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Abstract: Background: Osseointegrated implants are essential for rehabilitating edentulous
patients, but critical bone defects remain challenging. Guided bone regeneration (GBR) with
barrier membranes is an effective approach. This study evaluated a 3D printed membrane
made from acrylated epoxidized soybean oil (AESO) combined with a xenogeneic graft
for GBR in critical-size defects. Methods: Forty-eight male Sprague Dawley rats (150 g)
were assigned to four groups: a negative control group (NC, blood clot only), a positive
control group (PC, biomaterial without membrane), a negative test group (NT, blood clot
with membrane), and a positive test group (PT, biomaterial with membrane). Results: The
PT group showed the highest bone volume and superior bone maturation compared to the
other groups. Bone quality parameters (Tb.N, Tb.Th) indicated enhanced maturation in the
groups using the membrane. A histological analysis confirmed centripetal bone formation.
Conclusion: The AESO-based membrane provided mechanical support and controlled
resorption, addressing collagen membrane limitations. Its combination with the GTO®

graft material enhanced osteoconduction, bone formation, and bone quality, highlighting
its potential for complex bone defect reconstructions.

Keywords: guided bone regeneration; barrier membrane; 3D printing; critical-size bone
defect; acrylated epoxidized soybean oil; xenogeneic graft

1. Introduction
Osseointegrated implants are vital for rehabilitating lost teeth in edentulous pa-

tients [1]. The alveolar process is influenced by factors that lead to bone loss from congenital
absence, infections, trauma, or periodontitis. Tooth extraction is a major cause of this [2].

Critical-size bone defects, which do not heal without intervention, cause structural
damage and dysfunction, posing a challenge in maxillofacial surgery [3,4]. Ensuring
adequate bone volume at the recipient site is crucial for implant success. Guided bone
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regeneration (GBR) is a widely used technique that excludes non-osteogenic tissues using
barrier membranes, promoting osteogenic cell colonization [5–7].

Various materials for resorbable and non-resorbable membranes have been developed
for clinical use [8]. Collagen-based resorbable membranes are common in horizontal bone
augmentation due to their biological properties [9]. Vertical augmentation benefits from
titanium-reinforced polytetrafluoroethylene membranes, requiring soft tissue management
and a second intervention for material removal [10,11].

A membrane combining the properties of both would expand the clinical applications,
reducing discomfort and treatment time. Additive manufacturing plays a significant role
in 3D printing polymers [12], using resins with photo-initiators [13]. However, most
commercial resins lack biocompatibility and bioabsorbability [14]. Bioplastics from natural
materials offer light-curable, biodegradable resins, allowing for the full elimination of
material and byproducts, removing the need for second interventions in GBR [15].

Vegetable oils are a promising source for bioplastic production, consisting of a mixture
of unsaturated and saturated fatty acids and triglycerides, which contain reactive sites
suitable for functionalization, enabling UV-induced polymerization and the processing of
bioresins using 3D printing techniques [16,17]. Among these oils, acrylated epoxidized
soybean oil (AESO) has been highlighted as a photocurable liquid resin, utilizing its acrylate
groups for easy polymerization via free radical reactions. However, due to its high viscosity,
AESO cannot be printed alone using SLA-DLP printers [18]. Many studies report combining
AESO with polyethylene glycol [19] or polyethylene glycol diacrylate [20], resulting in
biocompatible structures with high cell adhesion and proliferation [21].

The feasibility of this study is anchored in the use of animal models, specifically, rat
calvaria, which are widely recognized as the gold standard for evaluating bone regeneration
in induced critical-size defects [22]. These models allow for the creation of controlled
and reproducible defects, facilitating the comparison of different biomaterials and bone
regeneration techniques. Moreover, the bone physiology of rat calvaria shares similarities
with that of humans, particularly in terms of bone healing behavior, making them ideal for
the preclinical testing of novel materials [23].

To the best of our knowledge, this study represents the first comprehensive explo-
ration of a 3D printed customized membrane designed for controlled-resorption structural
maintenance and bone formation in a rat calvaria defect model. Therefore, the aim of
this study is to evaluate the osteogenic potential, structural integrity, and biodegradability
of a novel soybean oil-based 3D printed resin membrane in guided bone regeneration.
Specifically, the study seeks to analyze bone volume gain, membrane degradation poten-
tial, and histological response in a critical-size calvarial defect model in rats, testing the
null hypothesis that the soybean oil-based 3D printed resin membrane does not promote
significant differences in bone regeneration compared to the control conditions.

2. Material and Methods
2.1. Ethical Statements

The protocol for the present study was approved by the Ethics Committee of the
Faculty of dentistry of Ribeirao Preto at the University of São Paulo-CEUA (protocol no.
2023.1.416.58.9 approved on 27 September 2023) following the Brazilian Council Control
for Animal Experimentations (CONCEA). The study was conducted in accordance with
the ARRIVE guidelines.

2.2. Sample Size

The sample size calculation was performed using the G*Power v3.1.9.7 software,
considering α = 0.05, test power = 0.95, and correlation between measurements = 0.5,
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similarly to previous studies where critical bone defects of 7 mm were created in rat
calvaria and filled with different biomaterials [24]. Considering multiple comparison
corrections and the possibility of complications or animal deaths, the sample size for each
group was n = 6, totaling 48 animals.

2.3. Study Design

Forty-eight adult male Sprague Dawley rats, with an average weight of 150 g, were
used in the experimental procedures. The animals were provided by the Central Animal
Facility of the University of São Paulo, where they were housed in shared cages, with a
maximum of three animals per cage, in a climate-controlled environment. They received a
controlled diet and water ad libitum throughout the experiment. Following a previously
published methodology [24], the animals were divided into four groups of twelve animals
each (n = 12), based on the treatment administered, with euthanasia scheduled at 4 (n = 6)
and 8 (n = 6) weeks (Figure 1), as follows:

Negative control group (NC): critical bone defects filled only with blood clot.
Positive control group (PC): critical bone defects filled with a biomaterial (OsteoBiol GTO®-
Tecnoss, Giaveno, Italy) and not covered by a membrane.
Negative test group (NT): critical bone defects filled only with blood clot and covered by a
printed membrane.
Positive test group (PT): critical bone defects filled with a biomaterial (OsteoBiol GTO®-
Tecnoss, Giaveno, Italy) and covered by a printed membrane.
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Figure 1. Schematic representation of the study design. Each group, composed of randomly selected
animals, received one type of treatment.

2.4. Randomizations and Allocation Concealment

The randomization of the proposed groups was performed electronically (https://
www.randomizer.org) by an author (SPX) not involved in the selection, handling, or surgical
procedures. Group allocation was ensured using sealed, opaque, coded envelopes and was
revealed to the surgeon (not involved in the study randomization) immediately after the
preparation of the critical-size bone defect.

2.5. Printed-Membrane Characteristics

The membrane developed for this study was 3D printed using a photocurable resin
composed of natural acrylated epoxidized soybean oil (AESO, Sigma Aldrich, Burlington,
MA, USA) blended in the weight ratio of 50:50 with a synthetic biocompatible polymer,
namely, polyethylene glycol diacrylate (PEGDA, Mn 700, Sigma Aldrich). After mechanical
mixing, 1% by weight of phenylbis (2,4,6-trimethylbenzoyl) phosphine oxide (BAPO Sigma
Aldrich) was dissolved in acetone (Sigma Aldrich) at the concentration of 0.1 g/mL and
poured into the AESO-PEGDA resin as a radical photo-initiator [18]. The mixture was

https://www.randomizer.org
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placed in the dark, under magnetic stirring at RT for 24 h to let the solvent evaporate.
Spherical caps having a chord (D) of 10 mm, a thickness of 1 mm, and a height (H) of
3 mm were fabricated using a commercial DLP 3D printer (Elegoo Mars 3, Elegoo inc.,
Shenzhen, China) working with a wavelength of 405 nm and equipped with a building
box of 143 × 90 × 175 mm3. The caps were printed without pores, forming a solid dome-
shaped structure designed to fully cover the critical-size bone defect (Figure 2). After 3D
printing, the samples were collected with a spatula and washed in an isopropyl alcohol
(propan-2-ol, Carlo Erba, Cornaredo, Italy) bath to remove the uncured resin. The samples
were post-cured by exposing them to a UV lamp (λ = 405 nm) for 60 min. The samples were
immersed in distilled water (dH2O) for 24 h, washed three times in dH2O, and immersed
again in sterile dH2O [18].
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Figure 2. Schematic drawing of the membrane printed from AESO with dimensions of 1 mm thickness,
10 mm chord, and 3 mm height.

2.6. Biomaterial Characteristics

OsteoBiol GTO® (Tecnoss, Giaveno, Italy) was used for filling the critical-size bone
defect in the PC and PT groups. It consists of a mixture of 80% pre-hydrated porcine-
derived granules ranging from 600 to 1000 µm and 20% collagen gel. It is composed of type
I and III collagen, polyunsaturated fatty acids, and a biocompatible synthetic copolymer
diluted in an aqueous solution, making it easily adaptable to the defect site.

2.7. Anesthesia and Medication Procedures

The animals were anesthetized with 10% ketamine hydrochloride (75 mg/kg, in-
traperitoneal; Agener União, São Paulo, Brazil) and 2% xylazine hydrochloride (6 mg/kg,
intraperitoneal; Calier, Juatuba, Minas Gerais, Brazil). All animals received a pre-operative
dose of 2% meloxicam (Maxicam 2%, Ourofino, São Paulo, Brazil) and a single dose of an
antibiotic solution (1 mL/kg, intraperitoneal; Pentabiotic, Zoetis, São Paulo, Brazil).

2.8. Surgical Procedures

The surgical area was pre-trimmed, and antisepsis of the region was performed by
the topical application of a 1% povidone–iodine solution (Riodeíne Tintura, Rioquímica,
São José do Rio Preto, São Paulo, Brazil). During the anesthesia period, the animals’ vital
signs were monitored, their eyes were lubricated with saline solution, and they were kept
covered with wood shavings to prevent hypothermia.

All surgical procedures were performed by a single skilled and experienced surgeon.
In each animal, a 15 mm incision was made along the midline of the skull, and the tissue
flap was elevated to expose the periosteum. A critical-size bone defect measuring 7 mm
in diameter was then created using a trephine bur (Neodent, Paraná, Brazil), following a
previously published methodology. Only at this point was the group allocation revealed to
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the operator. Each experimental group received the proposed treatment. All groups had
their sutures performed with a nylon thread (Ethilon 4–0®, Ethicon, São Paulo, São Paulo,
Brazil) (Figure 3).
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2.9. Animal Maintenance

Twenty-four hours post-surgery, the animals received a postoperative dose of 2%
meloxicam (Maxicam 2%, Ourofino, São Paulo, Brazil). The rats were housed in shared
cages containing a maximum of three animals, lined with wood shavings. The room where
they were kept had a split air conditioning system (25 ◦C) without humidity control and
with 15 to 25 air exchanges per hour, and automatic lighting control on a 12/12 h cycle.
The animals had ad libitum access to filtered food and water, and the following sanitary
barriers were available: autoclave, restrooms, changing rooms, and insect control screens.

Throughout the experiment, the animals were observed daily for biological functions,
wound monitoring, and signs of pain and/or infection in the surgical wound area, and
appropriate medications were administered as necessary.

2.10. Euthanasia

The animals were anesthetized with 10% ketamine hydrochloride (75 mg/kg, in-
traperitoneal; Agener União, São Paulo, Brazil) and 2% xylazine hydrochloride (6 mg/kg,
intraperitoneal; Calier, Juatuba, Minas Gerais, Brazil) and then placed in a CO2 chamber
with a controlled flow of 7 L/min, approximately 20% of the total volume. This flow was
maintained for at least 1 min after confirming the clinical death of the animal, checking for
signs of respiratory arrest and mucosal cyanosis. Subsequently, biopsies from the surgical
sites were collected at 4 and 8 weeks postoperatively (n = 48) and immediately submerged
in a 10% paraformaldehyde solution.
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2.11. Microtomographic Processing

After fixation, the biopsies underwent microtomographic scanning using the SkyScan
1172-160 system (Bruker-SkyScan, Kontich, Belgium). The following parameters were
applied for both two-dimensional tomographic projections and three-dimensional recon-
structions: isotropic pixel size of 9.92 µm, voltage of 60 kV, current of 165 µA, aluminum
filter diameter of 0.5 mm, exposure time of 596 ms, rotation step of 0.4◦, frame averaging of
4, and random movement set to 10.

The projections were reconstructed using the NRecon® 1.6.10 software (Bruker-
SkyScan; Kontich, Belgium), and the images were positioned using the DataViewer®

1.5.4.6 software (Bruker-SkyScan, Kontich, Belgium), selecting the axis of interest for the
complete visualization of the experimental area.

2.12. Microtomographic Evaluation

After reconstruction, a morphometric analysis was performed using the CT Analyzer
software (CTAn, v1.15.4.0, Bruker, Kontich, Antwerp, Belgium) to assess bone volume
(BV), new bone formation (NBF-BV/TV), residual graft (RG-BV/TV), trabecular thickness
(Tb.Th), trabecular number (Tb.N), and trabecular spacing (Tb.Sp). To ensure accurate data
acquisition, distinct threshold ranges were applied for different parameters: a threshold
range of 70–100 was utilized to evaluate the newly formed bone, while a range of 100–255
was employed for residual graft assessment.

In CTAn, a task list was created for the analysis of the parameters mentioned above.
This process involves the determination of the region of interest (ROI). The collective sum
of all ROIs in a contiguous set of cross-sectional images was used to determine the volume
of interest (VOI), representing the selected 3D volume.

All micro-CT analyses were performed by a single trained examiner, following cal-
ibration with another professional until the agreement between the evaluators in tissue
recognition reached K > 0.9, and the examiner was blinded to the experimental groups.

2.13. Histological Processing

After micro-CT processing, the specimens were dehydrated in a series of ascending
alcohol concentrations (50–100%) over 6 days, followed by successive immersion in resin
solutions (LR White™ HardGrid (London Resin Co Ltd., Berkshire, UK)) with ascending
concentration (50–100%). During the resin polymerization, the specimens were kept in an
oven at 60 ◦C for 24 h. Once polymerization was complete, each block was sectioned along
a sagittal plane. Sections of approximately 100–150 µm were prepared using a precision
cutting/grinding system (Exakt, Apparatebau, Norderstedt, Germany) and ground to
obtain slides with a thickness of approximately 50–60 µm. The histological sections were
stained with two different stains: toluidine blue and Stevenel’s blue with alizarin red.

2.14. Histological Evaluation

The histologist performed the calibration of the examiner responsible for the histo-
logical analyses. An Eclipse Ci optical microscope (Nikon Corporation, Tokyo, Japan)
equipped with a digital camera (Digital Sight DS-2Mv, Nikon Corporation, Tokyo, Japan),
connected to a computer, was used to capture photomicrographs. The presence of new
mineralized bone, remaining xenograft, connective tissue, inflammatory cells, osteoclasts,
blood vessels, and bioresin membrane remnants was qualitatively evaluated in 16× and
100× photomicrographs to assess the bone formation pattern near the defect margin.
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2.15. Statistical Analysis

New bone formation in the microtomographic analysis was considered the primary
variable. Differences between the four treatment groups at both experimental time points
were evaluated using one-way analysis of variance (ANOVA). The Shapiro–Wilk test was
initially applied to assess the normality of the data for each group and time point. If
normality was confirmed, parametric tests were used; otherwise, non-parametric tests were
performed. Post-hoc pairwise comparisons were conducted using Tukey’s test for normally
distributed data or Dunn’s test for non-normally distributed data, to identify significant
differences between groups. Additionally, a Pearson correlation test was performed to
assess the relationship between bone volume and new bone formation. Statistical analyses
were performed using GraphPad Prism software (v10.0.0 for Windows, GraphPad Software,
San Diego, CA, USA, https://www.graphpad.com/ accessed on 1 August 2024). The
significance level was set at α = 0.05.

3. Results
All animals included in the experiment recovered from surgery, and no adverse events

were observed.

3.1. Micro-CT Results

The three-dimensional reconstructions obtained by micro-CT showed bone formation
starting from the edges of the critical-size bone defect towards the center in all groups.
Additionally, they revealed bone formation involving the granules of the xenogeneic graft
used in the positive control group (PC) and the positive test group (PT), as shown in
Figures 4 and 5.
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Figure 5. Three-dimensional reconstructed micro-CT images of negative control group (NC), positive
control group (PC), negative test group (NT), and positive test group (PT) samples at 4 weeks and
8 weeks post-surgery. The gray color represents newly formed bone, and the blue color represents
the remaining graft granules. These images were obtained using CT Analyzer software.

After 4 weeks, the NT and PT groups exhibited greater bone volume (BV) and new
bone formation (NBF) compared to the NC group. Statistically significant differences were
observed between the NT and the NC groups. The residual xenogeneic bone graft (RG)
was larger in the PT group compared to the PC group, with a significant difference between
these groups.

After 8 weeks, the PT group showed the largest BV and NBF among all groups.
Significant differences were found between the PT group and the NC and PC groups.
The NT group also showed greater BV and NBF compared to the NC group. A positive
correlation was observed between bone volume (0.81) and new bone formation (0.80) in the
groups that used a membrane (NT and PT). The RG percentages decreased over time but
showed no significant differences between groups or time points. The quantitative data are
summarized in Table 1 and Figure 4.

Table 1. Micro-CT results of the NC, PC, NT, and PT groups at 4 and 8 weeks of repair. Bone volume
(BV) values. Percentage of newly formed bone (NBF). Percentage of residual graft (RG).

Groups (n = 48) Period (wk) BV (mm3) NBF (%) RG (%)

NC 4 0.24 ± 0.13 2.05% ± 1.28% -
8 0.46 ± 0.17 3.30% ± 0.13% -

PC 4 0.54 ± 0.21 4.48% ± 1.56% 15.38% ± 1.86%
8 0.62 ± 0.35 4.51% ± 1.11% 8.41% ± 1.02%

NT 4 0.84 ± 0.31 7.12% ± 2.48% -
8 1.05 ± 0.43 11.41% ± 3.73% -

PT 4 0.82 ± 0.26 5.68% ± 2.02% 23.96% ± 2.15%

8 1.46 ± 0.44 7.58% ± 0.79% 16.53% ± 6.43%

The quality of the newly formed bone was assessed by evaluating three parame-
ters: trabecular number (Tb.N), trabecular separation (Tb.Sp), and trabecular thickness
(Tb.Th). The measured values for each parameter are presented in Table 2 and illustrated
in Figures 6–8. The results are reported as the mean ± standard deviation.
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Table 2. Micro-CT results of the NC, PC, NT, and PT groups at 4 and 8 weeks of repair, about new
bone formation. Results about Trabecular number (Tb.N), trabecular separation (Tb.Sp), trabecular
thickness (Tb.Th).

Groups (n = 48) Period (wk) BV (mm3) NBF (%) RG (%)

NC 4 0.5 ± 0.29 0.34 ± 0.05 0.035 ± 0.005

8 1.14 ±0.37 0.24 ± 0.05 0.037 ± 0.005

PC 4 1.26 ± 0.43 0.36 ± 0.13 0.037 ± 0.005

8 1.17 ± 0.45 0.31 ± 0.08 0.037 ± 0.005

NT 4 0.92 ± 0.27 0.30 ± 0.06 0.037 ± 0.005

8 1.28 ± 0.58 0.28 ± 0.09 0.037 ± 0.005

PT 4 1.54 ± 0.54 0.31 ± 0.09 0.037 ± 0.005

8 3.05 ± 0.60 0.22 ± 0.04 0.035 ± 0.005
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Figure 6. Quality of the newly formed bone. The results are expressed as mean and standard
deviation. (a) Trabecular number (Tb.N). (b) Trabecular thickness (Tb.Th). (c) Trabecular separation
(Tb.Sp). Vertical bars indicate standard deviation. Horizontal bars indicate statistical differences with
values of * p < 0.05.

The positive test group demonstrated higher trabecular number (Tb.N) values at
both evaluation periods, with 1.54 ± 0.54 at 4 weeks and 3.05 ± 0.60 at 8 weeks, showing
a statistically significant difference compared to the negative control and negative test
groups in 4 weeks and a statistically difference compared to the other groups in 8 weeks.
(p < 0.05). Regarding trabecular thickness (Tb.Th), the negative test group exhibited higher
values, with 0.0675 ± 0.0096 at 4 weeks and 0.0875 ± 0.0126 at 8 weeks, also displaying a
statistically significant difference compared to the other groups (p > 0.05).
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3.2. Histological Observation

The four experimental groups shared a common pattern of new bone formation,
observed primarily at the edges of the critical-size bone defect. In all groups, connective
tissue rich in fibroblasts and oriented collagen fibers was noted connecting the defect
margins. The photomicrographs revealed the presence of bone bridges near the defect
edges in some cases, particularly after 8 weeks. This centripetal progression of bone
formation was consistent across all groups, as shown in the Figure 9.

 

Figure 9. Photomicrographs at 4 and 8 weeks of repair at 16x magnification. NC (negative control
group). PC (positive control group). NT (negative test group). PT (positive test group). Alizarin red
and Stevenel’s blue.

The negative control group exhibited bone formation primarily at the edges of the
defect. Bone bridges were observed in some sections at 8 weeks. The negative test group
similarly showed bone formation confined to the defect margins, with connective tissue
connecting the edges. In the negative test group, the membrane remained intact throughout
the evaluation periods, with no signs of resorption noted in the histological sections, as
shown in the Figure 10.

In the positive control group, newly formed bone surrounded the remaining xenograft
granules at both time points, with a reduction in the number of particles observed after
8 weeks. The particulate graft covered the entire defect surface at 4 weeks and was asso-
ciated with connective tissue containing inflammatory cells. The positive test group also
displayed graft particles across the defect, with fewer remaining at 8 weeks. The connective
tissue in this group was rich in fibroblasts, and the membrane used remained intact during
the observation period, though some photomicrographs suggested possible membrane
displacement, as shown in the Figure 11.
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4. Discussion
This study aimed to evaluate the osteogenic potential, structural integrity, and

biodegradability of a novel 3D printed resin membrane based on soybean oil for guided
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bone regeneration (GBR). We emphasize the critical role of adequate bone volume in the
long-term survival of implants and the necessity of an approach that combines the ad-
vantages of both resorbable and non-resorbable membranes in GBR procedures to meet
these demands.

Regarding the null hypothesis of this study, which postulated that the 3D printed
soybean oil-based resin membrane would not promote significant differences in bone regen-
eration compared to the control conditions, the results indicate that the null hypothesis was
rejected. The use of the 3D membrane demonstrated a significant increase in bone volume
and superior bone formation outcomes compared to the control groups. Furthermore,
the histological analysis revealed a favorable regenerative response, corroborating the
osteogenic potential of the membrane and validating its applicability in GBR procedures.

Different types of membranes are employed to address the specific needs of bone
defects, whether vertical or horizontal [25,26]. To assess the efficacy of these materials and
techniques, preclinical experimental models are essential, particularly critical-size defects
in the calvaria of animals [27]. These defects have minimum dimensions that prevent
spontaneous bone regeneration throughout the animal’s lifetime [28]. Although the exact
size remains debated, studies suggest diameters ranging from 4 mm to 8 mm [29]. In
this study, a 7 mm defect was chosen based on previous research within this reference
range [24].

In GBR, the use of bone substitute materials, such as autogenous, allogeneic, and xeno-
geneic grafts, is fundamental in creating a matrix that supports cellular colonization and
mesenchymal cell differentiation into osteoblasts, thereby promoting bone formation [30].
Xenogeneic grafts are biocompatible and possess osteoconductive properties. Among them,
GTO, the material selected for this study, stands out due to these characteristics and its
slow resorption rate, as well as its angiogenic and osteogenic potential demonstrated by
Jeanneau et al. [28]. In the present study, a comparative analysis between the NC and
the PC groups revealed greater bone volume in the PC group, which received the graft,
both at 4 weeks (0.54 ± 0.21 vs. 0.24 ± 0.13) and 8 weeks (0.62 ± 0.35 vs. 0.46 ± 0.17),
demonstrating the material’s efficacy in bone regeneration.

Favorable clinical outcomes can be achieved when bone grafts are associated with
membranes (barriers) to cover the bone defect [30]. Mechanical separation of the treated
area prevents the invasion of undesirable tissues, thereby enhancing regeneration. In
the present study, a comparison between the PC and the PT groups showed that using
the AESO-based membrane resulted in increased bone volume and new bone forma-
tion at 4 weeks (4.48% ± 1.56% vs. 5.68% ± 2.02%) and 8 weeks (4.51% ± 1.11% vs.
7.58% ± 0.79%), demonstrating its efficacy in maintaining the graft.

The combination of GTO® with the AESO-based membrane provided a favorable
level of osteoconductivity and supported bone formation. In all evaluated groups, both
microtomography and histology revealed a trend of increasing new bone formation be-
tween 4 and 8 weeks, accompanied by a decrease in residual graft material, indicating its
resorption potential.

The histological images of the AESO-based membrane, compared to traditional col-
lagen membranes, revealed significant advantages, particularly in terms of resorption
rate. Experimental studies have shown that lyophilized porcine collagen membranes from
various brands undergo rapid resorption within 30 days [29], which may compromise
their stability and limit their ability to maintain the necessary space for bone regeneration
during the healing process [31]. Although collagen membranes offer bioactive advantages,
such as low immunogenicity, attraction of reparative cells, and high vascularization, their
rapid degradation, particularly in the case of type I collagen membranes, can impair the
maintenance of the bone volume required for complete defect filling [29].
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In contrast, the 3D printed membrane developed in this study, with controlled and
prolonged absorption beyond 8 weeks, as evaluated in photomicrographs, provides durable
mechanical support, which is essential for graft stability and predictability in bone regener-
ation, resembling for these functions non-resorbable barriers such as expanded polytetraflu-
oroethylene (e-PTFE) [32]. Thus, the customized membrane not only surpasses collagen
membranes in terms of structural stability but also offers greater potential for long-term
regenerative outcomes, especially in the presence of defects requiring extended remodeling
periods, as described by Mir-Mari et al., 2017 [33].

In a comparative study investigating the use of autogenous grafts with or without
a non-resorbable rigid membrane [31], the results for the group that used a graft with a
non-resorbable membrane were similar to those in this study. Specifically, the reported
mean bone formation was 22% ± 7.9% after 45 days, compared to a mean of 5.68% ± 2.02%
at 4 weeks and 16.53% ± 6.43% at 8 weeks in this study, following a similar pattern of
centripetal bone formation.

The centripetal bone formation observed in this and other studies may be related to
the regeneration initiated at the edges of the defect, where there is a greater availability of
osteoprogenitor cells and growth factors, which are enhanced by the use of grafts and mem-
branes. This pattern also reflects the vascularization process, which progresses from the
periphery to the center of the defect. Additionally, biomaterial resorption directly influences
this dynamic, as slow-resorbing materials such as GTO act as osteoconductive scaffolds,
facilitating a gradual bone deposition. Although the biomaterial and membrane support
bone regeneration, the progression of bone formation still follows a natural biological
dynamic influenced by vascularization and cellular recruitment.

Despite the challenges associated with stabilizing dome-shaped membranes, this
configuration offers significant benefits for guided bone regeneration (GBR). Previous
studies indicate that the three-dimensional curved conformation improves space mainte-
nance, which is essential for bone formation without soft tissue invasion, while potentially
distributing mechanical forces more efficiently at the defect site, minimizing the risk of
membrane collapse [34]. The lower bone formation observed in our study may be attributed
to a key limitation: the difficulty in achieving stable fixation of the AESO-based membrane
over the bone defect. Despite its diameter exceeding that of the defect, the membrane
exhibited some degree of mobility, which may have impacted the stability of the bone
substitute and the preservation of the necessary space for effective tissue regeneration [35].

Nevertheless, the results indicate that the AESO-based membrane has promising
potential for clinical applications in maxillofacial and dental surgeries requiring guided
bone regeneration (GBR). Future studies could explore the development of a new three-
dimensional membrane configuration for cranial defect applications, leveraging the flexi-
bility offered by personalized printing to adapt to the specific needs of each defect.

5. Conclusions
This study suggests the potential of a customized 3D printed AESO-based membrane

for GBR in bone defects, offering prolonged mechanical support and controlled resorption,
addressing some limitations of traditional collagen membranes. Although bone formation
was lower, the membrane, in combination with the GTO® graft material, appeared to pro-
mote osteoconduction and progressive bone formation. After eight weeks, bone volume in
the PT group was significantly higher (1.46 ± 0.44) compared to the NC group (0.46 ± 0.17).
Similarly, the trabecular number was notably higher in the PT group (3.05 ± 0.60) compared
to the NC group (1.14 ± 0.37). However, the lack of resorption of the 3D printed membrane
may have impaired the natural bone remodeling process, suggesting that optimizing its
resorption profile is crucial for improving its effectiveness.
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The 3D printing technology may offer a promising approach for developing cus-
tomized solutions in complex bone defect treatments. Additional research is needed to
refine the resorption characteristics of the membrane and assess its long-term efficacy
and safety.
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