in 
additive manufacturing for bone tissue enginee-
ring: materials, design strategies, and applica-
tions. Biomedical Materials. 2025 Jan 1; 20 
(1): 012002. doi:10.1088/1748-605X/ad9dce

13.	Juarez-Navarro K.J., Guarino V., Alvarez-
Perez M.A. Converging Electrospinning and 
3D-Printing Technologies: From Innovative 
Design for Tissue Engineering to Global 
Patent Trends and Technology Transfer. 
Fibers. 2025 Jun 19; 13 (6): 83. doi:10.3390/
fib13060083

14.	Sobral J.M., Caridade S.G., Sousa R.A., 
Mano J.F., Reis R.L. Three-dimensional 
plotted scaffolds with controlled pore size 
gradients: Effect of scaffold geometry on 
mechanical performance and cell seeding 



ODOVTOS-International Journal of Dental Sciences Cruz-Maya et al: Evaluation of Cellular Response to 3D-Printed Scaffolds Based on Polyhedral Geometries

ODOVTOS-Int. J. Dent. Sc. | Online First, 2026  | ISSN: 2215-3411. 705

efficiency. Acta Biomater. 2011 Mar; 7 (3): 
1009-18. doi:10.1016/j.actbio.2010.11.003

15.	Zadpoor A.A. Bone tissue regeneration: the 
role of scaffold geometry. Biomater Sci. 2015; 
3 (2): 231-45. doi:10.1039/C4BM00291A

16.	Werner M., Kurniawan N.A., Bouten 
C.V.C. Cellular Geometry Sensing at Diffe-
rent Length Scales and its Implications for 
Scaffold Design. Materials. 2020 Feb 21; 13 
(4): 963. doi:10.3390/ma13040963

17.	Bružauskaitė I., Bironaitė D., Bagdonas E., 
Bernotienė E. Scaffolds and cells for tissue 
regeneration: different scaffold pore sizes—
different cell effects. Cytotechnology. 2016 
May 20; 68 (3): 355-69. doi:10.1007/s10616-
015-9895-4

18.	Mukasheva F., Adilova L., Dyussenbinov A., 
Yernaimanova B., Abilev M., Akilbekova 
D. Optimizing scaffold pore size for tissue 
engineering: insights across various tissue 
types. Front Bioeng Biotechnol. 2024 Nov 
12; 12. doi:10.3389/fbioe.2024.1444986

19.	Loh Q.L., Choong C. Three-Dimensional 
Scaffolds for Tissue Engineering Applica-
tions: Role of Porosity and Pore Size. Tissue 
Eng Part B Rev. 2013 Dec; 19 (6): 485-502. 
doi:10.1089/ten.teb.2012.0437

20.	Mitra J., Tripathi G., Sharma A., Basu B. 
Scaffolds for bone tissue engineering: role 
of surface patterning on osteoblast response. 
RSC Adv. 2013; 3 (28): 11073. doi:10.1039/
c3ra23315d

21.	Liu N., Shi Y., Li J., Shen K., Zhang Z., Liu K., 
et al. Morphology-guided cellular behavior 
modulation with 3D-printed engineered ECM. 
Cell Biomaterials. 2025 Jul; 1 (6): 100090. 
doi:10.1016/j.celbio.2025.100090

22.	León P.I., Muhlich U., Aravena P.C., Martínez 
G. Mechanical Characterization of 3D-Printed 
Scaffolds: A Multi-Objective Optimization 
Approach Using Virtual Testing and Homoge-
nization. Biomimetics. 2025 Sep 2; 10 (9): 
580. doi:10.3390/biomimetics10090580

23.	Velasco M.A., Lancheros Y., Garzón-
Alvarado D.A. Geometric and mechanical 
properties evaluation of scaffolds for bone 
tissue applications designing by a reaction-
diffusion models and manufactured with a 
material jetting system. J Comput Des Eng. 
2016 Oct 1; 3 (4): 385-97. doi:10.1016/j.
jcde.2016.06.006

24.	Cheah C.M., Chua C.K., Leong K.F., Cheong 
C.H., Naing M.W. Automatic Algorithm for 
Generating Complex Polyhedral Scaffold 
Structures for Tissue Engineering. Tissue 
Eng. 2004 Mar; 10 (3-4): 595-610. 
doi:10.1089/107632704323061951

25.	Takabatake K., Yamachika E., Tsujigiwa 
H., Takeda Y., Kimura M., Takagi S., et al. 
Effect of geometry and microstructure of 
honeycomb TCP scaffolds on bone regenera-
tion. J Biomed Mater Res A. 2014 Sep;102 
(9): 2952-0. doi:10.1002/jbm.a.34966

26.	Chantarapanich N., Puttawibul P., Sucha-
ritpwatskul S., Jeamwatthanachai P., Inglam 
S., Sitthiseripratip K. Scaffold Library for 
Tissue Engineering: A Geometric Evaluation. 
Comput Math Methods Med. 2012; 2012: 
1-14. doi:10.1155/2012/407805

27.	Zhai Y., Zhong T., Guo S., Lin S., Hui D., 
Ma X. Layered Gradient Rhombic Dodeca-
hedron Composite Structures for Biomimetic 
Bone Fabricated via Selective Laser Melting. 
Micromachines (Basel). 2025 May 31; 16 
(6): 673. doi:10.3390/mi16060673

28.	Zhang H., Zhang M., Zhai D., Qin C., Wang 
Y., Ma J., et al. Polyhedron-Like Biomate-
rials for Innervated and Vascularized Bone 
Regeneration. Advanced Materials. 2023 Oct 
13; 35 (42). doi:10.1002/adma.202302716

29.	Khan N., Riccio A. A systematic review 
of design for additive manufacturing of 
aerospace lattice structures: Current trends 
and future directions. Progress in Aeros-
pace Sciences. 2024 Aug; 149: 101021. 
doi:10.1016/j.paerosci.2024.101021



ODOVTOS-International Journal of Dental Sciences Cruz-Maya et al: Evaluation of Cellular Response to 3D-Printed Scaffolds Based on Polyhedral Geometries

ODOVTOS-Int. J. Dent. Sc. | Online First, 2026  | ISSN: 2215-3411. 707ODOVTOS-Int. J. Dent. Sc. | Online First, 2026 | ISSN: 2215-3411. 706

30.	Altamimi S., Lee D.W., Barsoum I., Rowshan 
R., Jasiuk I.M., Abu Al-Rub R.K. Stiffness, 
strength, anisotropy, and buckling of lattices 
derived from TPMS and Platonic and Archime-
dean solids. Mechanics of Advanced Materials 
and Structures. 2025 Jan 2; 32 (1): 79-106. 
doi:10.1080/15376494.2024.2340066

31.	Lai H., Gong B., Yin J., Qian J. 3D printing 
topographic cues for cell contact guidance: A 
review. Mater Des. 2022 Jun; 218: 110663. 
doi:10.1016/j.matdes.2022.110663

32.	Valchanov P., Yaneva Y., Pavlov S., Kontny 
A., Dikova T. The Concept of the Optimal 
Bioscaffold: Parameters, Problems, and Their 
Resolution Through Additive Manufacturing. 
Biomedicines. 2025 Oct 31; 13 (11): 2688. 
doi:10.3390/biomedicines13112688

33.	Nuño-Soriano A., Arias-Hidalgo C., Montal-
villo E., Góngora R., Hernández Á.P., 
Juanes-Velasco P., et al. Evaluating Biocom-
patibility: From Classical Techniques to State-
of-the-Art Functional Proteomics. Nanomate-
rials. 2025 Jul 3; 15 (13):1032. doi:10.3390/
nano15131032

34.	Paul S., Hanisch O., Nesic D. Human Gingi-
val Fibroblast Proliferation on Materials Used 
for Dental Implant Abutments: A Systematic 
Review. Int J Prosthodont. 2021 Nov; 34 (6): 
811-28. doi:10.11607/ijp.7388

35.	Mizrahi I.K., Neculau C., Balasea B.V., 
Rus F., Imre M., Cernega A., et al. Cellu-
lar bioenergetic and migratory responses of 
human gingival fibroblasts to 940 nm diode 
laser photobiomodulation. Sci Rep. 2026 Jan 
21; 16 (1): 5972. doi:10.1038/s41598-026-
35824-8

36.	Vazquez-Vazquez F.C., Chavarria-Bolaños 
D., Ortiz-Magdaleno M., Guarino V., Alvarez-

Perez M.A. 3D-Printed Tubular Scaffolds 
Decorated with Air-Jet-Spun Fibers for Bone 
Tissue Applications. Bioengineering. 2022 
Apr 27; 9 (5): 189. doi:10.3390/bioenginee-
ring9050189

37.	Yu J., Han C., Yu F., Dong C., Zhao G., Gong 
C., et al. Icosahedron-dominated tension–
compression asymmetry and brittle–ductile 
transition of metallic glass. J Mater Res. 
2023 Aug 28; 38 (16): 3901-12. doi:10.1557/
s43578-023-01107-5

38.	Nguyen V.C., Tien D.H., Ngo Q.T., Pham 
V.T., Nguyen B.N., Nguyen H.K. Structural 
Performance and Optimization of 3D-Printed 
PLA Lattice Structures for Sustainable Design 
in Load-Bearing Applications. Engineering, 
Technology & Applied Science Research. 
2025 Apr 3; 15 (2): 21086-92. doi:10.48084/
etasr.9628

39.	Al Asali W., López Á.M.M., Oval R., Gaspar 
O., Lara-Bocanegra A.J., Majano-Majano A., 
et al. Revisiting structural Lazo carpentry: 
geometry, mechanics, and construction. Archi-
tecture, Structures and Construction. 2025 
Jun 31; 5 (1): 24. doi:10.1007/s44150-025-
00137-3

40.	Syaefudin E.A., Kholil A., Hakim M., 
Wulandari D.A., Riyadi, Murtinugraha E. 
The effect of orientation on tensile strength 
3D printing with ABS and PLA materials. J 
Phys Conf Ser. 2023 Sep 1; 2596 (1): 012002. 
doi:10.1088/1742-6596/2596/1/012002

41.	Kalaiyarasan K., Ranganathan S., Nagara-
jan K., Balakrishnan R. Influence of print 
orientation on mechanical characteristics 
of FDM-printed OBE polymer. Journal of 
Reinforced Plastics and Composites. 2025 
Nov 7. doi:10.1177/07316844251396247



ODOVTOS-International Journal of Dental Sciences Cruz-Maya et al: Evaluation of Cellular Response to 3D-Printed Scaffolds Based on Polyhedral Geometries

ODOVTOS-Int. J. Dent. Sc. | Online First, 2026  | ISSN: 2215-3411. 707

42.	Omer M.A.E., Shaban I.A., Mourad A.H., 
Hegab H. Advances in interlayer bonding in 
fused deposition modelling: a comprehensive 
review. Virtual Phys Prototyp. 2025 Dec 31; 
20 (1). doi:10.1080/17452759.2025.2522951

43.	Gao Y., Lalevée J., Simon-Masseron A. 
An Overview on 3D Printing of Structured 
Porous Materials and Their Applications. 
Adv Mater Technol. 2023 Sep 11; 8 (17). 
doi:10.1002/admt.202300377

44.	Gandhi R., Salmi M., Roy B., Pauli L., 
Pagliari L., Concli F. Mechanical and fatigue 
performance of multidirectional functio-
nally graded Ti6Al4V scaffolds produced 
via laser powder bed fusion for orthopedic 
implants. Mater Des. 2025 Mar; 251: 113725. 
doi:10.1016/j.matdes.2025.113725

45.	Kumar A., Nune K.C., Murr L.E., Misra 
R.D.K. Biocompatibility and mechanical 
behaviour of three-dimensional scaffolds 
for biomedical devices: process–structure–
property paradigm. International Materials 
Reviews. 2016 Jan 29; 61 (1): 20-45. doi:10.
1080/09506608.2015.1128310

46.	Gomez-Guevara R., Kamat V., Hamed B.U., 
Pretell-Mazzini J., Bhansali S., Prasad A. 
Impact of Temperature and Humidity on the 
Structural and Biocompatibility of 3D-Printed 
PLA Scaffolds for Bone Regeneration. 2026. 
doi:10.21203/rs.3.rs-8800963/v1

47.	Shilov S.Y., Rozhkova Y.A., Markova L.N., 
Tashkinov M.A., Vindokurov I.V., Silbers-
chmidt V.V. Biocompatibility of 3D-Printed 
PLA, PEEK and PETG: Adhesion of Bone 
Marrow and Peritoneal Lavage Cells. 
Polymers (Basel). 2022 Sep 22; 14 (19): 
3958. doi:10.3390/polym14193958

48.	Aftab M., Ikram S., Ullah M., Khan N., Naeem 
M., Khan M.A., et al. Recent Trends and 
Future Directions in 3D Printing of Biocom-
patible Polymers. Journal of Manufacturing 
and Materials Processing. 2025 Apr 14; 9 
(4):129. doi:10.3390/jmmp9040129

49.	Chang H.I., Wang Y. Cell Responses to 
Surface and Architecture of Tissue Enginee-
ring Scaffolds. In: Regenerative Medicine 
and Tissue Engineering - Cells and Biomate-
rials. InTech; 2011. doi:10.5772/21983


