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Fabrication and Clinical Evaluation of a Novel 3D printed
Hydroxyapatite/Polycaprolactone Composite (Novel 3DP HA/
PCL) for Maxillary Sinus Augmentation: A Preliminary Study
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Abstract

Objective: To fabricate a 3DP hydroxyapatite/polycaprolactone composite graft material and
assess its clinical efficacy in maxillary sinus augmentation through a preliminary assessment of
bone density changes over a one-year period, compared to deproteinized bovine bone mineral graft.

Methods: A 3DP hydroxyapatite/polycaprolactone (HA/PCL) composite was fabricated using
3D printing of calcium sulfate-based material, followed by phase transformation and PCL infiltration.
The composite was characterized through SEM, XRD, micro-CT, and compression testing. In a clinical
study, 3DP HA/PCL composite material was compared with deproteinized bovine bone graft in
sinus augmentation procedures. Cone-beam computed tomography (CBCT) was used to measure
bone density at baseline, 6 months, and 1-year post-operation.

Results: SEM and micro-CT analyses revealed that the 3DP HA/PCL composite exhibited a
highly porous, three-dimensional architecture with HA crystals combined with PCL. The microstructure
was characterized by a mixture of spherical and irregular-shaped particles with 60.67% porosity.
Compression testing demonstrated that the 3DP HA/PCL composite granules had a compressive
load resistance of 7.55 * 1.71 N. The calculated compressive strength of the granule was
approximately 2.4 MPa. CBCT analysis of bone density changes revealed distinct patterns between
the two groups. Significant differences in graft bone density were observed in the control group
at all time points (P < 0.05) , while the 3DP HA/PCL group demonstrated no significant changes
(P < 0.3831). However, between 6 months to 1 year, the 3DP HA/PCL group exhibited an increased
bone density gain trend similar to the rate observed in the xenograft group. At 1 year, the increase
in bone density from T1 to T3 was significant in both the control and test groups., These findings
indicate that while 3DP HA/PCL grafts initially increase bone density more slowly than xenografts,
they demonstrate a more pronounced gain in the later phase compared to the early phase.

Conclusion: Based on the promising preliminary results from the sinus augmentation study,
3DP HA/PCL composite demonstrates potential as an alternative bone graft material to deproteinized
bovine bone mineral.
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Introduction

Dental implants have emerged as an
effective treatment for patients with partial or
complete edentulism. However, tooth loss
triggers both horizontal and vertical bone
resorption. The alveolar ridge volume decreases
by 25% within the first year post-extraction,
while its width diminishes by 40-60% over the
initial three years (1,2). This significant bone loss
poses challenges for implant placement, often
necessitating bone augmentation procedures.
The posterior maxilla, particularly in the premolar-
molar region, presents unique challenges for dental
implant placement. This area is characterized by
low bone density, typically classified as D3-D4
type (150-850 Hounsfield Units) according to
Misch’s 1988 classification (3). Such bone quality
features thin porous cortical bone and fine
trabeculae, which can compromise implant
stability. Furthermore, the natural pneumatization
of the maxillary sinus often results in limited
vertical bone height, further complicating implant
procedures in this region. To address insufficient
bone volume in the posterior atrophic maxilla,
various surgical techniques have been developed
for maxillary sinus augmentation. Lateral sinus
augmentation is indicated when the residual
alveolar ridge height is less than 4 mm. This
technique has demonstrated superior predictability
and reliability for bone augmentation in the
posterior maxilla. Extensive literatures support
its efficacy and long-term success in preparing
sites for dental implant placement, with high
reported implant survival rates (4,5). The maxillary
sinus, however, exhibits significant anatomical
variability. Sinus septa, for instance, are present

in 25-31.7% of maxillary sinuses. Additionally,

the proximity of posterior superior alveolar
arteries to the surgical site can pose challenges.
These anatomical variations may lead to potential
complications during sinus augmentation procedures,
necessitating careful preoperative assessment
and surgical planning (6). Cone-beam computed
tomography (CBCT) analysis provides crucial
information that helps reduce complications
and optimize treatment plans for both sinus
augmentation and implant placement. This imaging
modality enables precise evaluation of anatomical
variations and vital structures, enhancing surgical
predictability and safety. Bone grafting materials
play a crucial role in maxillary sinus augmentation
procedures, significantly enhancing outcomes
compared to augmentation without grafts (7). In
the absence of bone grafts, the elevated sinus
membrane may collapse, resulting in insufficient
bone formation and compromised implant stability.
Grafting materials serve multiple functions: they
maintain the elevated space and provide a scaffold
for new bone growth.

A variety of options are available, including
autografts, allografts, xenografts, and alloplasts.
While autogenous bone is considered the gold
standard for reconstruction due to its osteogenic
properties, it is associated with a higher resorption
rate. In recent years, xenografts have gained
popularity in maxillary sinus augmentation,
particularly deproteinized bovine bone (8,9).
These materials exhibit excellent osteoconductive
properties and a slow resorption rate, effectively
maintaining space and volume until new bone
formation occurs. However, the search for ideal
grafting materials in maxillary sinus augmentation
continues, driving ongoing research and development

in this field.
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In addition to allografts and xenografts,
alloplastic or synthetic bone grafts have gained
considerable popularity in the field of bone
augmentation. These synthetic bone grafts,
derived from biomaterials, offer an alternative to
human or animal-derived products. Hydroxyapatite
(10), a key component in many alloplasts, has
been utilized in bone repair for years due to its
similarity to the inorganic component of natural
bone. As a bioceramic material, hydroxyapatite
exhibits several advantageous properties:
biocompatibility, bioactivity, non-immunogenicity,
and excellent osteoconductivity. However,
hydroxyapatite’s brittleness and limited mechanical
strength may make it unsuitable for use in load-
bearing area (11-13).

Several studies have investigated the
addition of biodegradable polymers, such as
polycaprolactone (PCL), to hydroxyapatite (HA)
to improve the mechanical properties of bone
substitute materials, resulting in HA/PCL composites.
(14,15) Polycaprolactone (PCL) exhibits exceptional
toughness and biocompatibility (16). It degrades
more slowly and has higher fracture energy
compared to other biodegradable polymers, while
producing less acidic and less toxic degradation
products (17). The 3DP HA/PCL composite leverages
the advantages of both materials. The HA component
provides osteoconductive properties to support
bone ingrowth, while the PCL phase improves
the mechanical integrity of the graft (15).

The search for optimal grafting materials
for maxillary sinus augmentation remains an active
area of research. To address this need, a 3D
printed hydroxyapatite/polycaprolactone (3DP
HA/PCL) composite material has been developed.
(18) This 3DP HA/PCL composite has undergone

both in vitro (19) and in vivo (20) testing to
assess its biofunction, biosafety, and biocompatibility.

This study has two primary objectives, to
comprehensively characterize the 3DP HA/PCL
composite material and to evaluate its clinical
efficacy in maxillary sinus augmentation compared
to the widely used deproteinized bovine bone
mineral (DBBM) graft. This comparison will be
conducted through a preliminary assessment of
bone density changes over a one-year period,
providing insights into the material’s performance

in a clinical setting.

Materials and Methods

The National Metal and Materials Technology
Center (MTEC) manufactured a custom 3DP HA/
PCL granules using a low-temperature technique
(21) with the advantage of the bioresorption ability
of HA, allowing for simultaneous bone formation
(22,23) and enhancing the mechanical property
by infiltration with the biodegradable synthetic
polymer (15,21).

These 3DP HA/PCL granules were fabricated
through a multi-step process. Initially, a powder-
based binder jetting three-dimensional printing
machine (Projet160, 3D Systems, USA) was used
to fabricate structures using calcium sulfate-
based powder (Visijet PXL core, 3D Systems,
USA). These three dimensional printed specimens
then underwent a phase transformation to 3D
printed hydroxyapatite (3DP HA) by soaking
in 1 M disodium hydrogen phosphate solution
(Sigma Aldrich, USA) at 100°C for 48 hours.
Following this transformation, the specimens
were thoroughly cleaned overnight in deionized
water and subsequently dried at 80°C for 4

hours.
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To produce the final 3DP HA/PCL
composite, the 3DP HA structures were impregnated
with polycaprolactone. This was achieved by
soaking the 3DP HA in a 50% w/w solution of
polycaprolactone (Sigma Aldrich, Mn~10,000) in
N-methylpyrrolidone (TSquare Synergy (Thailand)
Co., Ltd, Thailand) at 50°C for 15 minutes.

The infiltrated samples were then transferred
into the bottle which contained a 9:1 ratio of
N-methylpyrrolidone and deionized water and the
bottle was shaken continuously for 45 seconds.
The specimens were taken out, cleaned in
deionized water for 24 hours and dried at room
temperature for 48 hours. Then packed in the
glass vial and sterilizable pouch and sterilized by

ethylene oxide gas. (Figure 1)

FABRICATION PROCESS

Calcium sulfate

Grain size : 2 mm

3D printing machine
(Projet160, 3D systems, USA)

solution

3DP HA

.@ ‘. e
Cylindrical specimens l

Soaked in disodium
hydrogen phosphate

3DP HA/PCL

3DP HA

Cleaned and dried
Packed and sterilized
(Ethylene oxide gas)

Cleaned and dried

Soaking in 50%
w/w solution of
polycaprolactone

Fig.1 Schematic of the fabrication process for 3D printed hydroxyapatite/polycaprolactone

(3DP HA/PCL) composite material. The process begins with the generation of hydroxyapatite

(HA) particles, which are then soaked in a polycaprolactone (PCL) solution.

Characterization of the 3DP HA/PCL composite
material

The physicochemical properties of the 3DP
HA/PCL composite material were comprehensively
characterized using a multi-modal approach. X-ray
powder diffraction (XRD) analysis was performed
using a TTRAX Il (Rigaku, USA) with Cu source
Ka line focused radiation (A = 0.15406 nm)
operating at 300 mA and 50 kV to elucidate the
crystalline structure of the composite. Surface
topography was examined using scanning
electron microscopy (SEM) with a JCM 6000
(JEOL, Tokyo, Japan). This technique provided
high-resolution images of the material’s surface

features and morphology.

To obtain a three-dimensional representation
of the composite’s internal structure, microCT
scanning was employed using a Skyscan 1275
system (Bruker micro-CT, Kontich, Belgium). The
accompanying Skyscan 1275 control software
was utilized for image acquisition and subsequent
3D data analysis. This non-destructive imaging
technique allowed for detailed visualization
and quantification of the material’s spatial
characteristics.

Compression load resistance of individual
granules was performed by using a universal
testing machine (Instron 55R4502, Instron, USA)

at the crosshead speed of 1 mm/min at 23 + 2°C
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and 50 £5 % RH. The maximum load before
breakage was recorded and ten replicates were

done.

Clinical study

This preliminary study was a prospective
single-blinded randomized controlled clinical trial
to evaluate the clinical efficacy of the 3DP HA/PCL
composite material (Test group: 2.0 mm, MTEC,
NSTDA, Thailand) compared to commercial xenograft
(Control group: Straumann® Xenograft, 1.0-2.0 mm,
Institut Straumann AG, Switzerland) for maxillary
sinus augmentation. The study follows CONSORT
and Helsinki guidelines, was approved by Thammasat
University’s Human Research Ethics Committee
(COA number 053/2564), and registered on the
Thai Clinical Trials Registry (TCTR20210622003)

This study enrolled 22 patients with
24 maxillary sinuses requiring lateral sinus
augmentation for 1-2 dental implants, with
residual alveolar bone height = 4 mm in upper
premolar-molar area, observed on CBCT image.
Patients were aged 18-70 years and classified as
ASA 1-2. All participants understood the protocols
and signed informed consent before enroliment.
None had a history of allergy or hypersensitivity
to study materials or previous sinus pathology.
Exclusion criteria included smoking over 10
cigarettes per day, medical conditions affecting
bone and soft tissue healing (e.g., bone disease,
osteoporosis, uncontrolled diabetes), and inability
to take impressions (both conventional and
digital) or CBCT. Sample size is calculated from
the equation considering a 20% drop out rate.
(24) The randomization and allocation are assigned
to the control/test group by a sequentially
numbered, sealed envelope protocol. The surgeon

opened the sealed envelope before graft placement.

Surgical Procedure

All procedures were performed under local
anesthesia using 4% articaine with epinephrine
1:100,000. A mucoperiosteal trapezoidal flap was
raised, initiated by a crestal incision followed by
two vertical releasing incisions. The flap was
gently elevated from the native bone tissue to
allow complete visualization of the defect and
surrounding bone. Osteotomies on the lateral
wall of the maxillary sinuses were performed
using the DASK kit (Dentium, Korea). Subsequently,
the sinus membrane was elevated, and bone
grafting material was packed at the base of the
sinus according to the allocated group. Valsalva
maneuvers were conducted throughout all stages
of sinus floor elevation to ensure membrane
integrity.

Following graft placement, the lateral
window access was covered with a resorbable
collagen membrane (Lyoplant®, Aesculap, USA).
Wound closure was achieved using VICRYL®
4-0 and Nylon ETHILON® 5-0 sutures.

Radiographic protocol

Cone-beam computed tomography (CBCT)
imaging was performed with a 3D Accuitomo
170 scanner (J. Morita Manufacturing Corp) and
taken immediately after maxillary sinus augmentation
(T1), 6 months after maxillary sinus augmentation
and before implant placement (T2) and 1 year
after maxillary sinus augmentation and after
prosthesis loading (T3). CBCT images were
processed in DICOM file and three-dimensionally
(3-D) reconstructed using software (i-Dixel One
Volume Viewer, version 2.8.0, J. Morita Manufacturing

Corp.) to evaluate bone density.
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Clinical and radiographic evaluation

All patients were evaluated by a single
examiner one day after sinus augmentation
surgery, followed by a two-week post-operative
check-up. Subsequently, regular follow-up
examinations were conducted at three, six, and
twelve months post-surgery to monitor healing
progress and assess long-term outcomes.

Bone density, expressed in Hounsfield
Units (HU), was measured using the initial floor
of maxillary sinus prior to augmentation as a
baseline reference. Measurements were taken at
two vertical levels: 3 mm and 5 mm superior to
this baseline, along the implant axis. At each

level, four measurement points were established

around the implant, resulting in a total of eight
measurement points. These points were determined
by extending horizontal lines perpendicular to
the implant axis, 3 mm to each side.

The measurement points were designated
as follows:

e At 3 mm above baseline: HUgs (buccal),
HU,,; (palatal), HU,,, (mesial), HU, (distal)

e At 5 mm above baseline: HUgs (buccal),
HU,,5 (palatal), HU,,; (mesial), HUps (distal)

Radiographic assessments were performed
at three time points (T1, T2, T3) for each patient
(Figure 2). The mean values of these measurements

(HUAv) were used for statistical analysis.

HUps
a@

HUp: ®

Fig.2 Quantitative analysis of grafted bone density using CBCT data. (A) Bucco-palatal view:

This image shows the measurement points for grafted bone density at the buccal and palatal

aspects. Measurements were taken at level 3 mm (HUB3, HUPa3) and 5 mm (HUB5, HUPa5)

superior to the initial floor of the maxillary sinus (iFoM). The iFoM represents the baseline

sinus floor position at TO, prior to augmentation. (B) Mesio-distal view: This image

demonstrates the measurement points for grafted bone density at the mesial and distal

aspects. Similarly, measurements were taken at level 3 mm (HUM3, HUD3) and 5 mm

(HUMb5, HUDS5) superior to the initial floor of the maxillary sinus.
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Statistical Analysis

All data were analyzed using descriptive
statistics with GraphPad Prism 10.2.2. The
significance level was set at d = 0.05. Results are
presented as mean * standard deviation (SD).
Given the normal distribution of data, unpaired
t-tests were used to compare mean bone density
at each time point (T1, T2, T3) between test
and control groups. Changes in mean grafted
bone density over time within each group were

assessed using ANOVA.

Results
Characterizations of 3DP HA/PCL composite
X-ray diffraction (XRD) analysis confirmed
the successful incorporation of polycaprolactone
(PCL) into the hydroxyapatite (HA) to produce
3DP HA/PCL composite (Figure 3A). The XRD
pattern exhibited a combination of characteristic
peaks for both PCL and HA. Distinctive PCL
peaks were observed at 20 values of 15.3°,
21.4°, and 23.8°. Concurrently, the presence
of HA was evidenced by peaks at 28 values
of 25.8°, 31.6°, 32.14°, 32.8°, and 34.01°. This
composite diffraction pattern demonstrates the
coexistence of both materials within the fabricated
composite, validating the effectiveness of the

impregnation process.

Scanning electron microscope (SEM)
image displays the microstructure of 3DP HA/PCL
composite bone graft material at 50x, 100x
and 500x magnification (Figures 3C,3D,3E). The
micrograph reveals a complex, three-dimensional
architecture composed of particles varying in
size and morphology in which the HA crystals
were coated or infiltrated with PCL. Particles
range from sub-micron to several micrometers in
diameter, exhibiting both spherical and irregular
shapes. This heterogeneous particle distribution
creates a highly porous structure with intercon-
nected spaces, crucial for cellular infiltration and
vascularization in bone regeneration processes.

Mechanical properties : The compressive
load resistance of the 3DP HA/PCL composite
granules was 7.55 + 1.71 N. The cross-sectional
area at the largest diametral area was considered,
the calculated compressive strength of the granule
was approximately 2.4 MPa.

MicroCT analysis : The microtomographic
reconstructed image is shown in figure 3B followed
by microCT structural analysis values in table 1.
The pore structure of a 3DP HA/PCL composite
revealed good interconnectivity from the top to
bottom of the construct with total porosity of
60.67%.
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Fig.3 Characteristics of 3DP HA/PCL composite (A) XRD pattern showing characteristic peaks
of both PCL and HA, confirming successful composite formation. (B) MicroCT 3D reconstructed
images revealing scaffold microstructure and porosity distribution. (C-E) SEM micrographs at
50x, 100x, and 500x magnifications (scale bars: 500 ym, 200 ym, 50 pum) displaying scaffold

surface topography and pore network.

Table 1. MicroCT structure analysis of the 3DP HA/PCL composite.

Description Abbreviation Value Unit
Structure thickness St.Th 0.083 mm
Structure separation St.Sp 0.102 mm
Number of objects Obj N 47
Number of closed pores Po.N(cl) 4
Volume of closed pores Po.V(cl) 0.00008 mm3
Surface of closed pores Po.S(cl) 0.015 mm?2
Closed porosity Po 0.048 %
Open porosity Po(op) 60.652 %
Total volume of pore space Po.V(tot) 0.276 mms3
Total porosity Po(tot) 60.67 %
Connectivity Conn 118
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Clinical evaluation:

Nineteen patients (21 maxillary sinuses)
were included in this study from December 2022
to January 2024, with three patients (3 maxillary
sinuses) being terminated due to lost to follow-up.
Patients were randomized into control (n = 10)

and test (n = 11) groups (Table 2). All patients

showed normal soft tissue and bone healing
without complications such as pain, inflammation,
infection, sinusitis, or other maxillary sinus
pathologies throughout the follow-up period.
The dental implant was successfully placed in

all cases.

Table 2. Patients Demographic data and Complication.

Control group Test group
Xenograft(10) 3DP HAPCL(11) Total (n = 21)
Age 59 + 8.756 52.36 +14.22 55.52 + 12.13
Gender
Male 6(54.55) 9(42.86)
Female 5(45.45) 12(57.14)
Tooth type
Premolar 2(18.19) 2(9.52)
Molar 10(100) 9(81.81) 19(90.48)
Complication
Membrane perforation 1(9.09) 2(9.52)

No significant difference in mean Hounsfield
Units (HU) was observed between the control and
test groups immediately after sinus augmentation
(T1) (1059 = 104.9 HU vs. 978.1 + 118.8 HU,
p = 0.1155). However, significant differences
emerged at 6 months (T2) and 12 months (T3)
post-augmentation. The control group showed mean
HU values of 1303 + 213 at T2 and 1523 + 265.7
at T3, while the test group had 1048 + 130.5 at
T2 and 1184 + 121.6 at T3. (Table 3)

Significant differences of graft bone density
in the control group across all time points (T1,
T2, T3) were seen (p < 0.05). In contrast, the
test group showed significant differences only
between T1 and T3 (p < 0.0009) and between
T2 and T3 (p < 0.0324). The percentage analysis
of grafted bone density showed increasing values
overtime for both control and test groups. The
percentage differences between consecutive
time points (T1-T2, T2-T3) and overall change
(T1-T3) are shown in Table 4
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Table 3. Mean grafted bone density between the control and test groups at different time points.

Control Group Test Group P value

(Xenograft) (3DP HA/PCL)
T 1059 + 104.920¢ 978.1 + 118.8%¢ 0.1155
T2 1303 + 213.820¢ 1048 + 130.5P¢ 0.0035*
T3 1523 + 265.720¢ 1184 + 121.6%@ 0.0011*

Note: Mean(HU) * standard deviation values

Abbreviations:

Xenograft (Straumann  xenograft)

3DP HA/PCL (polycaprolactone impregnated 3D printed hydroxyapatite)

T1 (CBCT at immediate sinus augmentation), T2 (CBCT 6 months after sinus augmentation),
T3 (CBCT 12 months after sinus augmentation)

*p-values (statistically significant at the level of p < 0.05) with unpaired t-test for differences

in HU values at each timepoint between Xenograft and 3DP HA/PCL groups.

abc p-values (statistically significant at the level of p < 0.05) with ANOVA for differences

within each group between T1, T2 and T3.

Table 4. Percentage increase of grafted bone density overtime between the control and test

groups at different time points.

Control Group Test Group
(Xenograft) (3DP HA/PCL)
T1-2% 23% 7%
T2-3% 17% 13%
T1-3% 44% 21%

Abbreviations:

T1-2% Percentage increase of early grafted bone density changes

T2-3% Percentage increase of late grafted bone density changes

T1-3% Percentage increase of overall grafted bone density changes
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Discussion

Recently, advancements in 3D printing
technology combined with low-temperature
phase transformation techniques have led to
the development of 3DP hydroxyapatite (3DP
HA) bone substitutes. These substitutes exhibit
unique properties such as nanostructure, low
crystallinity, resorbability, and high wicking ability,
contrasting with the typically high-temperature
sintered HA (21,25,26). Preclinical and clinical
studies have demonstrated promising results for
using this 3DP HA as a bone graft in socket
preservation and bone block grafts for implant
sites. (27,28) However, the mechanical strength
of 3DP HA remains relatively low, potentially
limiting its ability to withstand stress in certain
applications. This limitation is associated with
its high porosity due to calcium phosphate
crystal precipitation during processing, which
may present handling challenges in specific
procedures (21,25,26). To address this drawback,
a polycaprolactone (PCL) infiltrated 3DP HA
composite (HA/PCL) was developed to enhance
the toughness and strength of the material while
maintaining its biocompatibility and bioactivity
(18). PCL, a biodegradable polyester, was chosen
as the infiltrant phase due to its favorable mechanical
properties, degradability, and long history of use
in implants. PCL initially provides structural
integrity, which subsequently degrades to offer the
porous architecture necessary for tissue ingrowth.

In this study, 3DP HA/PCL composite
granules were prepared using modified and
proprietary techniques to form spherical granules
approximately 2 mm in diameter, suitable for
use as a bone graft for maxillary augmentation.
Compared to the previously investigated large
rectangular bars (19), the 3DP HA/PCL composite

granules similarly exhibited a highly porous
structure with interconnected spaces crucial for
cellular infiltration and vascularization in bone
regeneration processes, as evidenced by SEM
images and micro-CT analysis. The microstructure
comprises a three-dimensional architecture of
HA crystals with varying sizes and morphologies,
infiltrated or coated by PCL, yet retaining numerous
micropores. The compressive load resistance
of the 3DP HA/PCL composite granules was
7.55 £ 1.71 N. Due to the spherical shape of the
granule, it was not straightforward to calculate
the compressive strength. However, if the cross-
sectional area at the largest diametral area was
considered, the calculated compressive strength
of the granule was approximately 2.4 MPa, which
is about seven times greater than that of 3D
HA granules alone. The compressive strength of
cortical bone ranges from 100-230 MPa, while
that of trabecular bone ranges from 2-12 MPa
(29). The mechanical properties of 3DP HA/PCL
composite granules are thus comparable to
those of trabecular bone. Several studies have
shown that the primary function of scaffolds is to
act as structural templates that provide suitable
substrates for cell proliferation, differentiation,
and attachment, leading to new tissue formation.
These processes depend on factors such as
porosity, pore size, geometry, and interconnectivity.
High porosity and large pores enhance bone
ingrowth and osseointegration of the implant
after surgery (30). Although the pore size of
3DP HA/PCL composite granules was not large,
previous clinical studies have demonstrated
that 3DP HA granules with small pore sizes can
support bone regeneration through its highly
porous structure and resorbability, which generate

the necessary spaces for cells and bone ingrowth
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during the bone healing process (26,27). It was
anticipated that 3DP HA/PCL composite granules
could also support bone regeneration by a similar
mechanism, but can resist greater load during
handling.

Bone density in dentistry is measured
using CBCT images and expressed in Hounsfield
Units (HU). This assessment of bone quality,
crucial for predicting implant stability and prognosis,
is typically categorized using Misch’s classification
(1988) into four groups: D1, D2, D3, and D4. This
system aids clinicians in treatment planning and
evaluating potential implant sites (3).

In this study, the initial mean Hounsfield
Units (HU) at T1 for Xenograft and 3DP HA/PCL
were 1059 + 104.9 and 978.1 + 118.8, respectively,
showing no significant difference. These values
are comparable to D2 bone density in Misch
classification (5), indicating that both materials
provide a suitable initial scaffold for bone
regeneration in sinus augmentation procedures.
However, significant differences emerged at 6
months (T2) and 12 months (T3) post-augmentation.
The Xenograft group showed higher mean HU
values (T2: 1303 + 213.8, T3: 1523 + 265.7)
compared to the 3DP HA/PCL group (T2: 1048
+ 130.5, T3: 1184 + 121.6). This divergence
in bone density over time suggests different
patterns of bone maturation and remodeling
between the two materials. The Xenograft group
demonstrated a progression from D2 to D1
bone density, indicating a rapid and robust bone
formation process. This improvement in bone
quality could be attributed to the osteoconductive
properties of xenografts and their ability to
integrate well with host bone. In contrast, The

3DP HA/PCL composite showed a slower,

statistically non-significant increase in bone density
from the T1 to T2 timepoints. However, it then
exhibited a statistically significant accelerated
rate of bone density gain between the T2 and
T3 timepoints. This acceleration in bone density
growth during the T2 to T3 period, while not
matching the exact rate observed in the xenograft
group, followed a similar overall trend of increased
bone density during that time interval.

The findings were converted to percentages
to facilitate a more comprehensive understanding
of the results, By T3 revealed that the control
group demonstrated a 44% increase in grafted
bone density, compared to only 21% in the test
group, suggesting superior bone formation with
xenograft materials. These findings suggest that
the bone healing and remodeling processes differ
between Xenograft and 3DP HA/PCL materials.
The Xenograft group’s steady progression might
be attributed to the osteoconductive properties
of xenografts and their ability to integrate well
with host bone (31). On the other hand, the 3DP
HA/PCL group’s accelerated late-phase density
gain could be related to the unique properties
of the 3DP HA/PCL composite fabricated from
low-temperature phase transformation (24),
including its biodegradation and interaction with
surrounding tissues. Similar to previous study
(27) that showed a healing index increased over
time at 2 weeks, 1, 2, 3, and 6 months after block-
graft with customized 3DP nanohydroxyapatite
on implant site.

This is a preliminary report of the clinical
evaluation of 3DP HA/PCL composite for maxillary
sinus augmentation. Future analyses and reports
should focus on correlating these bone density

changes with clinical outcomes such as implant
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stability, osseointegration, and long-term success
rates. While bone density measurements indicated
differences between groups, these results should
be interpreted with caution as they cannot
differentiate between new bone formation and
residual graft materials. In contrast, histomorphometric
analysis provides direct microscopic evidence of
bone formation and is therefore more reliable for

evaluating true osteogenic outcomes.

Conclusion

3DP HA/PCL composite demonstrates
potential as an alternative bone graft material to
deproteinized bovine bone mineral. While both
deproteinized bovine bone mineral and 3DP HA/
PCL composite materials demonstrate effectiveness
in sinus augmentation but xenograft shows higher
bone density results. However, their distinct
patterns of bone density progression offer unique
advantages. The choice between these materials
should be based on a comprehensive consideration
of the clinical scenario, patient factors, and desired

timeline for implant placement.
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