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ABSTRACT

Objective: This study aims to develop and characterize 3D-printed denture resin composites containing self-
healing polyurea formaldehyde (PUF) microcapsules (TEGDMA as the core healing agent) for arresting micro-
cracks formation and enhancing the mechanical durability of 3D-printed dentures.

Methods: The PUF microcapsules containing TEGDMA as core material were synthesized in oil-in-water emulsion
and characterized for size, surface morphology and thermal stability. 3D-printed denture base resin with 0, 5, 15,
and 25wt% content of the synthesized PUF were printed and evaluated by degree of conversion, surface
morphology, topography, surface hardness, flexural strength, fracture toughness, self-healing efficiency, and
fluorescent microscopic visualization of the microcracks’ self-healing event through the in-situ release of
rhodamine B labelled healing agent from ruptured PUF microcapsules inside the resin matrices.

Results: As compared to the control, a slight decrease was observed in the degree of conversion, surface hardness
and flexural strength of the 3D-printed denture base composite modified with the PUF microcapsules. Results
demonstrated that an increase in the microcapsule content significantly (p <0.05) enhances the fracture
toughness and self-healing efficiency. The HPLC results analysis of the experimental groups demonstrated a
controlled release profile of healing agent over time with the maximum release on day 7. The microscopic
visualization findings demonstrated the successful encapsulation and intentional triggered release of the
rhodamine B. labelled healing agent in the crack plane.

Significance: The 3D-printed denture base resin composites modified with the PUF microcapsules showed a
significant potential for microcrack self-healing and enhanced fracture toughness based on the content (wt%) of
microcapsules.

1. Introduction

prosthetic restorations, including the dentures, is the formation and
accumulation of micro-cracks due to the harsh oral environment

Additive manufacturing, also known as 3D printing or rapid proto-
typing (RP), has revolutionized the field of modern dentistry by pro-
ducing highly accurate 3D-printed restorations and prostheses [1-5].
3D-printed dentures offer significant advantages over traditional den-
tures due to the faster process with fewer fabrication stages and steps,
digitized workflow, reduced number of appointments, improved tissue
adaptation, and straightforward duplication of existing dentures [6].
However, among the main reasons for the clinical failure of resin-based

including masticatory forces and thermal stresses [7]. Therefore,
arresting cracks at micro level is of utmost importance to enhance the
mechanical longevity of resin-based prostheses.

Attempts have been made to develop dental resin composites with
improved resistance to mechanical failures and fracture through
imparting self-healing capabilities. A self-healing system is based on the
incorporation of a microencapsulated healing agent with the potential to
repair generated cracks and recover the mechanical performance to a
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certain extent [8]. The process of encapsulating solids, liquids, or
gaseous molecules in tiny, sealed capsules that may release their con-
tents at a precise and controlled rate under triggered circumstances is
known as microencapsulation [9,10]. In dentistry, self-healing micro-
capsules were mainly investigated for in-situ repair of bonding resins,
coatings, and direct restorative resin-based composites [11-13]. Re-
searchers have used either polyurea formaldehyde or silica-based mi-
crocapsules with the main healing agents being dimethacrylate based
monomers [11,14-19]. Other studies have used polyacids or water,
loaded to the core of the microcapsules, as healing agents [20]. While
self-healing strategies have been extensively explored for direct
resin-based dental restorative composites, their application in 3D prin-
ted dental prostheses has remained underexplored. Self-healing strate-
gies could enhance the mechanical durability and consequently the
clinical lifespan of 3D-printed dental resin-based composites restora-
tions and/or prothesis, such as dentures, through imparting an in-situ
auto repairing mechanism for minor cracks during clinical service.

The aim of this laboratory study was to develop and characterize 3D-
printed resin composites containing self-healing polyurea formaldehyde
(PUF) microcapsules for arresting microcracks formation and enhancing
the mechanical durability of 3D-printed dentures through imparting an
in-situ self-healing mechanism. The first objective was to synthesize and
characterize polyurea formaldehyde (PUF) microcapsules filled with a
triethylene glycol dimethacrylate (TEGDMA) base resin and 1 % N,N-bis
(2-hydroxyethyl)-p-toluidine (DHEPT) through in-situ polymerization
technology. The second objective was to formulate and characterize
dimethacrylate-based 3D-printed resin composites modified with vary-
ing weight contents of the self-healing PUF microcapsules. The modified
experimental 3D-printed composites were characterized for their sur-
face morphology, topography, hardness, flexural strength, fracture
toughness, and self-healing efficiency. The third objective was to study
the self-healing process by characterizing the healing agent release from
the 3D-printed composites. In addition, to microscopically visualizing
the microcracks’ self-healing event through the in-situ release of the
rhodamine B labelled healing agent from the ruptured PUF microcap-
sules inside the resin matrices. The null hypotheses were 3D-printed
denture base composites modified with the self-healing PUF microcap-
sules exhibit no significant improvement in mechanical properties and
self-healing potential compared to the unmodified conventional 3D-
printed denture base resin alternative.

2. Materials and methods

All chemicals and precursors used in this study were of analytical
grade and used as such without further purification: ethylene maleic
anhydride, urea, ammonium chloride, resorcinol, sodium hydroxide,
triethylene glycol dimethacrylate, benzoyl peroxide, N,N-diethyl-p-
toluidine (DHEPT) and formaldehyde solution were purchased from
Sigma Aldrich. The used 3D-printed denture base resin material (Next-
Dent, NDD3LP01000_1, Netherlands) is formed of ethoxylated bisphenol
A dimethacrylate (> 75), 7,7,9-trimethyl-4,13-dioxo-3,14-dioxa-5,12-
diazahexadecane-1,16-diyl bismethacrylate (or 7,9,9-trimethyl-4,13-
dioxo-3,14-dioxa-5,12-diazahexadecane-1,16-diyl bismethacrylate
(10-20), 2-hydroxyethyl methacrylate (5-10), silicon dioxide (5-10),
diphenyl(2,4,6-trimethylbenzoyl) phosphine oxide (1-5), and titanium
dioxide (< 0.1) (Material’s Safety Data Sheet).

2.1. Synthesis and characterizations of the polyurea formaldehyde (PUF)
microcapsules

The self-healing microcapsules were formulated by in-situ polymer-
ization of formaldehyde and urea following a previous protocol with
modification [21]. Briefly, 2.5 g urea, 0.25g ammonium chloride and
0.25 g resorcinol were mixed in 100 mL of deionized water containing
25 mL of 2.5 % aqueous solution of ethylene maleic anhydride (surfac-
tant) in a 500 mL round bottom glass flask placed in a water bath at
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room temperature under continuous magnetic stirring. The pH was
monitored by a pH meter (Eutech™ pH 700 Meter, ThermoFisher Sci-
entific, Australia) and maintained from 2.4 to 3.5 by drop-wise addition
of 2M sodium hydroxide solution. The 60 mL of core solution (1 wt%
DHEPT and 99 wt% TEGDMA) was added dropwise in the shell solution
and the stirring speed was raised to 400RPM to make a stable emulsion
of DHEPT-TEGDMA droplets. After 15 min, 6.33 g of formaldehyde so-
lution was added dropwise, and the temperature was raised to 55 °C at
the rate of 10°C/min. The flask was covered with aluminum foil to
prevent evaporation and the reaction was left and monitored in
hourly-bases for the formation of microcapsules using a light microscope
and Fourier-Transform Infrared Spectroscopy (IR-Spirit®, Shimadzu,
Japan). The obtained microcapsules were rinsed with distilled water and
then iso-propanol repeatedly, vacuum filtered and left in a closed fume
hood for 24 h for air drying.

The obtained free-flowing microcapsules fine powder was charac-
terized for size, structure, and morphology. Particle size was determined
by using Mastersizer 2000. Ver. 5.60 laser diffraction particle size
analyzer (Malvern Instruments, Malvern, UK). For scanning electron
microscope (SEM) imaging, the synthesized microcapsules were plat-
inum sputtered and observed under 1555 VP-FESEM (Zeiss, Baden-
Wiirttemberg, Germany). The yield of the microcapsules was measured
by dividing the total weight of the obtained microcapsules (Wiota1) by the
initial weight of shell and core components (Wsheli+ Weore). The fill
content was recorded by following an extraction method [19,22].
Briefly, 500 mg of microcapsules were weighed and crushed in the pestle
and mortar, rinsed with acetone and ethanol several times, vacuum
filtered and dried at room temperature for 24 h. The resultant powder
was weighed, and the encapsulated content was measured according to
the following formula:

[(W1-W3)/W1) x 100] @

where Wj is the initial weight of the microcapsules taken and Wy is the
weight of the shell material after rinsing and drying.
Thermogravimetric (TGA) analysis was performed using STA 6000
Simultaneous Thermal Analyzer (Perkin-Elmer, Norwalk, CT, USA). The
analysis was carried out at 40-800 °C at the heating rate of 10 °C.min !

under an inert nitrogen environment at a flow rate of 100 mL min "

2.2. Formulation and 3D printing of the denture base composites

The 3D printed denture base resin material was incorporated with
1 wt%. BPO as a self-healing initiator and stirred via magnetic stirring
until completely homogenized. The resultant resin was loaded with
varying mass fractions of dry microcapsules to form four experimental
groups as shown in Table 1. The varying mass concentrations of mi-
crocapsules added in the 3D-printed resin to form self-healing experi-
mental groups (Table 1) were selected based on the previous preliminary
trials conducted to strike a balance between 3D printing parameters and
effective self-healing performance without compromising key proper-
ties. The unmodified denture base resin was used as a negative control.

The modified resin mixture (from each group) was gently transferred
into the digital light processing printer tray (Kulzer 3D Printer System,
Australia) (Fig. 1). The light source of the 3D-printer was industrial LED
with a peak wavelength of 385 nm. The STL format files of the ISO-

Table 1
Groups and composition (in wt%) of the control and modified resin composites.
Groups 3D-printed Initiator (Benzoyl Self-healing
resin (wt%) peroxide) (wt%) Microcapsules (wt%)
Control 100 0 0
Exp—OMC 99 1 0
Exp—5MC 94 1 5
Exp—15MC 84 1 15
Exp—25MC 74 1 25
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Fig. 1. Schematic diagram of the formulation and 3D printing of the self-healing experimental 3D-printed denture base composites specimens.

guided 3D-designed specimens were uploaded to the Computer Aided
Design and Cara Print 4.0 software and converted to printable. cpj
format files. The resolution was set at a 100 um thickness for each layer.
The polymerization time for each layer was 2 minutes approximately.
Later, the printed specimens were cleaned with isopropanol for 3 min
and rewashed for 2 min in ultrasonic bath. The cleaned specimens were
subjected to a post-curing step to enhance the resin conversion using a
high-performance light curing unit for 20min (HiLite Power 3D;
Kulzer). HiLite power 3D has a high-power flash bulb (200 W) with a
wide range of light from 390 — 540 nm and rated frequency of 50-60 Hz.
Finally, all the specimens were finished using ascending grit
(1500-4000) silicon carbide papers followed by 1 um diamond suspen-
sion for polishing using micro-polisher (Buehler-MetaDi, Buehler, Lake
Bluff, IL, USA) under water coolant, then thoroughly rinsed with
deionized water.

2.3. Characterization of the 3D printed denture base composites

2.3.1. Fourier-transformed infrared spectroscopy (FTIR) analysis

FTIR (Shimadzu Corporation, Kyoto, Japan) coupled with attenuated
total reflectance (ATR-IR-Spirit®, Shimadzu, Japan) was used to deter-
mine the degree of conversion (DC) of the 3D printed composites.
Spectra were collected in the mid-infrared region ranging from 4000 to
400 cm™, at a resolution of 4 cm™! with an average of 32 scans at room
temperature. 3D printed disc-shaped specimens (5 mm diameter and
2 mm thickness) of the control and experimental groups (n = 7) were
scanned in its uncured state, and then scanned again after the final
polymerisation (post-curing). The degree of conversion was measured
by plotting the area of aliphatic peak (C=C) at 1638 cm ™!, and aromatic
peak (C=C) at 1608 em~! [23]. Following formula was used:

DC(%) = 100 % (1 — Reed/Runcurea) @

Reured is the ratio of polymerized aliphatic and aromatic carbon
bonds, where Rypcured is the ratio of unpolymerized aliphatic and aro-
matic carbon bonds.

2.3.2. Scanning electron microscopy (SEM)
3D printed disc-shaped specimens (5 mmx2 mm) (n = 5) finished
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and polished as previously described were used for surface morpho-
logical investigation. For analysing the fracture pattern, specimens used
for fracture toughness testing were used (n = 7). Specimens were fixed
on SEM stubs using copper tape and coated with a ~3 nm film of plat-
inum using a sputter coater (Polaron SC7640, Quorum Technologies Ltd,
UK). SEM (1555/VP-FESEM, Zeiss, Baden-Wiirttemberg, Germany) was
used at 5 kV accelerating voltage for imaging.

2.3.3. Atomic force microscope (AFM)

The surface microtopography and roughness of the polished disc-
shaped (5 mmx2 mm) specimens (n = 5) were characterized using an
atomic force microscope (Cypher S Asylum SPM, Oxford Instruments,
USA). AFM investigation was performed at high resolution in the air
tapping-mode using a rectangular probe (MikroMasch XSC11 Series,
Innovative Solutions, Bulgaria) at an estimated frequency of 350 kHz
and the nominal spring constant of 44.50. All measurements were taken
with resolution of 256 line and scan speed of 2.44 Hz at room temper-
ature. To observe the topographical changes, 3D images of composite
specimens’ surfaces were acquired at 20 pm? scan area. The average
surface roughness parameter (Sa) was calculated using a specialized
software (Gwyddion software 2.55).

2.3.4. Surface hardness

3D-printed disc-shaped (5 mmx2 mm) specimens (n = 9) were used
for the measuring Vickers hardness number (VH) using a microhardness
tester (Duramin-40; Struers, Australia). A load force of 100 g with a
dwell period of 15 s was used to indent the specimen. The average of the
three randomly chosen indented spots for each specimen was used to
report the results.

2.3.5. Flexural strength

The flexural strength test was performed using the Instron Universal
Testing Machine (ElectroPuls™ E3000; Instron USA) operated by the
Bluehill 3 software. Rectangular shaped specimens (n = 13) having the
dimensions of 65 mm x 10 mmx 3.3 mm were printed following the
International Standards Organization (ISO; 20795-1) guidelines for
denture base polymers. A flexural load was applied at the crosshead
speed of 0.5 mm/min and a span width fixed at 40 mm. The ultimate
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flexural strength (6) was measured in MPa using the following formula:

6 = 3FL/2bt* 3
where F = the maximum load in Newtons (N), L = the distance between
the supports (mm), b = the width of the specimen (mm), and t = the
thickness of the specimen (mm).

2.3.6. Fracture toughness and Self-healing efficiency

The fracture toughness test was conducted using a single edge V-
notched beam (SEVNB) method based on the peak load to fracture the
specimens. According to the ISO 20795 standard, composites specimens
(39 mm x 8 mm x 4 mm) having a predefined notch depth of 2 mm
were designed and printed (n = 13) [24]. The notch was sharpened with
the help of a razor blade using 1 um diamond suspension prior to
loading. Fracture toughness was assessed using an Instron Universal
Testing Machine (ElectroPuls™ E3000, Instron USA) set at a loading
speed of 0.3 mm/min. The initial fracture toughness (Kic.inj) was
calculated by using Egs. (4) and (5). The fractured specimens were
reassembled such that an intimate contact between the two fractured
parts was achieved and allowed to heal at 37 °C for 48 h. The healed
specimens were re-tested again using the same method, and the “heal”
fracture toughness (Kjc.nea1) Was re-calculated using the same equations:

Kic = f(x).Foax L / bohs./10°3 )

flx) = 33%[1.99 —x(1—x)(2.15—3.93x + 2,7x2]/[2(1 +2x)(1 — x)**Jwhere x = hg

where Fp,qy is the maximum load exerted on the specimen in newtons,
“a” is the length of pre-crack in mm, “h; is the height of the specimen in
mm, “b; is the width of the specimen in mm, and I is the span width in
mm.

The healing efficiency () is the percentage of the healed/recovered
fracture toughness (Kjc.heal) in comparison with the initial fracture
toughness (Kic.ini) and calculated using the following equation:

N = (Kic-heat/Kic-ini X 100%) 6)

2.4. Healing agent release

A precise HPLC method was optimized and validated for the release
study of the healing agent from the formulated self-healing 3D-printed
denture base composites. The standard solution and specimens were
assessed by Agilent 1260 HPLC system with an Altima C;g phase column
serial no. 21602052 (5 pm) having an internal dimeter of 2.1 mm and
length of 150 mm. The mobile phase was water and acetonitrile
(60:40 vol./vol.). The flow rate of 10 pL injection was adjusted at 0.4 at
mL/min, and the eluents were monitored at Apax of 230 nm. Reference
standard of the healing agent monomer, i.e., TEGDMA was prepared in
methanol (1 mg/ mL) from the stock solution of the original monomer.
The solution was then serially diluted to final calibrations of 1-1000 ng/
mL (1-0.001 mg/mL). The calibration curve of reference standard was
plotted relying on the known concentration (ug/mL) of healing agent
monomer. The retention time (RT) of healing agent (TEGDMA resin
monomer) was determined to be 7.9 min. The correlation coefficient R
value was found to be 0.998 suggesting a strong and reliable linear
relationship between the concentrations of the standards and their
response values. Disc-shaped (5 mm x 2 mm) specimens (n = 7) were
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prepared and stored in 5 mL deionized water at 37 °C. The solution for
HPLC testing was collected periodically on day 1, 7, and 28 without any
change in storage solution. The analysis was carried out by comparing
the peak area of respective specimens.

2.5. Microscopic visualization of the self-healing process

To confirm the core solution was successfully encapsulated, Nikon
A1RMP multiphoton microscopic investigation was conducted. To
fluorescent label the core material, 15 mg of rhodamine B was added to
the 60 mL of core solution (healing agent). The resulting concentration
of rhodamine B in the core solution was optimized to be 0.025 %. A laser
with an excitation wavelength of 631 nm was used to excite the fluo-
rescent rhodamine B compound labelled to the healing agent and
observed under the Nikon PlanApo objective of 10 x in air-mode. To
further visualize the microcapsules rupture and healing agent release
with crack propagation, a thin film of light-cured unfilled dimethacry-
late based resin monomer (Sigma Aldrich, St. Louis, MO, USA) was
applied on the glass slide and a small number of fluorescent-labelled
microcapsules were sprinkled on and embedded in the resin thin film.
After light curing with visible light curing device (Ivoclar Vivadent,
Bluephase style, Liechtenstein) for 20 s, the cured resin film was cut in a
crisscross manner with the help of a surgical blade #23 (Kai Japan,
Stainless) and kept at 37 °C in incubator for 24 h. After that, the resin
film was examined under the fluorescent microscope to observe the
release of the labelled healing agent across the fracture line. After
observing the release of the labelled healing agent from the PUF mi-
crocapsules loaded to the light-cured dimethacrylate resin matrix,

)

t

fluorescent-labelled microcapsules were added to the 3D-printing den-
ture base resin to print specimens similar to the ones used for fracture
toughness testing to visualize the release of the healing agent on surfaces
of the fractured parts of the healed specimens. The 3D-printed specimens
were subjected to load until fracture as mentioned in section 2.2.6 and
kept at 37 °C for 48 h for self-healing. Then, the healed specimens were
examined under SEM and multiphoton Nikon A1RMP fluorescent
microscope.

2.6. Statistical analysis

One-way ANOVA followed by the Turkey’s post hoc test for pair-wise
comparison was performed to analyze results for degree of conversion,
surface roughness, microhardness, flexural strength, fracture toughness,
healing efficiency, and healing agent release at a significant value preset
at p < 0.05. The sample size was established by the G*Power 3.1.9.7
(HHU, Diisseldorf, Germany) calculation using the effect size of f = 0.4,
o (err problem) = 0.05, power = 0.95. The results indicated that the
minimum sample size for the study was 125 samples for 5 groups. Re-
sults were presented as mean =+ standard deviation values and analysed
by SPSS Statistics version 20.0.

3. Results

3.1. Characterizations of self-healing polyurea formaldehyde (PUF)
microcapsules

Light microscopic images (Fig. 2A) of the initiation and completion
of the four-hours synthesis reaction of PUF microcapsules. It can be
observed that the outer black ring that indicates the shell wall became
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Fig. 2. (A) Light microscopic photographs representing the 4-hour reaction of PUF microcapsules synthesis where a dark outer ring indicates the end of in situ
polymerization and encapsulation of the healing agent. (B,C) FESEM photomicrographs of PUF microcapsules showing an intact spherical shape with a smooth
surface (Images have been artificially coloured for illustration using Blue Mountain software). (D) Dried PUF microcapsules. (E) Laser particle diffraction distribution
curve showing the size range of the PUF microcapsules. (F, G) FTIR spectra of the PUF microcapsules’ 4-hour synthesis reaction. (G) FTIR spectra of the synthesized
microcapsule showing distinctive peaks of shell and core components (H) Thermogravimetric (TGA) graph of PUF microcapsules showing the thermal transitions.

denser with each hour, while the moderately brighter area interiorly
indicates the healing agent became brighter. The characteristic irregular
brain-skin like collapse surface feature (Fig. 2A, at 4h) is representing
the slow evaporation of the solvent and complete encapsulation of
TEGDMA droplets. The FESEM images of the synthesized microcapsule
(Fig. 2B) shows an intact spherical shape and an apparent smooth sur-
face with some debris associated with polyurea formaldehyde. At a
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higher magnification (Fig. 2C) the microcapsules appeared to be dense
and having uniform size and morphology with undetectable defects or
porosities. When completely dried, the polyurea formaldehyde micro-
capsules encapsulating TEGDMA-DHEPT had an appearance of a free-
flowing white powder with little agglomeration (Fig. 2D). The size of
the microcapsules was analyzed by laser particle diffraction method
(Fig. 2E) revealing that the most common particle size range being
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150-200 um and having polydispersity index of 1.3. The variation in
chemical composition of the microcapsules with the synthesis process
was analyzed by FTIR (Fig. 2F) revealing the characteristic spectral
peaks corresponding to specific functional groups present in the PUF
microcapsules. The stretching vibration peak at 1720 cm™! (C=0),
1638 cm™! (C=C), and the peak for methylene group -CH, at
2800-3000 cm™! (Fig. 2F) are following an hourly linear decreasing
trend indicating the encapsulation of TEGDMA monomer by urea and
formaldehyde. However, the peaks at 3357 em~! (-NH) and 1559 cm ™!
(-CN) are the characteristic absorption peaks indicating the formation of
PUF shell wall surrounding the healing agent, respectively [25].
(Fig. 2G) is displaying FTIR spectra of the distinctive peaks of shell and
core component present in the synthetized PUF microcapsule (MC)
confirming a successful encapsulation of the healing agent inside the
microcapsules [26]. Moreover, the TGA curve (Fig. 2H) is illustrating the
thermal transitions revealing the decomposition behaviour of the mi-
crocapsules. It is noteworthy that microcapsules remained stable until
approximately 120°C, after which a slight weight loss was observed,
mainly due to the evaporation of unreacted formaldehyde and residual
water and [27]. A significant thermal reduction occurred at 248 °C that
corresponds with the boiling temperature of the TEGDMA (core) as the
main component of the microcapsules. Another significant weight loss
appeared around 320 °C due to the degradation of highly cross-linked
PUF (shell) of microcapsules [26,28,29]. The yield and fill content of
the microcapsules were estimated to be 71.2 % and fill content was
56.2 %, respectively.

3.2. Characterization of the 3D-printed denture base composites

3.2.1. FTIR and the degree of conversion

Fig. 3(A) shows typical FTIR spectral lines of the 3D printed control
and experimental specimens where the peak heights at the wave
numbers of 1637 cm ™! and 1608 cm ™! were used to calculate the degree
of conversion (DC; Fig. 3B). There was no significant difference between
the control and Exp-OMC, Exp-5MC and Exp-15MC, and Exp-15MC
groups. However, a significant decrease was found between the con-
trol and Exp-25MC group.

3.2.2. Morphology and surface topography

Three-dimensional reconstructed AFM images of the surface micro-
topography of the unmodified (control) along with the PUF-modified
experimental 3D-printed composites are shown in (Fig. 4A). From the
AFM images, an increase in surface texture/roughness can be observed
with increasing the content of microcapsules. This is confirmed with the
Sa roughness parameter results (Fig. 4B) showing a gradual increase in
the Sa roughness parameter value. A significant difference was observed
among all groups (p < 0.05), where the lowest Sa value was observed for
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the control, whereas Exp-25MC group showed the highest value. Both
AFM and surface roughness results were in accordance with SEM find-
ings, where the control, Exp-OMC and Exp-5MC showed the smooth
surface texture without any observable surface defects (Fig. 4C-E).
However, the increase in microcapsules content in the resin matrices
(Exp-15MC and Exp-25MC) led to randomly located round defects of
approximately 100-150 pm in diameter on the surface indicating the
locations of fractured/ruptured microcapsules (Fig. 4F, G).

3.2.3. Mechanical properties and self-healing efficiency

Surface microhardness results are presented as means + SD VHN
values for all groups (Fig. 5A). A significant increase in VHN was only
found with the Exp-OMC and Exp-5MC groups compared to the control.
With the increase in the microcapsule content, as shown in the Exp-
15MC and Exp-25MC experimental groups, no difference in VHN
compared to the control group was found. The means + SD of flexural
strength of the 3D printed composites are presented in Fig. 5B. A sig-
nificant difference (p < 0.05) was observed among all groups except
between control and Exp-OMC. In addition, the increase in microcap-
sules content led to a significant decrease in the flexural strength.

The means + SD of the initial and healed fracture toughness are
presented in (Fig. 5C). It was found that only composite specimens
having a microcapsule content of 15 wt% (Exp-15MC) led to a signifi-
cant increase in the initial fracture toughness (Kjc.in;) compared to the
control specimens (p < 0.05). However, there is no statistically signifi-
cant difference between Exp-OMC, Exp-5MC and EXP-25MC with the
control group. Regarding the healed fracture toughness (Kic.hear), only
the experimental groups with 5 wt%, 15 wt% and 25 wt% microcap-
sules contents showed healing capabilities while no values were recor-
ded for the control and Exp-OMC groups. A significant increase was
observed in the healed fracture toughness (Kic.hea) with the increase in
microcapsules contents (p < 0.05). In addition, the healing efficiency
and success rate cannot be calculated for the control and Exp-OMC
groups. A statistically significant difference (p < 0.05) was observed
between the Exp-5MC, Exp-15MC and Exp-25MC groups (Fig. 5D). The
maximum healing efficiency (39.6 %) was found with the Exp-25MC
group which was decreased to (14.7 %) for the Exp-15MC group and
further reduced to the minimum value (8.6 %) for the Exp-5MC group.
In contrary, Exp-15MC group showed significantly higher success rate
compared to the Exp-5MC and Exp-25MC groups (p < 0.05).

SEM images of the fractured, non-healed surfaces of the control and
the experimental groups following fracture toughness testing are shown
in Fig. 6. The SEM images of the control and Exp-OMC, having 0 wt%
microcapsules, demonstrated fine textured fractured surfaces (Fig. 6A,
B). On the other hand, with the incorporation of the self-healing mi-
crocapsules, especially with higher weight percentages (Exp-15MC and
Exp-25MC) more textured fractures surfaces with residual ruptured
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Fig. 3. (A) FTIR spectra and (B) the means + SDs of degree of conversion (DC) of 3D-printed control and experimental composites groups (Dissimilar letters indicate

statistical significance difference).
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Fig. 4. (A) Representative AFM surface topographic 3D images, at the 20 um x 20 um scanning area obtained in tapping-mode, of the control and experimental
composites groups. (B) Bar chart representing the mean + SD of the average surface roughness (Sa) of the control and experimental groups (Dissimilar letters indicate
statistical significance difference). (C-G) Representative SEM images showing the surface morphology of the control and Exp-OMC, Exp-5MC, Exp-15MC and Exp-

25MC experimental groups, respectively.
microcapsules and released healing agent were observed (Fig. 6C-E).

3.3. Healing agent release profiles

The release profiles of the healing agent from the control and
experimental composites groups at periodic intervals of day 1, 7, and 28
is shown in Fig. 7. No release was observed for control and Exp-OMC at
any periodic interval. However, the TEGDMA characteristic peak (RT
7.9 min) was only recorded for the composites containing the self-heling
microcapsules (Exp-5MC, Exp-15MC and Exp-25MC) indicating healing
agent release. In addition, there was a significant increase in healing
agent release with the increase in microcapsule content from 5 to 25 wt
% (p < 0.05). Furthermore, no TEGDMA characteristic peak was recor-
ded at day 1 for Exp-5MC group.

3.4. Microscopic visualization of the self-healing process

Multiphoton fluorescent microscopic images (Fig. 8A, B) showing the
red fluorescence of rhodamine B. labelled TEGDMA within the micro-
capsules core indicating the encapsulation of the healing agent. After
placing the microcapsules in the visible light cured resin and inten-
tionally fracturing the resin film in a criss-cross manner with the blade,
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the rhodamine B. labelled TEGDMA can be visualized bleeding across
the fracture lines (Fig. 8C) following microcapsules rupture. By loading
fluorescent-labelled microcapsules in the fracture toughness specimens,
a limited release of the rhodamine B. labelled TEGDMA healing agent
was observed for Exp-5MC after fracturing the specimens (Fig. 8D).
However, with increasing the microcapsule content up to 15 and 25 wt
%, the spreading of the rhodamine B. labelled TEGDMA healing agent is
clearly detected covering the entire fractured surfaces homogeneously
(Fig. 8D, E). In addition, SEM images of the fractured specimens are
confirming the previous finding of having a more pronounced release of
the healing agent with Exp-15MC and Exp-25MC groups (Fig. 8G, H).
The reaction behind the self-healing phenomenon occurred in the healed
specimens is represented in Fig. 8.

4. Discussion

This study has evaluated the effect of self-healing polyurea formal-
dehyde microcapsules on the 3D printed denture base resin mechanical
properties and self-healing efficiency. The microcapsules were synthe-
sized using an in-situ polymerization method in an oil-water emulsion.
Triethylene glycol dimethacrylate monomer with 1% N,N-bis(2-
hydroxyethyl)-p-toluidine (TEGDMA -+ DHEPT) was used as the healing
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Fig. 6. (A-E) Representative SEM images of the fractured surfaces of the control (A) and the experimental 3D-printed composites specimens containing 0 % (B), 5 %

(C), 15 % (D), and 25 % (E) microcapsules.

agent, while the shell was composed of polyurea formaldehyde [21,26,
30]. The primary principle involves the interfacial polycondensation of
urea and formaldehyde, catalysed by ammonium chloride. This reaction
forms methylolurea, which further condenses to create a
three-dimensional polymeric network of polyurea formaldehyde (PUF)
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at the interface of the oil droplets (core solution), forming a solid shell.
[31]. Light microscopic images (Fig. 2A) revealed contrast difference in
the brightness of the shell and core components. This variation in the
contrast can be explained by the varying refractive indices of the shell
and core, where shell having high refractive index resulting in a darker
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Fig. 7. HPLC results representing the healing agent release profile of unmodified 3D-printed resin (control) and 3D-printed resin with modified with 1 wt% BPO and
0, 5, 15 and 25 wt% of self-healing PUF microcapsules (Groups Exp-OMC, Exp-5MC, Exp-15MC and Exp-25MC respectively) on day 1, 7, and 28. An asterisk mark is

denoting the retention time (RT) 7.9 min of TEGDMA (healing agent).

appearance and core component having low refractive index resulting in
a brighter appearance [21]. This finding supports the successful syn-
thesis of microcapsules. A key factor of a self-healing microcapsule is its
rupture on crack intrusion and the subsequent release the healing agent
to perform the self-healing effect. The rupturing of microcapsule is
highly dependent on the morphology and size of the microcapsule. Mi-
crocapsules with the smooth surface texture (Fig. 2B, C) are less likely to
agglomerate and minimize the stress concentration, leading to uniform
distribution and better interfacial bonding with the matrix [32]. The size
of the microcapsules can vary with changing the stirring speed; how-
ever, the size should be large enough to hold enough healing liquid and
does not affect the mechanical performance. The size of the synthesized
microcapsules (Fig. 2E) was around 150-200 ym at 400 rpm that is in
contrast with the previous studies [19,33]. The FTIR results suggest that
polyurea formaldehyde microcapsules containing TEGDMA-+DHEPT
(core solution) were successfully synthesized (Fig. 2F, G). The strong
FTIR peak at 1711 c¢m ! (C=0) confirms the successful encapsulation of
TEGDMA monomer where the peak at the 3357 em ! (-NH) and
1559 cm~ ! (-CN) indicates the shell formation around the core droplets
[25]. Another crucial factor that affects the self-healing performance is
the thermal stability of the microcapsules. It was observed that the mi-
crocapsules are stable up to 120 °C (Fig. 2H), which is lower than the
temperature observed in the post processing of 3D-printed specimens.
This marks an indication that the microcapsules may have survived the
high processing temperatures that is in the range of 60-80 °C [34].
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The synthesized polyurea formaldehyde microcapsules were added
in the 3D-printed resin to formulate and characterize the 3D-printed self-
healing composite. The degree of conversion (DC) of the control and
experimental modified groups was measured by FTIR (3 A, B). It is
noteworthy that the DC highly depends on the material composition as
well as on the printing accuracy of the 3D-printer. The degree of con-
version was increased upon addition of 1 wt% benzoyl peroxide and
0 wt% of microcapsules, highlighting the additional benefit of adding
benzoyl peroxide on the polymerization process by offering chain-
transfer reactions [35]. However, the degree of conversion decreased
after increasing the amount of the microcapsules indicating the scat-
tering of light by the microcapsules which might have adversely affected
the light curing process [36].

The surface characteristics of the 3D-printed control and self-healing
groups were assessed by atomic force microscopy and scanning electron
microscopy (Fig. 4). Surface roughness is an integral property of denture
base resin and, if not fairly smooth can lead to plaque accumulation and
biofilm formation that would significantly reduce the longevity of
prosthesis and also pose the patient at health risk [37]. Considering that
all Sa parameter values obtained in the current study were within the
ISO acceptable value of 0.2 pm for denture base prostheses (Fig. 4B),
which presents no risk of plaque accumulation. However, highly pol-
ished SEM surfaces have revealed that while finishing/polishing, the
microcapsules present on the surface are broken leaving behind the
round defects of 100-150 ym diameter, which could lead to a fungal
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Fig. 8. Multiphoton fluoroscent microscope imaging of PUF microcapsules (A,B) using two detectors: the transmittance detector (TD) showing the structure of
microcapsules that is not fluoroscent labelled (shell) and the RGB channel to visualize the release of the fluoroscent labelled healing agent (core) from PUF mi-
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polymerized films formed by the released healing liquid that was polymerized at the cracked plane via reaction with the initiator in the resin matrix. (I) Repre-
sentation of the self-healing mechanism occurring in the microcrack planes.
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attack (Fig. 4F, G). Therefore, further microbial biofilms adhesion and
growth studies are recommended.

Surface hardness property of self-healing dental prostheses has not
been much explored in the literature. However, the results are in con-
sistency with the few reported studies on 3D printed denture base resin
(Fig. 5A) [38,39]. According to another previous study, the addition of
microcapsules up to 5 wt% has no significant effect on surface hardness
as compared to the control, however, it could be decreased with
increasing content of capsules more than 5 wt% [19]. The decrease in
the hardness value could be related to the agglomeration of microcap-
sules. Increasing microcapsules content might lead to higher possibility
of agglomerations to occur within the matrix, thus creating a weak re-
gion in the resin matrix leading to decreased mechanical properties. It
has also been reported that surface hardness has a direct relation with
the degree of conversion. The higher the degree of conversion, the better
will be the polymerization and intermingling of polymer chains leading
to less surface voids, increased surface homogeneity and hardness as
shown by the Exp-OMC group free from microcapsules (Figs. 3B, 5A)
[40]. Flexural strength is a key mechanical property that can facilitate in
forecasting the performance of brittle materials. It is the ultimate stress
that cause the material to fracture and is significantly dependent on the
flaws and surface defects of the tested material [41]. The flexural
strength results (Fig. 5B) suggested that control and experimental
groups had successfully met the minimum required strength of denture
base material (ISO 20795-1) (> 60 MPa) [42]. A significant reduction in
flexural strength was observed with increasing the content of micro-
capsules as compared to the control group (Fig. 5B). The decreased
flexural strength could be due to the agglomeration of microcapsules
which resulted in the unhomogenized load transfer [43]. In addition, the
3D-printing orientation and accuracy could have a potential effect on
the mechanical properties, specifically flexural strength. A previous
study reported that the highest flexural strength was found in specimens
built with a layer orientation parallel to the axial load (90°), compared
to those built at 45° or 0° [44]. It is also noteworthy to mention that the
silanization of microcapsules could improve the flexural strength and
interfacial bonding by facilitating the efficient stress transfer through
interphases and making the composite to act as one solid unit [25,45,
46].

Fracture toughness (Kj¢) is a critical stress intensity factor that pro-
vides information on the resistance of a material to resist crack propa-
gation [47]. In the present study, an increase in the initial fracture
toughness has been observed with an increase in the microcapsule
content up to 15 wt%, and then a slight decrease up to 25 wt% (Fig. 5C).
These results are also consistent with the previously reported studies
regarding the Kjcini [21,48-51]. Increased fracture toughness could be
the result of a uniform distribution and stronger bonding of the micro-
capsules with the resin matrix [52]. In addition, it could also be due to
the “particle bridging™ effect as the irregular textured fractured surface
indicates more energy consumed by the specimen to fracture. The tail
structure feature (Fig. 6D, E) presents on the fractured surfaces could
have changed the route of crack plane when it faced the microcapsule on
its way of propagation which might have increased energy consumption
leading to an increase in Kjc.ipi [53]. Additionally, branched fracture line
give specimen more time to fracture and delay the failure compara-
tively. Huyang G., et al., reported that the initial fracture toughness
remained constant up to 5 wt% of microcapsule content and then
decreased significantly at 15 wt% microcapsule addition in the resin
matrix [20]. The possible reason behind this decreased fracture tough-
ness could be the poor bonding of microcapsules with the resin matrix
causing the capsules to act as voids instead of a filler. Nevertheless, there
are several studies that have reported no significant difference in the
initial fracture toughness after the incorporation of microcapsules [21,
54,55]. The results of healed fracture toughness Kjc.hea (Fig. 5C), and
healing efficiency (Fig. 5D) indicate that the self-healing efficiency
increased with the increase of the microcapsule content, which could be
due to a higher release of the healing agent, resulting in re-bonding of
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the fractured/cracked planes. The maximum healing efficiency was
observed to be 39.6 % for 25 wt% of microcapsule content which is a
little less than observed for light-cured resin-based dental composites for
the same content of microcapsules [20]. Various technical factors
including the composition of 3D-printing NextDent resin, printing
orientation, layer thickness, accuracy, and post curing time play a sig-
nificant role in self-healing efficiency. In addition, the polyurea form-
aldehyde capsules were observed to settle down to the bottom part of the
printing tray because of the gravity and density affecting the self-healing
performance [56,57]. The increased mass concentration of microcap-
sules increased the viscosity of 3D-printed resin. Higher viscosity might
have affected the flow and printing speed. It could also have resulted in
weak interlayer adhesion and compromised mechanical properties.
However, this was addressed by increasing post-processing time by
2 minutes.

The effect of possible leakage/release of the healing agent from PUF
microcapsule shells needs to be analyzed. The HPLC analysis was pri-
marily aimed to evaluate the elution of the healing agent (TEGDMA
resin monomer) from 3D-printed self-healing denture base resin speci-
mens (Fig. 7), which has not been studied previously. The results
revealed that regardless of the percentage (wt%) of the self-healing
microcapsules, the minimum release was observed on day 1 while
maximum release was recorded on day 7, followed by a gradual decrease
over time. This is suggesting a steady release profile of the healing agent,
favouring the intended function of the self-healing composite. However,
the gradual decrease in healing agent release after a month interval,
might reflect the consumption of the healing agent released from the
microcapsules into the resin matrix over time, stimulating further
investigation on the sustainability of the self-healing effect. The leaching
of the resin monomer also depends on the chemical structure and size of
the substance, where TEGDMA being light weight (286.32), as
compared to other high molecular weight monomers (bisGMA 512,
UDMA 480), is more vulnerable to leach through polymeric chains,
which is somehow favourable for the flow of TEGDMA monomer into
the microcrack plane for healing purpose [58].

The successful encapsulation and intentional triggered release of
rhodamine B. labelled core (healing agent) in the crack plane demon-
strates the effectiveness of microcapsules structure and design. The
microscopic visualization (Fig. 8) findings confirm that the microcap-
sules can release their contents in response to the physical damage,
which is a crucial factor in self-healing performance. Moreover, it also
indicates that the microcapsules were able to store and protect the
healing agent until activation. These interesting findings support the
potential effectiveness of these self-healing microcapsules when there is
a damage-triggered repair. The microscopic images of the fractured,
healed surfaces (Fig. 8D-H) revealed also the presence of ruptured mi-
crocapsules with numerous polymeric films suggesting that the DHEPT
accelerator present in the healing agent could have reacted with BPO
initiator present in the resin matrix of the 3D-printed composite suc-
cessfully [21]. Fig. 81 is representing the mechanism and reaction behind
the self-healing phenomenon occurred in the crack planes of the healed
specimens (Fig. 8D-H).

With few limitations, the formulation of the self-healing 3D-printed
denture base resin composites has been successfully achieved. There-
fore, the null hypotheses were partially met. However, further research
addressing the sustainability of the self-healing effect with the associ-
ated optimization of the self-healing microcapsules, closer simulation of
oral conditions during the in vitro characterization including thermal
and mechanical fatigue, and studying the biological consequences
associated with self-healing modifications is required to accelerate the
technology transition from lab to clinical practice.

5. Conclusion

The 3D-printed denture base resin composites modified with the PUF
microcapsules showed a significant potential for microcrack self-healing
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and enhanced fracture toughness. However, the self-healing efficiency is
dependent on the microcapsule content. Although the flexural strength
and surface hardness showed a slight decrease with adding PUF mi-
crocapsules, they remain within the ISO acceptable range of denture
base resins.
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