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Abstract: The development of bioactive materials for 3D printing has faced significant challenges, particularly in
achieving compatibility between organic polymer matrices and inorganic fillers, which is critical for structural
stability and biological applications. In this study, a photopolymerizable composite resin based on polycaprolactone
methacrylate (PCLMA) was developed, incorporating functionalized hydroxyapatite (HAp-Si) to enhance the
phase affinity between the polymer matrix and the inorganic filler. This approach addresses the bottleneck of poor
dispersion and weakR interfacial interactions commonly reported in the literature for similar systems. Hydroxyapatite
was functionalized with 3-aminopropyltrimethoxysilane (APTES), as confirmed by X-ray Diffraction (XRD) and
Fourier Transform Infrared Spectroscopy (FTIR), while polycaprolactone diol (PCLdiol) was successfully modified
into PCLMA, introducing methacrylate groups and increasing the number-average molecular weight (Mn), also
confirmed by FTIR. Scanning Electron Microscopy (SEM) revealed well-dispersed HAp-Si particles, highlighting the
improved compatibility and distribution achieved through functionalization. The developed resin exhibited excellent
dimensional fidelity during 3D printing of cylindrical samples measuring 6.35 x 12.70 mm. These findings suggest
that PCLMA-based composite resins hold promise for advanced vat photopolymerization applications, particularly in
tissue engineering and bioactive implant development.

IKeywords: Poly(e-caprolactone) methacrylate. Functionalized hydroxyapatite. Composite resin. Vat photopolymeri-
zation. 3D printing
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Introduction

Among several 3D printing approaches, vat pho-
topolymerization stands out as one of the most
precise processes within Additive Manufacturing
(AM). This technique enables the production of so-
lid prototypes or end-use objects with high resolu-
tion, surface quality, and intricate geometries, using
layer heights as fine as 15 to 50 pm. Vat photopoly-
merization involves curing a photosensitive liquid
resin—typically composed of functionalized mono-
mers or oligomers—using a light source in the UV/
Vis range (350 to 430 nm), converting the resin into
a solid polymer layer by layer (-3

The properties and performance of printed ob-
jects are directly linked to the composition of the
resin. These resins must meet specific physicoche-
mical and mechanical criteria, such as appropriate
viscosity for smooth layer deposition, low shrinkage
during curing to ensure dimensional stability, and
mechanical robustness to withstand the intended
application. The fraction of each component, inclu-
ding fillers, significantly influences these properties.
Resins used for vat photopolymerization typically
consist of monomeric or oligomeric materials—ei-
ther natural or synthetic—combined with a photoi-
nitiator. They may also include solvents, fillers, ligh-
t-absorbing dyes, and curing inhibitors to optimize
their functionality and achieve the desired perfor-
mance characteristics?.

The molar mass of a polymer directly influences
the printing process, as polymers are frequently
functionalized through acrylation or methacrylation
of their chains. Typically, a higher degree of cross-
linking is achieved with shorter chain lengths, whe-
reas longer chains can lead to reduced crosslinRing.
On one hand, highly dense crosslinked networRs
enhance print resolution. On the other hand, an in-
creased molar mass raises the viscosity of the resin,
causing difficulties in the 3D printing process. This
often necessitates elevated temperatures in the vat
or the incorporation of organic solvents, which can
introduce challenges such as toxicity, difficulties in
complete removal, and contraction of the printed
models®°).

The polymer/bioceramic composite enhances the
properties of both phases and emerges as a promi-
sing new material. The effective incorporation of the
filler into the polymeric matrix has been the focus of
extensive research on composites'?). Several studies
in the literature investigate the mixture of poly(e-ca-
prolactone) (PCL) and hydroxyapatite (HAp), despi-
te the low phase compatibility between these mate-
rials"12 particularly when PCL is in the solid state.

PCL is a well-established synthetic polymer with
a long history of diverse applications. One of its key
advantages is its biocompatibility, characterized by
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its non-toxic, non-immunogenic nature and low in-
flammatory response. Another significant benefit is
its biodegradability. In vivo, PCL undergoes hydroly-
tic degradation, producing metabolites such as 6-hy-
droxyhexanoic acid, CO,, and H,0O, which are easily
eliminated via the respiratory and urinary systems. Its
degradation rate ranges from 2 to 4 years, making it
a highly promising material for 3D-printed scaffolds.
Additionally, PCL is notable for its favorable mechani-
cal properties, ease of processing, and compatibility
with other polymeric and ceramic materials('>-'9),

Hydroxyapatite (HAp) is classified as a calcium
phosphate bioceramic, with a structure and functio-
nality comparable to those found in bone and dental
tissues. Due to its inherent biocompatibility and bio-
activity, HAp is widely used as an implant material
and has the property to induce osteogenic differen-
tiation(6-19),

The stoichiometry of hydroxyapatite (HAp) is com-
monly represented as Ca,(PO,),OH or, considering
its crystallographic unit cell, Ca, (PO,),(OH), corres-
ponding to a theoretical Ca/P ratio of 1.67 for stoi-
chiometric HAp. However, in practical terms, HAp
can exhibit a variable gram atom Ca/P ratio, ranging
from 1.5 (tricalcium phosphate, Ca,(PO,),) to 2.0 (te-
tracalcium phosphate, Ca,(PO,),Ca0) as observed
in calcium phosphate phase diagrams. This variabi-
lity reflects the compositional and structural changes
that can occur during synthesis or processing?-22),

This underscores the importance of improving the
affinity of the ceramic filler to the polymeric matrix
through surface modification processes, such as si-
lanization. This process involves coating a hydroxyla-
ted surface with a silane to alter its properties. For
example, 3-aminopropyltrimethoxysilane (APTES)
can be used to modify HAp by hydrolyzing the etho-
Xy groups and forming a siloxane layer on its surfa-
ce®24)_ Additionally, the aminopropyl group present
on the surface of HAp promotes interactions with
polymeric matrices when combined",

The functionalization of hydroxyapatite (HAp) is a
well-established strategy to enhance its integration
into composite materials, particularly in improving its
compatibility with polymer matrices. Among various
functionalization methods, the use of 3-aminopropyl-
trimethoxysilane (APTES) offers notable advanta-
ges. One key benefit of silanizing HAp with APTES
is the enhancement of its biocompatibility. While HAp
is inherently biocompatible, the introduction of amine
(-NH.) groups reduces its surface energy, increasing
compatibility with cellular wall proteins. This impro-
vement facilitates better cell adhesion, proliferation,
and differentiation—critical factors for tissue regene-
ration. Additionally, the formation of polysiloxanes on
the HAp surface contributes to increased hardness,
strength, and stability, further reinforcing its mecha-
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nical properties. The aminopropyl groups present on
the silanized HAp surface also promote interaction
with polymer matrices, ensuring improved dispersion
and physical integrity of the composite scaffolds.
These advantages highlight the versatility of APTES
functionalization in creating advanced materials for
biomedical applications®-2%,

The literature indicates that even at low filler con-
tent, photocurable resin systems mixed with HAp can
exhibit poor dispersion and agglomeration®®, which
is undesirable for vat photopolymerization proces-
ses. Conversely, adding filler percentages above
20% can also pose challenges, as it may affect the
performance of the 3D printing machine, particularly
if it is an LCD-type printer®”), This is especially true
unless dispersing agents or rheological processing
aids are employed, which can subsequently interfere
with optimal polymerization.

In this context, the present study developed a
composite resin for 3D printing via photopolyme-
rization. The research focused on formulating a
composite resin using poly(e-caprolactone) me-
thacrylate (PCLMA) as the matrix, incorporating ei-
ther silanized hydroxyapatite (HAp-Si) functionali-
zed with APTES or hydroxyapatite (HAp) as fillers.
Poly(e-caprolactone) (PCL) is widely recognized for
its biocompatibility, biodegradability, and suitability
for biomedical applications, particularly in tissue en-
gineering, due to its ability to support cell adhesion
and proliferation. Similarly, hydroxyapatite (HAp) is
a well-established biomaterial, Rnown for its oste-
oconductive and bioactive properties, which mimic
the mineral component of bone tissue, making it
ideal for bone regeneration applications. By combi-
ning these intrinsic properties with tailored functio-
nalization, this study aims to develop a potentially
biocompatible material that exhibits enhanced pha-
se affinity, mechanical stability, and suitability for
complex 3D-printed structures in biomedical appli-
cations.

Methodology

Synthesis of hydroxyapatite

Hydroxyapatite (HAp) was synthesized using a wet
precipitation method, maintaining a theoretical ion ra-
tio of [Ca]**/[PO,4]*” = 1.67. A solution of diammonium
hydrogen phosphate ((NH,),HPO,) (purity =99.0%,
Sigma-Aldrich, Saint Louis, United States) was slowly
added to a calcium nitrate solution (Ca(NO3),-4H,0)
(purity 299.0%, Sigma-Aldrich, Saint Louis, United
States) under constant stirring and heating at 90°C.
After the complete addition of the phosphate solution,
the pH of the reaction was kept between 10 and 11
by the controlled addition of concentrated ammonium
hydroxide (NH,OH) (purity 299.0%, Sigma-Aldrich,
Saint Louis, United States)2-39,
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The mixture was then vacuum filtered using a
Buchner funnel. The resulting solid was washed with
ultrapure water until the filtrate reached a neutral pH.
The solid was subsequently lyophilized, ground into
a powder, and sieved through a 90 ym mesh before
being stored in a desiccator.

Functionalization of HAp via silanization with
3-Aminopropyltriethoxysilane (APTES)

The silanization reaction was performed to mod-
ify the surface of the hydroxyapatite (HAp). Ap-
proximately 1 g of HAp was added to an aqueous
solution containing 40 ml of ethanol (P.A.) (purity
>96%, Exodo Cientifica, Sumaré, Brazil) and 10 mi
of distilled water, then sonicated for 2 hours at 60
°C to initiate the hydrolysis of alkRoxy groups and
to deagglomerate the particles. Subsequently, 2.21
g of 3-aminopropyltriethoxysilane (APTES) (purity
>299.0%, Sigma-Aldrich, Saint Louis, United States)
was dissolved in 50 ml of ethanol (P.A.) and stirred
for 30 minutes. This solution was then added to the
HAp mixture and stirred for an additional 3 hours.
The pH was adjusted to 9-10 with ammonium hy-
droxide (NH4OH) (purity 299.0%, Sigma-Aldrich,
Saint Louis, United States), and the reaction was
allowed to continue for another 3 hours. After filter-
ing the mixture through filter paper, the powder was
initially dried at room temperature and then cured at
130 °C to strengthen the silane coating by forming
a polysiloxane networR structure®+3-33), Figure Sl il-
lustrates this reaction.

Finally, the product was washed repeatedly un-
til the filtrate reached a neutral pH. The solid was
then lyophilized, ground into a powder, and sieved
through a 90-100 pm mesh before being stored in
a desiccator. The silanized hydroxyapatite is hereaf-
ter referred to as HAp-Si.

Vol. 6 N.2,2024
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Figure Sl - Silanization functionalization reaction of APTES on HAp Surface
Source: adapted from IKataoRa, Shiba, Tagaya, 2019(17))

Methacrylation of poly(e-caprolactone) diol

The methacrylation of poly(e-caprolactone) diol
oligomer (PCLdiol) (purity >97%, Sigma-Aldrich,
Saint Louis, United States) was achieved through a
reaction with methacrylic anhydride (MAAhR) (purity
>94.0%, Sigma-Aldrich, Saint Louis, United States),
following methods described in the literature(8,34).
Figure S2 illustrates the methacrylation reaction
scheme.

The following protocol was employed: The oligo-
mer was dissolved in dichloromethane (DCM) (pu-
rity 299.8%, Exodo Cientifica, Sumaré, Brazil) at
100% of its weight. A 30% molar excess of MAAh
and a 30% molar amount of triethylamine (TEA)

(purity 299.0%, Exodo Cientifica, Sumaré, Brazil)
per hydroxyl terminal group were added, with TEA
serving to neutralize the methacrylic acid formed
during the reaction. The methacrylation was carried
out at room temperature under a nitrogen atmo-
sphere for 24 hours. After the reaction was com-
plete, DCM, excess MAAh, TEA, and the methacryl-
ic acid formed were removed by precipitating the
methacrylated oligomer in cold isopropanol (purity
>99.0%, Exodo Cientifica, Sumaré, Brazil). The meth-
acrylated oligomer was then centrifuged, washed
with distilled water, separated, and lyophilized. The
resulting methacrylated product was identified as
poly(e-caprolactone) dimethacrylate resin (PCLMA).

HJfC’Mj]pW"mcFL’V\’DLH t }\gof\

CH,CL,
TEA
T=

o [o)
) I

25°C

Figure S2 - Methacrylation reaction of PCLdiol to modify and obtain PCLMA.
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X-ray Diffraction (XRD) of HAp and HAp-Si

XRD analysis was performed on both HAp
and HAPp-Si to identify their crystalline structures
and assess any modifications resulting from the
silanization process. The powder samples were
re-sieved to prevent agglomeration. XRD patterns
were obtained using a BRUKER APEX Il Duo
diffractometer with CulKa radiation (A = 1.5418 A) at
room temperature, over a 20 range of 10° to 70°.

Fourier Transform Infrared Spectroscopy (FTIR)

Transmission-mode FTIR was performed to
identify structural changes resulting from the
chemical modifications of both HAp and PCLdiol.
Fourier Transform Infrared (FTIR) spectroscopy
was conducted over a wavenumber range of 4000
to 400 cm™ at room temperature, using KBr in a
1:100 ratio. Data acquisition was carried out on a
Shimadzu IR Affinity 1 spectrophotometer, utilizing
32 scans and a resolution of 4 cm™.

Determination of average molar mass by Gel
Permeation Chromatography (GPC) of PCLdiol and
PCLMA

The molar mass of PCLdiol and PCLMA was
determined using gel permeation chromatography
to compare the increase in molar mass resulting
from the modification of the polymer matrix. This
technique provided values for the number-average
molar mass (Mn), weight-average molar mass (Mw),
and polydispersity (D), where B = Mw/Mn.

The analyses were conducted using a Shimadzu
chromatograph equipped with LC-20AD pumps, a
CBM-20A controller, a CTO-20A oven, and an RID-
I0A detector. The analytical conditions included
a flow rate of 1 mL/min, a temperature of 35 °C, a
duration of 50 minutes, and tetrahydrofuran (THF)
(Sigma-Aldrich, Saint Louis, United States) as the
mobile phase, with sample injection concentrations
of 10 mg/mL. The stationary phase consisted of
four Waters Styragel columns in series (HR 4E
and HR 5E) with rigid particles of poly(styrene-co-
divinylbenzene) copolymer. A standard calibration
curve was created to quantify the molar mass
as a function of elution time, using poly(methyl
methacrylate) and polystyrene standards, with
injection concentrations of 5 mg/mL.

Preparation of photocurable composites of
PCLMA and HAp-Si

PCLMA was utilized as the polymer matrix to
prepare composite samples mixed with either HAp
or HAp-Si as fillers. The materials were weighed in
the different mass proportions and sonicated for 30
minutes. Subsequently, the photoinitiator Irgacure
369 (purity >97%, Sigma-Aldrich, Saint Louis, United
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States) was added at 3 wt¥% of PCLMA and stirred
for 12 hours using a magnetic stirrer to ensure
the dispersion and homogeneity of the samples.
These mixtures were stored in amber vials, Rept
in the dark, and away from any light sources to
prevent unwanted premature polymerization. This
process resulted in a viscous liquid photocurable
resin, which serves as the input for 3D printing via
photopolymerization.

Based on these considerations, this research
prepared photocurable composites with only 10%
inorganic filler (either HAp or HAp-Si) as a first
approximation. These composites were identified
as follows: dimethacrylated PCL (PCLMA), PCLMA +
10% HAp (w/w) (PCLMAI0), and PCLMA +10% HAp-
Si (w/w) (PCLMAIQS).

Rheology of PCLMA resins and composites
PCLMAIO and PCLMAIOS

Theviscosity oftheresinsisacrucial parameterfor
ensuring good printability. Viscosity measurements
(Pa-s)were conducted as a function of shearrate (1/s)
on samples of PCLMA andits composites, PCLMAIO
and PCLMAIQS. Additionally, a commercial resin
(Anycubic/Standard Clear Resin), which is from the
same brand as the 3D LCD printer used in this study,
was included for comparison. The experiments
were performed using a TA Instruments DHR-2
rheometer with a parallel plate of 25 mm diameter
and O.5 mm spacing at 25 °C.

Scanning Electron Microscopy with Energy
Dispersive X-ray Spectroscopy (SEM-EDX) of
PCLMA and Composites PCLMAIO and PCLMAIO0OS

Scanning Electron Microscopy (SEM) analyses
with Energy Dispersive X-ray Spectroscopy
(EDX) were conducted using a JEOL JSM-7200F
microscope to verify the dispersion, morphology,
and size of the filler particles within the polymer
matrix. EDX was specifically employed to identify
the composition of the inorganic filler and confirm
the presence of HAp. The cured materials were
frozen in liquid nitrogen and then fractured. They
were subsequently affixed to the surface of metallic
stubs using carbon tape, which possesses both
adhesive and conductive properties. The stubs
containing the samples were coated with carbon to
enhance conductivity for image acquisition. Images
of the samples were obtained using a secondary
electron detector, with a potential difference of 15
RV applied for electron acceleration.

Thermogravimetric Analysis /  Derivative
Thermogravimetric Analysis (TG/DTG) of PCLMA
and composites PCLMAI10 and PCLMAI10S

This analysis was performed to confirm the

Vol. 6 N.2,2024
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addition of filler and to identify the mass value
present in each composite formulation. TG/
DTG measurements were obtained using a TA
Instruments TGA Q50 thermogravimetric analyzer,
with approximately 10 to 15 mg of sample in the
heating range from 25 to 1000 °C, at a heating rate
of 10 °C/min under a nitrogen atmosphere at a flow
rate of 50 mL/min

3D printing process by photopolymerization of
cylindrical samples

Cylindrical samples with a height (H) of 12.70
mm and a diameter (D) of 6.35 mm were prepared
in triplicates. The commercial 3D printer Anycubic
Photon Mono was utilized for the subsequent
tests in this study. The 3D printing process was
conducted through photopolymerization using the
Liquid Crystal Display (LCD) technique, employing
an LED projector with a nominal wavelength of
405 nm, a resolution of 2560 x 1620 pixels (2K; XY:
0.051 mm; Z: 0.01 mm), a nominal power of 45 W,
and a print envelope of 130 x 80 x 165 mm.

The basic printing parameters included a layer
height of 0.03 mm (30 micrometers) and a curing
time per layer of 6 seconds. Upon completion, the
printed models were washed with isopropanol, dried,
and subjected to a UV bath using the Anycubic
Wash&Cure 2.0 equipment for 1 minute to finalize
the curing of residual oligomers. An analysis of
variance (ANOVA) with TuRey'’s test (o = 0.05) was
performed using OriginLab software to evaluate
and compare the grouping of the obtained means.

Results and Discussion
X-ray Diffraction (XRD) Analysis of HAp and

HAPp-Si

The XRD diffractogram presented in Figure 1
exhibits well-defined peaRs, identifying the primary
crystalline phases of hydroxyapatite (HAp) at 26 =
25.89° (002); 28.18° (102); 28.96° (210); 31.84° (211);
32.90° (112); 34.07° (300); 35.46° (202); 39.27° (212);
and 39.80° (310). These findings corroborate those
reported in the literature(35,36).

Additionally, the results for HAp-Si indicate that
silanization did not alter the crystalline structure
of the material(30,37). This observation can be
attributed to the degree of grafting, which occurred
primarily on the surface of the inorganic particles,
as illustrated in Figure SI.

Infrared Spectroscopy by Fourier Transform (FTIR)

HAp, HAp-Si, and APTES

The FTIR spectra of HAp, HAp-Si, and APTES are
depicted in Figure 2. The functional group bands
characteristic of HAp and APTES are evident in HAp-
Si, aligning with those reported in the literature. The
bands identified in HAp correspond to -PO.* (565,
605, 875,962, and 1033 cm™) and -OH (3570 cm™). For
APTES, the prominent bands include C-N (1589 cm),
-CH>- (2930 cm™), and -NH- (3372 cm)#3839),

Although the Si-O-C (1107 cm™) and Si-O-Si (1080
cm™) bands are strong and predominant in APTES,
they were overshadowed by the -PO.*" bands of HAp
due to the lower concentration of the silane in the
material. Analysis of the HAp-Si spectrum revealed the
presence of the primary bands from both materials, as
previously mentioned. This observation suggests that
the silanization reaction of the HAp surface facilitated
by APTES has indeed occurred, a finding that will be
further corroborated by the forthcoming.

HAp-Si

HAp

26 (°)

T T T T 1

40 50 60

Figure 1- X-ray Diffraction (XRD) analysis of HAp and HAp-Si.
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962 (PO, %)
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Figure 2 - FTIR Spectra of HAp, HAp-Si, and APTES

MAAh, PCLMA, and PCLdiol

In Figure 3, the absorption band at 1635 cm™ in
the PCLMA spectrum corresponds to the vinyl group
(H2C=CH-) introduced during the methacrylation of
PCLdiol with methacrylic anhydride (MAAh). Ad-

shows a significant reduction

< 2500 (-OH)
1740 |-C=0)
= 1635 [HC=CH)

= 2829 [-CH,-§

Maah

PCLMA

PCLdiol

¥ L] 1 . L] I - 1 L
4000 3500 3000 2500 2000 1500 1000 500

A (cm™)

Figure 3 - Fourier Transform Infrared (FTIR) Spectroscopy of PCLdiol,
PCLMA, and MAAh Resin.

83 International Journal Of Advances In Medical Biotechnology - JAMB

ditionally, the hydroxyl (-OH) absorption band, ob-
served around 3500 cm™ in the PCLdiol spectrum,

in the PCLMA

spectrum due to the substitution of hydroxyl groups
during the methacrylation process?®49),
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Molar mass by gel permeation chromatography
(GPC) of PCLdiol and PCLMA Resin

The molar mass values were determined to eluci-
date the variation in the distribution of the PCLdiol
resin and its functionalized counterpart, PCLMA. The
results for the number-average molar mass (Mn),
weight-average molar mass (Mw), and polydisper-
sity (D), as determined by Gel Permeation Chroma-
tography (GPC), are presented in Table 1. The Mn of
PCLdiol was measured at 668 g/mol, aligning rea-
sonably well with the nominal value of 530 g/mol
reported by the manufacturer.

It is important to emphasize that organic synthe-
sis, particularly polymerization reactions, inherently
produces a distribution of molecular weights des-
cribed by a normal distribution curve, rather than a
single exact value. The reported Mn represents the
average of this distribution, explaining the slight de-
viation from the manufacturer's specification. For
PCLMA, the Mn increased to 826 g/mol, confirming
the successful substitution of hydrogen atoms in the
terminal hydroxyl groups with methacrylate groups.

The polydispersity index (D) for PCLMA was de-
termined to be 1.47, which is comparable to the D

Development of PCLMA/HAPp-Si composite resin...

value of 1.71 for PCLdiol. A dispersity index close to 1
reflects favorable properties such as improved uni-
formity of polymer chains, enhanced processability,
and better overall material performance. These cha-
racteristics are particularly advantageous for poly-
mers designed for advanced applications, including
additive manufacturing technologies®.

Thermogravimetric Analysis (TGA) and Differen-
tial Thermogravimetry (DTG) of PCLMA resins and
composites PCLMAIO and PCLMAI0S

Thermal analysis by TGA was employed to
characterize the thermal decomposition profile of
the PCLMA resin and its composites, PCLMAIO and
PCLMAIQS, as illustrated by the curves in Figure 4.
This analysis also aimed to estimate the inorganic
residue content to evaluate the fller proportion in
eachresin aliquot and to compare it with the intended
theoretical composition.

The residual content values provide estimates of
the inorganic filler, specifically the HAp phase, in the
PCLMAIO and PCLMAIOS composites. In all samples,
the curves exhibited a single stage of thermal
degradation commencing at temperatures above

Table 1 - Values of Number-Average Molar Mass (Mn), Weight-Average
Molar Mass (Mw), and polydispersity (D).

Sample Mn (g/mol) Mw (g/mol) b
PCLdiol 668.0 1148.0 1.71
PCLMA 826.0 1214.0 1.47
410.69 °C ~a
2 4
100 4
- T 381.62°C ko
= B0 composites S\J n
o PCLMA0S N
o ——PCLMA10 i
= 60 —— PCLMA 2
[=2] ©
= 217
= @
40 4 )
20 4 \ / ks
10.05%
\
946% g 5gn
U T T T T T 0 X I ! I ' T o T IILI 1 g T . I 4 T . 1
0 200 400 600 800 1000 0 100 200 300 400 500 600 700 800 900 1000

Temperature (°C)

Temperature (°C)

Figure 4 - TGA and DTG Curves of PCLMA Resin and Composites PCLMAIO

and PCLMAIOS
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250 °C, which corresponds to the decomposition of
the polymer matrix. A second degradation phase was
noted just above 400 °C, confirming the presence of
a binary composite with only the filler incorporated in
the PCLMA polymer matrix. The onset temperature,
indicating the estimated temperature at which
material degradation begins, was approximately
381.6 °C for all samples.

The theoretical filler values in the samples reflect
the fraction of each sample, indicating variability in
filler dispersion and homogeneity throughout the
polymer phase. The values in parentheses presented
at the end of the curves represent the residual filler
content related to the mass loss of HAp (~9.16%) and
HAPp-Si (~10.1%). The DTG curve indicates that the
maximum degradation rate occurs at approximately
410 °C for all samples. Notably, the addition of HAp
or HAp-Si did not influence the thermal degradation
rate of the polymer matrix.

Rheology of PCLMA resins and composites (PCL-

aaaaa

Viscosty (Pa.s)
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MAI10 and PCLMAIQS)

Viscosity is a critical parameter for 3D resin
printing through photopolymerization. During
printing, the resins need to continuously fill the
voids formed by the platform displacement in each
layer. Several factors influence high-resolution 3D
printing by photopolymerization. Generally, the
resin viscosity must be low enough, depending on
the molar mass of the monomer/oligomer, to allow
detachment of the cured layers from the printing
vat. It's also important for the resin to maintain
certain pseudoplasticity required for forming a
dimensionally stable 3D piece with adequate elastic-
plastic behavior“?. Otherwise, adhesive forces from
the process will cause delamination between the
cured layers of the printed object. Additionally, low
viscosity resins may allow for higher printing speeds,
which could be necessary for small dimensions or
high productivity pieces®43),

The viscosity as a function of shear rate for
PCLMA resins and the composites PCLMAIO

25°%C

e Ay i
e [PC L i
e PCLIA105
e PCLIAATD

P PCLIMA

0.00 —

T T
500 750

T
1000

shear stress (1/s)

Figure 5 - Viscosity as a function of shear rate for PCLMA resins and
PCLMAIO and PCLMAIOS composites.

and PCLMAIOS was measured at 25°C and is
presented in Figure 5. The rheological curves for
PCLdiol, PCLMA, PCLMAIO, and PCLMAIQS resins,
along with the commercial Anycubic resin at room
temperature (~25°C), demonstrate a viscous fluid
behavior. Specifically, the viscosity of PCLdiol,
PCLMA, PCLMAIO, and PCLMAIOS samples
reaches a plateau at shear rates between 500 and
1000 s, indicating that they behave as Newtonian
fluids with constant viscosity as the shear rate
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varies. At lower shear rates, ranging from O to 500
s, the samples exhibit pseudoplastic behavior,
which is essential for printing processes to ensure
good shape fidelity!“),

Scanning Electron Microscopy with Energy
Dispersive Spectroscopy (SEM-EDX) of the
composites

Scanning Electron Microscopy (SEM-EDX) was
employed to investigate the morphology of HAp

Vol. 6 N.2,2024
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and HAPp-Si fillers dispersed within the PCLMA
matrix. This analysis aimed to measure the area of
the agglomerates and individual particles, as well
as to map and chemically identify the presence of
fillers by detecting carbon (C), oxygen (O), calcium
(Ca), and phosphorus (P).

Figure 6 presents a cross-sectional view obtained
through cryogenic fracture of the cylindrical samples.
For the matrix of modified PCLMA, certain marRs are
observed on the surface of the cryogenic cut, which
could also be related to some brittleness induced by
the modification made, given that it is Rnown that
PCL is a polymer with ductile behavior. At higher
magnifications, the presence of inorganic fillers in
the composite samples PCLMAIO e PCLMAIQS is
evident, for magnifications of 200X and 1500X, the
presence of the hydroxyapatite phase is evident as
dispersed inorganic particles are observed in the
polymeric matrix. It is also evident that the fracture
propagation pattern for the PCLMAIO composite is
different, as a distinct pattern of cryogenic fracture
propagation is observed, possibly inducing a certain
brittleness to the material.

From Figure 6, itis evidentthat filleragglomerates
formed and coalesced, exhibiting different
shapes and sizes, which resulted PCLMAIO in a
heterogeneous material. However, in the PCLMAIOS
sample containing modified hydroxyapatite (HAp-
Si), the dispersion process proved to be more
effective, demonstrating good distribution of the
particles within the PCLMA polymer matrix. This
suggests a reduction in interfacial tension between
the organic and inorganic phases®), indicating

PCLMA10

PCLMA10S

100 um

200x

1Wum
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enhanced compatibility that could improve the
printability of 3D structures and possibily improve
their mechanical performance®).

Crosby and Lee (2007) assert that mixing
polymers with fillers introduces significant
complexities regarding their form. Achieving
homogeneous composites with good dispersion
and distribution remains a formidable challenge.
The addition of excess filler reduces the average
distance between particles, thereby increasing
the likelihood of collisions and the formation of
micrometer-scale aggregates. This phenomenon
can resultin a loss of the characteristic properties of
the material and an increase in its dimensions!#48),

Figure 7 presents the EDX analysis conducted
at a magnification of 6,500x, focusing on specific
points to confirm that the particles observed in the
SEM images are indeed hydroxyapatite (HAp). This
is evidenced by the detection of calcium (Ca) and
phosphorus (P) in their composition. In the case
of PCLMAIQS, the detection of silicon (Si) further
corroborates the successful functionalization of the
HAp with APTES.

The HAp used was not subjected to thermal
treatment via sintering, which typically promotes
crystalline organization and adjusts the composition
toward the stoichiometric Ca/P ratio of 1.67. Instead,
the synthesized HAp retained a less crystalline
and more amorphous structure, leading to a Ca/P
ratio of 1.79, as determined by EDX analysis. This
deviation from stoichiometry can arise from residual
amorphous calcium phosphate phases or an excess
of calcium ions incorporated during synthesis.

1500x

10 um

Figure 6 - SEM of fractured cross-section of composites with and without fillers
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Figure 7 - EDX analysis at 6500x magnification of fractured samples of PCLMA, PCLMAIO, and PCL-

MAIOS.

3D Printing process by photopolymerization

Printing tests were conducted to validate the fe-
asibility of printing solid cylindrical structures. As
shown in Figure 8, for comparative purposes, the
printing was carried out for the PCLMA resin (A)
and the composite PCLMAIQOS (B), as the composite
with HAp-Si exhibited favorable rheological beha-
vior and good morphology between the phases. It
can be observed that for a simple cylindrical geome-
try, the process of 3D structure formation demons-

trates efficiency.

The color differences observed in the samples
are notable. The PCLMA resin exhibited a translu-
cent yellow/golden hue, while the PCLMAIOS com-
posite presented an opaque, milkRy appearance,
visually confirming the dispersion of the filler (HA-
p-Si) throughout the polymer matrix. This contrast
underscores the impact of the inorganic filler on the
optical characteristics of the composite.

Figure 8 - 3D printing of cylindrical samples of a) PCLMA and b) PCLMAIOS.

Accuracy evaluation of 3D printing cylindrical
samples
3D printing resins and materials must possess
the necessary precision to match the dimensions of
the planned 3D model. The designed samples, with
a height (H) of 1270 mm and a diameter (D) of 6.35
mm, were printed and subsequently compared. The
average error (e) was calculated using Equations 2
and 349,
ep = D—d

(Eq. 2)

ey = H—h (Eq. 3)

International Journal Of Advances In Medical Biotechnology - JAMB

Where, = average diameter error (mm);
€p = average diameter error (mm);
D = 3D model diameter (mm);
d = 3D printed sample diameter;
€H = average height error (mm);

H = 3D model height (mm);
h= 3D printed sample height (mm)..

Table 2 presents the measured diameters and
heights of the compression test samples, along
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with their respective associated errors.

The results indicate effective light penetration
through the subsequent layers of all test samples.
Furthermore, the average height for each sample
was adequate for them to be categorized in the
same group (“a"”) according to ANOVA analysis.

Regarding the diameter measurements, the test

samples made from the PCLMA resin exhibited the

Development of PCLMA/HAPp-Si composite resin...

most significant deviation from the designed di-
mensions, thus belonging to group “A” in the ANO-
VA analysis. In contrast, the average diameters of
the PCLMAIOS and PCLMAIO samples were closer
to the intended 6.35 mm, placing them in group “B.”
Based on the previously observed results, dimen-
sional fidelity in printing was confirmed.

Table 2 - Average diameter and height of compression test samples and associated error.

Average Diameter

Sample ( ) e, (mm) Average Height (mm) e, (mm)
mm
-0.170 -0.022
PCLMA 6.180 + 0.045 A* 12.678 + 0.005 a*
(-2.68 %) (-0.04 %)
+0.034 -0.028
PCLMAIOS 6.384 + 0.022B 12.672 + 0.005 a
(+O0.54 %) (-0.04 %)
+0.046 -0.022
PCLMAIO 6.396 + 0.009B 12.678 + 0.014 a
(+0.72 %) (-0.11 %)

Conclusions

This study demonstrated the successful syn-
thesis of hydroxyapatite (HAp) and its functiona-
lization with APTES to form HAp-Si, as confirmed
by X-ray Diffraction (XRD) and Fourier Transform
Infrared Spectroscopy (FTIR). The efficient conver-
sion of PCLdiol into polycaprolactone methacrylate
(PCLMA) was also verified through FTIR, with the
introduction of methacrylate groups enabling pho-
topolymerization via Irgacure 369.

Scanning Electron Microscopy (SEM) revealed
dispersed HAp agglomerates, and Energy-Dispersi-
ve X-ray Spectroscopy (EDX) indicated a Ca/P ra-
tio of 1.79, slightly deviating from the stoichiometric
value due to the absence of post-sinterization tre-
atment. Functionalization improved filler dispersion
and its interaction with the polymer matrix.

Cylindrical 3D-printed PCLMA composite sam-
ples were fabricated successfully, demonstrating
the potential of PCLMA-based photopolymerizab-
le resins for advanced applications. Future studies
should further investigate mechanical properties,
biocompatibility, and the suitability of complex
structures for clinical use, particularly in tissue engi-
neering and bioactive implant development.
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