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ABSTRACT: This work reports the preparation of a fibrous nanocomposite based
on a poly(methyl methacryl/SiO,) nanocomposite and cellulose nanofiber (CNF)
(PMECS) for a photocurable 3D-printed dental material. The PME-based resin was
prepared by mixing methyl methacrylate (MMA), ethylene glycol dimethacrylate
(EGDMA), and PMMA powder. Incorporation of acrylate functionalized SiO, nano-
particles and CNF nanofibers into the PMMA matrix further improved the mechanical Phrozen 3D
performance of the composites. The photocuring process promoted rapid polymeriza- prer
tion, minimized defects, and enhanced dimensional stability. The resin was fabricated AT
into incisor-shaped artificial teeth using stereolithography (SLA). Mechanical evalua-
tion by Vickers hardness testing (HV) revealed a substantial increase in hardness from
the neat resin PME (36 + 3.8 HV) and PME/CNF (PMEC, 45 + 2.4 HV) to the opti-
mized PMECS6S hybrid composite (126.11 + 4.3 HV). Notably, the 3D-printed teeth RS T
exhibited the highest hardness value (195 + S.4 HV), attributed to their enhanced
interconnected fibrous morphology. Cytotoxicity tests confirmed the biocompatibility of the composites. These findings demonstrate
that the fibrous PMECS resin significantly enhances the long-term strength and reliability of 3D-printed prosthetic dental strategies,
making it an ideal material for high-end restorative dentistry.

KEYWORDS: dental biomaterials, additive manufacturing, fibrous scaffold, tissue engineering, PMMA, SiO,

Incisor teeth

B INTRODUCTION increasingly employed. Early approaches to address these chal-
lenges involved PMMA nanocomposites. PMMA/SiO, nano-
composites improved hardness and thermal stability but
suffered from nanoparticle agglomeration and poor dispersion
within the matrix.®* PMMA/ZrO, composites enhanced flexural
strength and fracture toughness, but compromised translu-
cency.” Similarly, PMMA/TiO,'® and PMMA/ALO;"" nano-
composites improved wear resistance and mechanical
properties, yet particle clustering and poor optical properties
limited their suitability for aesthetic restorations.'*~'* Silicon
dioxide (SiO,) nanoparticles remain particularly promising as
fillers as they can improve hardness, modulus, wear resistance,
and thermal stability while reducing shrinkage. Nevertheless,
poor compatibility with the PMMA matrix, strong hydrogen
bonding among surface silanols, and nonuniform dispersion fre-
quently reduce translucency, increase viscosity, and impair

Additive manufacturing, commonly referred to as 3D printing,
has been extensively used in the production of dental materials
manufactured from metals, ceramics, and resins.! Among these,
resin-based materials are gaining significant attention for appli-
cations such as artificial dentures, temporary crowns, wax pat-
terns, and surgical implant guides.’”® Vat polymerization
techniques, particularly stereolithography (SLA), are commonly
employed in denture fabrication.* SLA 3D printing provides a
rapid method to produce detailed forms with excellent precision
and fidelity.>~”

A broad range of artificial denture teeth is commercially avail-
able, fabricated primarily from polymers. These polymers
include conventional and modified acrylic resins, high cross-
linked acrylic resins, and composite resins. Poly(methyl methac-
rylate) (PMMA) is a widely used polymer in dental practice,
particularly for denture bases, provisional crowns, and occlusal

appliances, because of its high aesthetics, clinical tolerability, Received: March 18, 2026
and ease of processing. However, PMMA suffers from intrinsic Revised:  May 15, 2026
drawbacks, including low fracture toughness, high susceptibility Accepted: May 18, 2026

to wear and abrasion, polymerization shrinkage, and hydrolytic
degradation, all of which compromise long-term reliability.
These disadvantages are even more pronounced in digital den-
tistry, where 3D-printable and photocurable PMMA resins are

© XXXX American Chemical Society https://doi.org/10.1021/acsbiomaterials.6c00466

v ACS Publications A ACS Biomater. Sci. Eng. XXXX, XXX, XXX-XXX


https://doi.org/10.1021/acsbiomaterials.6c00466
https://pubs.acs.org/doi/10.1021/acsbiomaterials.6c00466?ref=pdf
https://pubs.acs.org/doi/10.1021/acsbiomaterials.6c00466?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsbiomaterials.6c00466?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsbiomaterials.6c00466?goto=supporting-info&ref=pdf
http://pubs.acs.org/journal/abseba?ref=pdf
https://doi.org/10.1021/acsbiomaterials.6c00466

ACS Biomaterials Science & Engineering

pubs.acs.org/journal/abseba

stress transfer across interfaces. Although silane coupling agents
have been employed to mitigate these issues, incomplete func-
tionalization often results in particle debonding, hydrolytic
instability, and only modest mechanical improvement.

Consequently, conventional PMMA/SiO, composites pro-
vided only partial success, often sacrificing aesthetic and pro-
cessing properties for mechanical reinforcement. More
recently, functionalization of silicon dioxide with methacryloxy
propyltrimethoxysilane (MPS) has proven more -effective,
enabling covalent anchoring of silicon dioxide within the
PMMA matrix during photocuring. This strategy reduces
agglomeration and preserves optical clarity. Parallel to inorganic
fillers, fibrous reinforcement has been explored. Glass and poly-
ethylene fibers improved flexural strength but negatively
affected aesthetics and mechanical reliability.> By contrast, cel-
lulose nanofibers (CNFs) have emerged as renewable, high-
specific-strength reinforcements with a fibrillar architecture
resembling dentin and periodontal tissues.'® CNFs not only
provide crack bridging, deflection, and pull-out toughening
mechanisms but also create a fibrous microenvironment favor-
able for cell adhesion and migration, thus broadening the
bifunctional scope of PMMA systems. However, previously
developed PMMA/CNEF composites were hindered by poor
dispersion within hydrophobic matrices and limited compatibil-
ity with photocurable formulations, restricting their use in 3D-
printed prosthetics.'”

In this study, a photocurable fibrous PMMA composite
incorporating MPS-modified silicon dioxide nanoparticles and
CNF is proposed. The bonding at the interface of silicon diox-
ide is improved by MPS modification, which bonds PMMA and
silicon dioxide covalently, thereby inhibiting agglomerate for-
mation and providing stability over a prolonged period. The
novelty of our material is related to the combination of MPS-
modified SiO, nanoparticles and CNF in the photocurable
PMMA matrix; however, such a combination has not yet been
reported or studied in any prior research.'®™'? In contrast to
other PMMA-based materials reinforced with either particles
(PMMA/SiO,) or fibers (PMMA/CNF), we have developed
a composite with a unique architecture where both particulate
and fibrous reinforcements can be used. The presence of MPS
groups allows for the creation of bonds between SiO, nanopar-
ticles and the PMMA matrix, while the addition of CNF results
in an interconnected fibrous network, providing enhanced
stress transfer and increased hardness. At the same time, CNF
addition promotes mechanical strength with a fibrous structure,
which acts as a biomimetic fibrous support facilitating cell
migration. Through nanometer-scale interface modification
and fibrous reinforcement at a multiscale level, this composite
overcomes shortcomings such as filler agglomeration, brittle-
ness, translucency, and poor bifunctionality in conventional
PMMA composites.

B MATERIALS AND METHODS

A 20-25 nm SiO, colloidal solution (MA-STM, 40 wt % solid content,
Nissan Chemical Industries, Ltd.), 3-(trimethoxysilyl) propyl methac-
rylate (MPS, 98%, Acros Organics), polymethyl methacrylate
(PMM4, Sigma-Aldrich Co. LLC, Darmstadt, Germany), methyl
methacrylate (MMA, FujiflmWako Pure Chemical Corporation,
Osaka, Japan), ethylene glycol dimethacrylate (EGDMA,
FujiflmWako Pure Chemical Corp.,, Osaka, Japan), and phenyl-
bis(2,4,6- trimethylbenzoyl) phosphine oxide (BAPO, Tokyo
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Figure 1. Preparation procedures of PMMA@SiO, /CNF.
(i) Synthesis of MPS- SiO,. (ii) Functionalization of PMMA. (iii)
Mixing of MPS-SiO, into PMMA and CNF. (iv) UV-Curing to form
nanocomposite PMECS.

Chemical Industry Co., Ltd.,, Tokyo, Japan) were purchased and used
as received, without further purification.

Synthesis Method

The synthesis of the PMMA@SiO,/CNF (PMECS) composite was
completed through a four-step process, as illustrated in Figure 1(i-iv).
This scheme outlines the hybrid reinforcement, surface modification,
and polymerization strategy employed to fabricate the multiscale com-
posite. The silicon dioxide modification was performed according to a
previously reported procedure from our group.*

To prepare MPS-modified silicon dioxide, 12.5 g of an MA-ST-M
SiO, colloidal solution was mixed with 20 g of methanol and stirred
for 10 min. In the next step, 2.5 g of MPS was added, and the reaction
was carried out at 50 °C for 24 h to achieve a solution of MPS-
functionalized silicon dioxide nanoparticles. The PMMA-based resin
was prepared by adding 30 wt % PMMA powder into a liquid mixture
containing 14 wt % MMA and 56 wt % EGDMA monomers. The mix-
ture was stirred magnetically at 300 rpm and 80 °C for 2 h. The result-
ing mixture was cooled to 25 °C, and the photoinitiator BAPO was
added and stirred for 1 h, yielding the liquid resin shown in
Figure S1. The PMECS composite was synthesized by a simple mixing
process as described in the literature.”’ PMMA, functionalized SiO,,
and CNF were combined in a weight ratio of 3:1:0.2 at 45 °C and stir-
red for 6 h to prepare the printable ink. In the formulation, the func-
tionalized SiO, concentration varied according to the experimental
design, while the CNF content was maintained constant due to its
fibrous and bundled morphology, as summarized in Table S1.

Characterization

The synthesized PMMA and all PMECS composites were confirmed
using scanning electron microscopy (SEM; Hitachi, Model S-3400N)
and Fourier-transform infrared (FTIR) spectroscopy (PerkinElmer-
L160000W). Mechanical properties were evaluated by Vickers hard-
ness testing (HMV-G series, Shimadzu), and wettability was assessed
through contact angle measurement. Detailed methods of sample
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Figure 2. Characteristics of the raw material and the composite. (a) PMMA powder. (b) MPS-SiO,. (c,d) 3D-printed tooth (composite) at 200 and
100 pm. (e) FTIR analysis of the composite. (f) Wettability test for hydrophobicity.

preparation and the information on the instruments used for each anal-
ysis are provided in the Supporting information, sections S1.1— S1.4.

B RESULTS AND DISCUSSION

Figure 1(i—iv) shows the synthesis of the materials from step to
step, with each step representing a different stage of the mech-
anism. In step (i) of Figure 1, the silicon dioxide nanoparticles
were functionalized with 3-(trimethoxysilyl)propyl methacry-
late (MPS). The surface silanol groups present in each nanopar-
ticle of SiO, react with the methoxy groups present in MPS,
resulting in covalent bonding in the form of Si—O-Si intercon-
nectivity and attaching the methacrylate functional groups to a
silicon dioxide surface. The product of this step is a functional-
ized silicon dioxide nanoparticle named SiO,-MPS, which can
react with methacrylate monomers during a polymerization
event. Step (ii) involved the mixing of organic components of
the resin matrix. MMA and PMMA served as the primary
monomers and prepolymer, respectively. They were copolymer-
ized in combination with EGDMA as the crosslinker and BAPO
as the photoinitiator. The functionalized SiO,-MPS particles
were added to the resin matrix CNFs and mixed well in step
(iii). The CNFs provided fibrous reinforcement and crack-
bridging mechanisms, while the MPS-functionalized silicon
dioxide ensured chemical compatibility with the methacrylate
matrix, thereby improving particle dispersion and interfacial
adhesion. Finally, step (iv) resulted in the formation of the
PMECS composite structure after UV-curing. The resulting
material consisted of a PMMA matrix integrated with covalently
anchored silicon dioxide nanoparticles via methacrylate (MPS)
linkage of CNFs. Such a hybrid organic/inorganic morphology
brings about increased mechanical strength, higher surface

roughness, and possible hydrophobic properties because of its
hierarchical composite structure.

Figure 2 shows the characterization analysis performed on
the raw material and the composite. As can be noted in
Figure 2a, PMMA microspheres show a smooth spherical mor-
phology with uniformity in size up to 500 pm; such uniformity
in sizing leads to good spreading of the microspheres and ade-
quate photocuring, which in turn are necessary for high-
resolution 3D printing of dental resins. As can be noted in
Figure 2b, SiO, microspheres have a rough morphology with
an aggregated cluster size. The presence of these hard sites in
the polymer matrix leads to enhanced interfacial transfer of
stress in addition to improved hardness and wear resistance,
both of which are essential requirements in dental composites
used inside the mouth. CNF addition can be noted with a
homogenous interconnecting network in a PMMA/MPS-SiO,
matrix in Figure 2¢,d. Precisely, increasing the CNF content
enhances the hardness due to improved network connectivity
and formation of an interconnected fibrous structure, which
facilitate effective load distribution. However, this enhancement
is observed only up to an optimal concentration, beyond which
CNF agglomeration may occur, leading to stress concentration
points and a potential decline in mechanical performance.
Similarly, increasing the SiO, loading contributes to higher stiff-
ness and hardness through efficient stress transfer, which is
enabled by strong interfacial bonding introduced by MPS func-
tionalization. Besides providing enhanced mechanical reinforce-
ment in addition to crack deflection/bridging in a
homogenously distributed manner, this network also replicates
a natural matrix/ dentin structure to improve cell adhesion
and biocompatibility. As can be noted in higher-magnification
images in Figure 2 at the 100 pm scale, surface morphology
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of a 3D-printed composite highlights CNF dispersion and a
bilayer interface between PMMA and MPS-SiO,. Insertion
highlights the nanostructure, which otherwise can aid in
improving hydrophobicity. Other characterization examinations
indicated the composition of the composite. Energy-dispersive
spectroscopy analysis in Figure S2 confirms the purity of
PMMA and the generation of a hybrid composite.
Furthermore, comparisons presented in Figure S3a,d relate
the pure PMMA morphology with composites, highlighting
the effects of additives such as MPS-SiO, and CNF. This com-
parison demonstrates that the interconnected network is suc-
cessfully locked and formed during the printing process, as
evidenced by the post-printing SEM analysis. The morphologi-
cal analysis verifies that CNFs are uniformly distributed and
incorporated into the PMMA matrix together with MPS-
modified SiO,. Specifically, the SEM results show that CNFs
are well-dispersed and embedded within the PMMA matrix
along with MPS-functionalized SiO,, forming a continuous net-
work structure. These observations provide direct experimental
evidence supporting the proposed network architecture in the
printed composite. The surface functional groups of neat
SiO,, MPS-SiO,, PME, and PMES48 were analyzed by FTIR
spectroscopy. The characteristic absorption peaks of Si—O—Si
were observed at 570 and 850 cm ™", corresponding to bending
and symmetric stretching vibrations, as shown in Figure 2e. The
peak at 1120 cm™" was assigned to asymmetric stretching vibra-
tions of the SO—Si bond.** Further, the broad peak at
3445 cm™' indicated hydroxyl (—OH) stretching vibrations
from surface silanol groups, which interact with the silane group
of MPS. After the surface modification, new peaks appeared at
1721, 1125, and 950 cm™' for MPS-SiO, corresponding to
C=C stretching, C—O stretching, and Si—O—C stretching
vibrations of MPS, respectively. The reduction of the hydroxyl
peak at 3445 cm™' further confirmed the successful grafting of
MPS onto the SiO, surface and displacement of surface
hydroxyl groups. Analysis of the PMMA spectra indicates that
the preferred band at 1724 cm™' is a consequence of the
stretching vibration of C=0, responsible for the ester functional
group (-COO-). This band is strong and sharp, providing a
guide for PMMA identification. The carbonyl linkage ester is
especially critical in many polymers, above all in PMMA. In
addition, between the 1125 cm™' series of peaks, stretching
vibrations of C—O-C along the ester linkage in PMMA are
mostly responsible for these absorptions. This spectral area is
typically used for detecting the presence of ester functional
groups, which are vital to the PMMA structure, as they join
methyl acrylate units in a chain.*® The spectra from around
2950 cm™' can be assigned to the stretching vibration of the
C-H bonds of the methyl (—CH,) groups attached to the
PMMA backbone. Occasionally, a weak band might appear in
the 1625 cm™' region, most likely due to C=C stretching.
Precisely, this band would rarely be associated with the C=C
functional group for completely polymerized PMMA; instead,
it may occur again due to the unconverted MMA monomer
or residual impurities. FTIR analysis confirms the successful
grafting of MPS onto SiO, nanoparticles, as indicated by the
presence of characteristic methacrylate functional groups, which
are capable of co-polymerizing with the PMMA matrix. This
chemical functionality is expected to promote covalent linkage
at the filler—matrix interface during photocuring. In addition
to spectroscopic confirmation, the observed enhancement in
mechanical properties, particularly the significant increase in

Vickers hardness, provides strong indirect evidence of improved
interfacial adhesion. From a mechanistic perspective, effective
stress transfer in particulate-reinforced polymer systems is
highly dependent on interfacial bonding; poorly bonded fillers
typically act as defects, leading to stress concentration and
reduced mechanical performance. In contrast, the consistent
improvement in hardness observed in our system suggests effi-
cient load transfer, which is indicative of improved interfacial
compatibility and reduced interfacial slippage. Furthermore, it
is well established in the literature that silane coupling agents
such as MPS reduce surface energy mismatch, improve nano-
particle dispersion, and minimize aggregation, thereby enhanc-
ing the effective interfacial area. This improved dispersion,
combined with covalent linkage, also contributes to restricting
polymer chain mobility near the interface, resulting in increased
stiffness and hardness. Additionally, stronger interfacial anchor-
ing is theoretically known to reduce the likelihood of filler
detachment and leaching under service conditions. In the spec-
tra shown in Figure 2e, one observes the presence of a peak at
1724 cm™! for PMES, stemming from the stretching vibration
of the carbonyl groups in PMMA. The peaks observed at
1500 and 1350 cm™" correspond to the —CH stretching modes
of PMMA, with the peak at 1454 cm™" being ascribed to methyl
(CH,) and that at 1392 cm™' associated with methylene
(CH,). Further, upon the addition of MPS-SiO, nanoparticles,
all PMMA/MPS-SiO, composites exhibit a very distinct peak at
1125 cm—1, characterized by the Si—O—Si bond, which evi-
dently reveals the successful integration of SiO,. Collectively,
the FTIR spectra validate that the composite possesses the
mechanical reinforcement, structural integrity, and aesthetic
qualities required for artificial teeth, positioning it as a strong
candidate for next-generation dental prosthetics that are dura-
ble, biocompatible, and visually natural.

The contact angle measurements for various concentrations
of SiO, nanoparticles incorporated into PMMA are presented
in Figure 2f. The control group of PME without SiO, demon-
strated a contact angle of (114 + 3°), indicating a hydrophobic
nature. However, neat SiO, exhibits a hydrophilic nature (67 +
2°) and MPS-SiO, shows a hydrophobic nature (89 + 2°).
With the addition of MPS-SiO,, there was a significant increase
in the contact angle, suggesting enhanced hydrophobicity. The
performance and behavior of 3D photocuring printing depend
heavily on the hydrophobic characteristics of their resin mate-
rials. The wettability of surfaces evaluated through contact
angles determines the final surface properties and affects poly-
merization kinetics, layer adhesion, and print resolution in
photocurable resin systems including PMMA and PMEC
composite-based ones. A more hydrophobic resin formulation
(contact angle > 90°) will resist moisture absorption, which will
lead to better dimensional stability, interlayer adhesion, and
optical clarity during curing. The observed increase in hydro-
phobicity, with a contact angle of approximately 126°, can be
advantageous for dental applications as it helps reduce water
absorption and swelling, thereby improving dimensional stabil-
ity in the oral environment. Additionally, enhanced hydropho-
bicity may contribute to greater resistance against bacterial
adhesion and subsequent biofilm formation, which is critical
for maintaining oral hygiene and long-term material perfor-
mance. However, excessively high hydrophobicity could poten-
tially affect adhesion to surrounding tissues or interfaces.
Therefore, achieving an optimal balance between hydrophobic-
ity and interfacial compatibility is essential. Dental material
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applications benefit from hydrophobic surfaces that prevent
unwanted resin spreading during printing while enabling easier
layer separation and enhanced resolution of fine details.
However, if over-hydrophobicity is not properly controlled,**
the excessive hydrophobic nature of the material can create
problems with wetting new layers, which can lead to interfacial
defects and adhesion loss between layers. The optimal perfor-
mance of 3D-printed components requires achieving an appro-
priate balance in surface hydrophobicity to achieve maximum
printability, curing efficiency, and functional performance. The
all-composition contact angle measurement is shown in
Table 1.

Figure 3a—c illustrates the bioinspired fabrication of fibrous
structures that replicate the internal morphology of natural inci-
sor teeth using a Phrozen 3D printer via photocuring. At the
top of the figure, the process begins with the Phrozen 3D
printer, which employs ultraviolet (UV) light to cure liquid
photopolymer resin into solid layers. The printing strategy is
designed to mimic the fibrous architecture of natural incisors,
as shown in the upper middle and right sections. Incisor teeth
serve as the bio-inspiration since they possess a unique hierar-
chical structure and excellent mechanical strength, primarily
derived from their anisotropic fibrous microstructure. This nat-
ural design is emulated through advanced layer-by-layer 3D

Table 1. Hydrophobicity of the Prepared Compositions”

material contact angle (0)
neat SiO, 67 +2°
MPS SiO, 89 + 2°
PME 114 + 3°
PMEC 117 + 2°
PMECSS3 122 +2°
PMECS65 126 + 3°

“PME= PMMA [P] [
MMA [M] + EGDMA [E] +CNF [C] + SiO2 [S].

printing. In Figure 3a, the schematic presents a cross-section
view of the photocuring process, illustrating the formation of
each new layer during printing. Figure 3b depicts the sequential
photocuring mechanism. UV light is projected upward to selec-
tively cure the resin and form the initial layer. Afterward, the
build platform incrementally moves upward for successive cur-
ing cycles. This repetitive process results in the controlled fab-
rication of complex fibrous structures.*®

Figure 3c shows the final printed product exhibits a well-
defined, interconnected fibrous network that closely resembles
the natural structure of incisor teeth. By accurately controlling
the resin flow and localized curing, the process reproduces the
anisotropic architecture responsible for the mechanical perfor-
mance of biological tissues. Overall, this mechanism demon-
strates how photocuring-based 3D printing enables the
creation of biomimetic fibrous architectures with promising
applications in dental restorations and tissue engineering.>®

The final product is a printed item with a controlled fibrous
network, similar to that of natural incisor teeth. By controlling
the flow of resin and the curing of each layer with precision,
the process enables reproduction of the anisotropic, fibrous
structure that is the source of the mechanical behavior of bio-
logical tissues. This figure can demonstrate how 3D printing
can be used to produce biomimetic structures having potential
in dental or tissue engineering.

Figure 4a—d summarizes the mechanical property perfor-
mance of different PMMA-based materials and the 3D-printed
dental composites. The Vickers hardness test is one of the most
popular methods for the testing of materials, especially for
metals, ceramics, and polymers. The PME, PMEC, PMECS48,
PMECSS3, PMECS56, PMECS60, PMECS62, PMECS6S,
and a 3D-printed tooth were evaluated for mechanical perfor-
mance. The PME (pure PMMA) case represents the lowest
hardness, followed by PMEC (PMMA with CNF) and a rela-
tively slow increment. Samples PMECS 48-65 are
PMMA/CNFs with different MPS-SiO, nanoparticle contents
(48—65 means weight % of MPS-SiO,). The maximum
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hardness value under all loads is shown by the 3D-printed tooth
(black star). The 3D-printed tooth exhibits better mechanical
properties, particularly at higher loads (2 N, 4 N). This indi-
cates that the enhancement of hardness by combining PMMA
with CNFs and SiO, is synergistic. The inset figure in the
curves is an optical micrograph or impression of indentation
applied for the hardness test. The Vickers hardness (HV) values
of all the specimens examined at various applied loads (9.8
mN~4 N) are shown in Figure 4, and all composition hard-
ness values are listed in Table S2. Hardness usually increases
with a rise in force if the process flows remain constant. The
3D-printed tooth is harder at higher force values because of
the mimic shape. Vickers microhardness measurements are rou-
tinely used to measure the hard characteristics of materials. The
inset shows a microscopic sample area from where the data was
obtained. In Figure 4b, only one bar represents the Vickers
hardness (at a constant 4 N load) for comparison of different
compositions of materials. The tooth sample exhibited a hard-
ness of 195 HV; consequently, it is far greater than those of
PME (36 + 3.8), PMEC (45 + 2.4), PMECS6S (126.11 +
4.3), and neat SiO, (15 + 2.1). The enhancement order clearly
indicates that both CNFs and MPS-SiO, NPs enhance the
mechanical properties. Figure 4c represents the diamond-
shaped indentation during the Vickers analysis. The Vickers

hardness data for PMMA composites collected from literature
published during 2006-2025 are plotted in Figure 4d.
Figure 4d represents a literature survey of previously reported
PMMA-based composite materials and their mechanical proper-
ties (Vickers hardness, HV). The circle sizes were used for
visual emphasis only and do not correspond to any quantitative
parameter such as sample size or data weighting. The current
data exhibit the highest mechanical strength (196 + 5.4 HV),
whereas the best previous value was 155 HV at much lower
levels. The lowest hardness values reported for PMMA compos-
ites were below SO HV. The incisor (front teeth) shape was
used for printing with a width of approximately 6-9 mm and
a height of around 10-12 mm, and the hardness measurement
showed the highest value of HV.

The presence of continuous SiO, grains supports dental
applications, hence preventing any apparent deformation of
the PMMA matrix. The well-dispersed MPS-SiO, nanoparticles
with a strong interface bonding to the PMMA lead directly to
an increase in the proficiency of load transfer between the two
formulations. The interfacial adhesion would further be
enhanced owing to the MPS functionalization of SiO, surfaces,
resulting in an increase in the general hardness of the compos-
ite. After MPS-SiO, and CNFs were added (PMECSS6 to
PMECS6S), the hardness improved significantly compared to
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Figure S. Cell growth study of the PMECS6S composite on (a) day 3, (b) day S, and (c) day 7. (d) Cell viability study on days 3, S, and 7, where P <

0.001.

that of natural dentin (60-90 VHN) and within values suitable
for enamel-like applications. In the current work, the use of
MPS-functionalized SiO, nanoparticles ensures covalent bond-
ing with PMMA through the methacrylate groups. CNFs, on
the other hand, interact with the polymer through hydrogen
bonds and have a physical entangled fibrous network. It leads
to increased interfacial interactions and efficient stress transfer.
As a result, there is a synergistic effect wherein SiO, nanoparti-
cles provide stiffness to the composite material and the CNFs
allow efficient stress dissipation and formation of the entangle-
ment network, leading to improved mechanical properties such
as hardness. Acrylic-modified CNFs can indeed provide more
active interaction with the polymer network and result in more
covalent interaction. Therefore, the high content of the reactive
CNFs and filler particles (both CNF and SiO,) may result in
excessive rigidness, leading to brittleness, making them unsuit-
able for use in dental applications due to mechanical loading
in the mouth area. In our study, the optimal content of CNF
and functionalized SiO, was found, ensuring a balance between
hardness and flexibility. Currently, the observed hardness is
higher, yet low enough not to become brittle. Thus, although
modification of CNF by acrylic groups is a promising strategy,
the use of such CNFs in dentistry will require additional optimi-
zation to avoid brittleness. The 3D-printed PMECS65 compos-
ite reaches 195 VHN, approaching the lower end of enamel
hardness (270-360 VHN).?® This indicates it is mechanically
acceptable for occlusal surfaces, load-bearing dental prosthetics,
or restorations.

The biocompatibility of the composite PMECS 65 was eval-
uated by cell growth and cell viability studies. Fluorescence live/
dead imaging showed time-dependent increments of cell viabil-
ity on the PMMA/MPS-SiO,/CNF composite. Minimal cells
were viable on day 3; cells grew into a fibrillar network on

day S. By day 7, almost confluent coverage of viable grown cells
with sparse dead staining was observed on the composite, thus
affirming extremely low. Qualitative findings were also sup-
ported by quantitative Alamar Blue assays; in total, the assays
confirmed that, in addition to facilitating cell adhesion, the com-
posite supports active long-term outgrowth and survival. The
cell growth and cell viability studies of the PMECS6S composite
on different days are depicted in Figure S.

The live/dead assay results presented in Figure Sa—c demon-
strate that after 7 days, the composite material PMECS65
exhibits excellent biocompatibility. The CNFs contribute a
nanofibrous texture that exhibits a strong similarity to the extra-
cellular matrix (ECM), providing a rich array of hydroxyl func-
tions to enhance protein adsorption and integrin-mediated
adhesion, thereby supporting cell attachment and migration.
These qualitative observations were further validated by the
quantitative Alamar Blue assay, as presented in Figure 5d. The
cell viability from day 3 to day 7 depicted an abrupt rise, with
values tending to rise well above what was observed for the
standard TCPS control. The % increment from day 3 to day
7 was 71-97%, with the statistical analysis confirming time-
dependent improvement in viability at “***p < 0.001”, suggest-
ing that the composite is biocompatible as well as favorable for
long-term cellular growth. This further depicted that the
PMECS 65 material not only allows cell survival but also pro-
motes robust cell proliferation, highly desired for biomedical
applications including tissue-engineering implants. The MPS-
SiO, nanoparticles, being the main component in biomedical
and dental composites, ensure silanol groups, enhancing surface
wettability and promoting protein preconditioning layers that
are quite essential for cellular interactions. Whenever silane cou-
pling agents as MPS are incorporated, the interfacial bonding
between SiO, and PMMA is favored, reducing filler leaching
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and promoting long-term biocompatibility. PMMA provides the
structural integrity and optical clearness required for material
usability, but its own hydrophobicity imposes a limitation on
early-stage adhesion. The use of CNFs and MPS-SiO, improves
the polymer’s physicochemical characterization, producing a
hybrid material that is stable, biocompatible, and supportive of
cells. The PMECS6S composite, which achieved the highest
Vickers hardness among the other composites, provides
mechanically stable and durable microfracture under stress.
Thus, PMECS6S is a promising material for dental and biomed-
ical applications, where both load-bearing strength and cellular
integration are crucial.

B CONCLUSIONS

Photocurable PMECS composites reinforced with MPS-SiO,
nanoparticles and CNFs were successfully synthesized. They
are 3D printable and exhibited outstanding hardness and bio-
compatibility, along with having a fibrous microstructure that
emulates the natural dental tissue architecture, imparting supe-
rior mechanical integrity. Furthermore, cytotoxicity tests con-
firmed that it possesses good biocompatibility to be used
within dental environments. In conclusion, the synergetic effect
of the reinforcement with MPS-SiO, and the fiber network for-
mation within the resin material bestows outstanding strength,
durability, and biocompatibility on this organic and inorganic
fibrous composite, hence making it a promising candidate for
artificial teeth and dental restorations.
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