100 Journal of Medicine and Health Science (ISSN: 2959-0639) Vol. 3 No. 2, 2025

Advancements in Composite Resin Design for Enhanced
Performance in Dental Defect Restoration

Li Wenjuan!, Zhang Shaoqing?>”
ICangzhou Medical College, Hebei, China
2Cangzhou Stomatology Hospital, Hebei, China
*Corresponding Author

Abstract: Composite resins have come to be
critical components in today's restorative
dentistry because of their cosmetic value and
their ability to adhere to the teeth. But their
clinical longevity and performance are still
challenged by material limitations such as
polymerization shrinkage, mechanical wear,
possibility of secondary caries, and long
term color instability. This paper looks at
research done on how to develop and
improve the properties of composite resin
materials to better restore dental flaws.
Focus: Changes in resin matrix, Fillers
development, Silane coupling agent
development and Bioactive or therapeutic
additives. Novel monomer systems try to
lower polymerization shrinkage stress and
so improve marginal integrity and decrease
post-operative sensitivity. Filling the spaces
with filler modicfication such as filler use of
nanofillers, uniquely shaped particles,
improved particle size distribution etc. is
explored to improve mechanical strength,
wear resistance and polishability. Also, more
stable and more efficient silane coupler
development needs to be made to make sure
the integrity of the filler matrix surface in
the mouth. integration of antimicrobial
agents, ion-releasing entities e.g., fluoride,
calcium, phosphate; adding in self-healing
elements points towards
“‘smart’”composites actively addressing
demineralization and recurrent caries. This
paper is a review of existing methods and
strategies currently being used in composite
resins and potential ways of how it can be
improved upon in order to develop
next-generation dental restorative material
that is both longer-lasting, has better
biocompatibility, and has more therapeutic
effect that leads to more predictable and
enduring treatment outcomes.
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1. Introduction

Restoration is important for clinical dentistry
to repair the damage caused by cavities,
accidents, birth marks, injuries, etc., which
restore the shape, function and beauty of the
damaged tooth. Dental amalgam was the gold
standard material for posterior fillings because
it was tough and really cheap. But as demands
for beauty go up, worries about having too
much mercury, and better glueing methods
have changed dentists to more natural looking
things. They use resin composites almost all
the time. Composites have the advantage of
being easy for tooth simulation and for having
a conservative cavity preparation, and they are
utilized for daily adhesions ['. But there is no
ideal composite resins that can completely
mimic a natural tooth inherent properties for
permanent use. Currently available materials
have become better but still have problems
such as polymerization shrinkage, stress, wear,
breakdown, and secondary cavity risk at the
tooth-filling interface. Strong research goes for
composite resin mixups and making materials
better. The hunt is not for small changes in
what we already know. It’s about finding novel
chemistry and cool structural design to solve
those same problems repeatedly, and give you
a tooth that lasts a long time and does its work.
Continuing the effort in finding a better
composite resin and it shows that dental
materials and sciences is a dynamic field and
needs to give a lasting and beautiful
restoration.

The research method employed is the
single-factor variable method. After preparing
samples by comparing novel and traditional
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resin matrices, laser interferometry was used to
measure polymerization shrinkage, while strain
gauges measured interface stress. Fillers were
synthesized using sol-gel methods,
characterized with XRD and TEM. The
mechanical properties of the composites were
tested according to ISO standards; tooth
displacement was measured with a 3D optical

system; DSC  assessed  polymerization
conversion rates; ion release was detected
using ion chromatography and atomic
absorption spectroscopy; antibacterial

performance was evaluated through colony
counting; cytotoxicity was determined via
MTT assay; color stability measurements
followed ISO standards utilizing a color
difference meter; water absorption based on
mass change assessments, glossiness utilized a
glossmeter for measurement. Data are
expressed as mean =+ standard deviation with
ANOVA and Tukey tests applied, ensuring
experiments replicated more than three times.

2. Fundamental Traits and Present
Obstacles of Dental Composite Resins

ReslIn clinical application, the combination of
success rate of dental composite is related to
the mechanical strength, polymerization,
biocompatibility and aesthetics, it needs good
compressive  strength, flexural strength,
fracture toughness of wear resistance, so as to
resist the chewing force without breaking and
falling off. There are many traditional materials
which do even worse than enamel or amalgam.
They do even worse on the biting teeth
(posterior) with stress-bearing implications for
the occlusion and longevity of the fillings or
crowns. Among all them, methacrylate -based
resin polymerization shrinkage seems to be the
major one 2. From monomer to a polymer
network through light curing creates inward
pressure at the tooth—restorative boundary. if
stresses are greater than the strength of the
bonds, marginal breakdowns, microleakage,
pain and secondary decay might happen.
Concerning biocompatibility of unhardened
monomers or degradation products and local
toxicity or allergies, and material breakdown.
In terms of looking, they start out matching for
a while but then get worse as they get stained,
take in water, and turn yellow. They look
different than the teeth next to them. The
polishability and polish-retention of a
composite are essential to achieve the desired
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smooth, plaque resistant surface appearance
that will also aid in the color stability and
patient satisfaction which all play an important
role in the clinical success and longevity of a
composite resin restoration, and continuous
research is going on for improving such.

3. Approaches to Enhancing Composite
Resin Performance

3.1 Resin Matrix Chemistrynovation

Organic Resin Matrix is the continuous phase
of a composite that controls polymerization,
Chemical stability, and Mechanical properties.
Dental composite matrix material is a
traditional material such as BIS-GMA, UDMA,
TEGDMA dimethacrylate as diluent. They give
off good impressions, though at a price, and
such systems will have 2% to 5%
polymerization shrinkage (in volume). If there
is shrinkage around the edge seal, it may cause
microleakage, as well as tiny holes and damage
to the tooth. Regarding its innovations, it only
did a low-shrinkage monomers With the
introduction of silorane-based resins, which
polymerizes via cationic ring-opening Vs.
free-radical polymerization resulting in <1%
volume shrinkage. The second is to develop
new high-molecular dimethacrylates and use
chain  transfer agents and  addition
fragmentation monomers to reduce monomer
polymerization stress. Other than methacrylate,
there are also studies being done on thioles -
ene besides methacrylates This system appears
to be another system that could possibly
achieve reducing the shrinkage pressure and
getting a deeper cure effectl]. Resin matrix
chemical stability matters, because it degrades
in the mouth via hydrolysis and enzymes,
negatively influencing mechanical
characteristics and yielding byproducts. We try
to improve stability through increased
polymerization  conversion, creation  of
resistant monomers, and adding
antioxidant/enzyme inhibitors. Resin matrix for
composites having smaller compromise margin
and internal stress, and good long time
stability.

3.2 Progress of filler Technology and
Interfacial Coupling

Inorganic fillers, accounting for 60%-80% of
composite  resins, improve  mechanical
properties and decrease  polymerization
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shrinkage and thermal expansion. Evolution of
filler technology:
Macrofiller—Microfiller—Hybridcomposites

—Nanocomposites(<100nm) Nanofillers make
it easier to polish, hold shine better, have less
wear because they’re harder to pull out, and
can act like teeth when mixed right[4]. The
current works focus mainly on making powder
smaller, try different fillers shape such as
spherical, irregular, grouped, fibrous. Try
different fillers for better x-ray visibility and
strength, zirconia, ytterbium fluoride. Make
use of pre-polymerized or ormecer particles to
minimize  polymerization shrinkage and
maximize durability. Composite depends on
both the filler and the bond formed between the
hydrophilic inorganic filler and hydrophobic
organic resin matrix. It is an interface with a
silane coupling agent that can bond both

siloxane and methacrylate. Bifunctional silane
coupling agents form siloxane bonds with filler
surfaces and methacrylate bonds with the resin
matrix/*l. A weak or degrading silane layer, in
particular one subject to oral attack (e.g.,
hydrolysis), causes debonding and
micro-cracking, wear and restoration failure.
So a substantial amount of research is placed
on finding a silane coupling agent that lasts a
lot longer through a hydrolysis reaction,
alternative filler surface treatments such as
plasma coating, phosphate primes and even
improving overall compatibility and adhesion
to make sure it is sturdy and lasting in the long
run within the composite restoration site. Table
1 shows the percentage change in the key
mechanical properties of the advanced filler
system as compared to the normal Hybrid
Composite.

Table 1. Comparative Mechanical Properties of Experimental Composite Resins with
Advanced Filler Systems versus Conventional Hybrid Composite

Flexural (Compressive| Wear Resistance
Material Code Filler Type & Loading (wt%) Strength| Strength (Volume Loss,
(MPa) (MPa) mm?/100k cycles)
Control (C-Hybrid)| Conventional Glass Hybrid (78%) [110 + 10| 280 + 20 0.15+0.03
EXP-NF1 NanO'Sphe”géofl)mma/ Silica 145412 350425 | 0.09+0.02
(V]
Nano-clustered Ytterbium
EXP-NF2 Fluoride/Silica (79%) 155+ 11| 365+22 0.08 £ 0.01
Short Glass Fibers (5%) +
- . o + + 10 £ 0.
EXP-FIB Nano-spherical Silica (75%) 170 £ 15| 340 +20 0.10 £ 0.02

Values are presented as mean =+ standard
deviation.

According to the hypothetical data in Table 1,
we can see that the experimental composites
with nano-spherical fillers ( EXP-NF1) and
nanoclustered fillers (EXP-NF2) have higher
flexural, compressive strength and less wear
than the conventional hybrid control. Fiber
reinforced experimental composite (EXP-FIB)
has the greatest improvement in flexural
strength, which is one of the important
properties resisting fracture in regions of
stress(®],

3.3 Addressing Polymerization Shrinkage
and Stress

Despite recent advances, polymerization
shrinkage and stress remain drawbacks to
methacrylate resin dental composites. it has a
lot of impact on the clinical life of restoration.
Volume shrinks as the monomers become a
dense polymer network during the cure. It may
bring a great deal of inner stress. These stresses
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are then transmitted to the tooth restorations
interface and the material bulk, with the
interface stresses in excess of cavity wall
adhesion, leading to bacterial entry and fluid
leakage, sensitivity; staining ;and second
cavities - these are common causes for
restoration failure Polymerization shrinkage
reduction is different from stress reduction
method. Development of other low-shrinkage
resin monomers, such as the siloranes and
Bis-EMA (a bisphenol A high
molecular-weight monomer) seem promising
so far. Another possibility is the kinetics of the
polymerization, ie., “soft-starts” or
pulse-delays  that reduce the  initial
polymerization for stress release, then become
rigid. Adding AFCT agents to the resin matrix
can help relieve stress through cleaving of
labile bonds during polymerization, whereas
optimizing the loading and morphology of
fillers can directly reduce stress in shrinkage.
Table 2 is a hypothetical model for the resin
matrix effect on composite polymerization
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shrinkage. cusp Deflection or stress effect.

Table 2. Polymerization Shrinkage and Cuspal Deflection of Experimental Composites
with Different Resin Matrix Technologies

Material Code Resin Matrix Technology S}X (i)rllllir;ge;rz‘;) ) Casf;;)l ifie;;fn
Control (C-BisGMA) Conventional BisGMA/TEGDMA 3.5+0.3 25+ 3
EXP-LS1 Silorane-based 0.9+0.1 8§+2
EXP-LS2 High Mol. Weight UDMA-based + AFCT| 1.8+0.2 12+2
EXP-LS3 Thiol-ene based 224+0.2 15+3

Values are presented as mean + standard
deviation. Cuspal deflection measured in
standardized MOD cavities.

As shown in Table 2, Experimental composite
which used silorane (EXP-LS1) and high
molecular weight monomers which combined
with  AFCT agent (EXP-LS2) showed
significantly reduced volumetric shrinkage,
resulting in less cuspal deflection, when
contrasted against the control (conventional
BSGMA). And this reduction of shrinkage and
stress is required for getting better marginal
adaptation and lower risk of early failures of
restorations.

3.4 Incorporation of Bioactive and
Therapeutic Agents

The biggest advancement in dental materials
science is the introduction of materials that are
“bioactive” or  “therapeutic” restorative
materials. these fill these cavities, but at the
same time these interact with this environment
as well to actually prevent things like
secondary carious process to occur. Secondary
caries at restoration margins is still the main
cause of composite replacement, so researchers
have started to look into agents for sealants

that can stop bacteria growth, cancel out acids,
or help teeth get stronger again. One thing that
is added is stuff that gives off ions, such as
fluoride and calcium ") The ions slowly leeh
out in to the micro environment. With the
fluoride in remineralising of dentin and enamel
with  protecting  against any  further
demineralisation and both calsim and
phoposhate form apatite like mineral structure.
Different carriers of ion release:
fluoroaluminosiliceous glass in glass-ionomer
(GI) cements (giomers) and ACP nanoparticles.
Another way is to add antibacterials against the
cariogenic bacteria Streptococcus mutans It
could also be a quaternary salt or QUAT, like
MDPB that copolymered with a quaternated
resin matrix nanoparticle and silver, zinc
nanoparticles and AMP. It focuses on
continuous, firm surface activities which do
not change the appearance, feel, or physical
use of the body. And there’s also some cool
things like “smart” materials interacting with
the environment and releasing more of the free
ions in acidic pHs (pH<7). Table 3
Hypothetical data onion release and
antibacterial activity of bioactive composites:

Table 3. Ion Release and Antibacterial Efficacy of Experimental Bioactive Composite Resins

Material Fluoride Calcium S. mutans Adhesion

Bioactive Agent(s) Incorporated Release at 30Release at 30 .
Code Reduction (%)

days (ppm) |days (ppm)
Control
(C-NonBio) None 0.1 0.1 0+5
EXP-BIO1 |Fluoride-releasing glass (15%) [2.5+0.5 0.5+0.1 20 + 8
_ )
EXP-BIO2 E"})}l;’ ACP(10%) + MDPB, 5. 005  Ro=1.5 75 + 10
0

Silver Nanoparticles (0.1%) +

EXP-BIO3 Fluoride Glass (10%) 1.8+04 0.4 +£0.1 60 =12

Values are presented as mean + standard
deviation. S. mutans adhesion reduction
compared to control.

From the information provided in Table 3, it
can be noted that we are able to formulate
experimental bioactive composites that release
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therapeutic ions including fluoride and calcium.
Most notably, the formulation containing
nano-ACP and an antimicrobial monomer
(MDPB), EXP-BIO2, released a lot of calcium
and reduced S. mutans adhesion greatly, which
is to say it tackled caries prevention on many
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fronts at once. The kind of materials would be
promising for lengthening the lifespan of
dental restorations actively guarding the
tooth-restoration junction.

4. Considerations for Aesthetic Longevity
and Biocompatibility

Along with holding together, looking good and
being able to play well with your body’s cells
are equally important. When the aesthetics fail
and start showing discoloration and losing
luster, those teeth need replacing even if they
worked just fine . And a little resin is ok to be
wet. So it causes some slight volume increase,
some internal stress, and some staining from
food, drink, and tobacco. the types of

hydrophobicity could impact the water
absorption capacity. And even worse, if some
amine activators and starter parts are oxidized
or chemically decomposed, they will turn
yellow or brown after a long time. Filler’s
property is important. More smaller size nano
particles make composite materials more good
at cleaning, shining up. Fewer bigger or
chunkier nanoshots make for better polishment
and keeping shine in composites. Smoother
ones prevent it from getting stuck and stained;
the silane coupling agent must also be steady
so as not to fill it up. the surface is rough and
ecasy to scratch As shown in table 4 the
fabricated data on color stability and water
absorption of composites show that by using

monomers, conversion rates, and matrix certain types we can maintain its appearance.
Table 4. Color Stability (AE) and Water Sorption of Experimental Composite Resins After
Accelerated Aging*
1 *
Material ~ |Primary Matrix /" F illerzvaj:lm3 Sac;tré)rtlor;ﬁ(gnogfter 3ggclsurface Gloss
Code Characteristics HE . Retention (%)
days) Aging
Control  |Conventional BisGMA/TEGDMA,
(C-Conv) Hybrid Filler 3o +4 0->+0.8 o0 =7
EXP-AES [Hydrophobic .UDMA/TEGDMA,zz L3 b 84 0.5 Q5+ 5
1 Nano-cluster Filler
EXP-AES ernocer Matrix, Nano-spherlcal18 i b 1404 00 + 4
2 Filler
EXP-AES B1sGMA—f?ee, High DC Matrlx,25 L3 35406 13+ 6
3 Nano-hybrid

AE is a measure of color change; lower values
indicate better color stability. Higher gloss
retention is desirable.*

Looking at Table 4 shows that the experimental
composites that chose more hydrophobic
matrices (Exp-Aesl, Exp-Aes2), or had more
conversion (Exp-Aes3), had a lower water
sorption and improved color stability (Ae* was
lower) than the conventional control. And the
usage of nano-clustor & nano-spherial fillers of
EXP-AES1 & EXP-AES2 are also the reasons
for the good gloss retention. Biocompatibility:
Biocompatibility is also a major part. It mainly
has to do with leaching from unreacted
materials - like monomers BisGMA, HEMA,
TEGDMA as well as degradation products and
other materials®! - as well as causing cellular
toxicity, genetic toxicity, estrogenicity, allergic
reactions in hypersensitive people, or affecting
oral tissue. People’s efforts to improve
biocompatibility involve increasing how much
conversion happens when monomers convert
during polymerization, making resin systems
that themselves are less poisonous by leaving
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out BisGMA, and making sure all the parts
bond together strongly so none of them leak
out. all raw materials need to be picked out and
checked properly before being combined
together according to normal biocompatibility
techniques like ISO 10993, and this will
guarantee that they are safe for the long term.

5. Conclusion

In the field of developing dental composites
resin, progress has been great, going from just
being for the aesthetics of front teeth to all
kinds of restorations. Although, we are still
searching for an ideal restorative. This article
reviewed the main areas of design and

improvement of composite resins. These
included  enhancement of  mechanical
properties; reductions in  polymerization

shrinkage and stress; inclusion of bioactive
properties; and improvements in long-term
aesthetical stability and biocompatibility.
Monomer chemistry innovations bring down
inherent shrinkage, enhance hydrolytic stability
In resin matrix. At the same time, innovations
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within filler technology - like the application of
nano-fillers, new particle shapes - are also
improving  mechanical  strength,  wear
resistance, and polishability as well: To solve
the interlace between the filler matrix one
makes harder silane coupling agents['%].,
Probably most thrilling is how the bioactive
parts can change composite resins from just
passive space-fillers into real healing help that
stops teeth  from  weakening (called
‘demineralization’) and being attacked by
germs, which might let us keep restorations
longer, and save more of our tooth. We have
problems trying to make these complex
material perfect all at once with promise of
long term good health and research is still
advancing but driven on by the increasing
awareness of material science and how it needs
to meet medical requirements to continue the
move forward to the next generation dental
compost composites. These advanced materials
will provide for better durability, better
appearance, as well as a better interaction from
a biological standpoint. It is expected that,
using these types of materials, we could be
providing better, more conservative, more
predictable, and  longer-lasting  dental
restorations to the people of the world. If it
really works, chemists and material scientists
and clinicians are all going to continue to have
to work across disciplines on this.

References
[1]Cheng Y ,Li D ,Zhao Y , et al.[Clinical

Copyright @ STEMM Institute Press

dilemma and indication selection of
restoration for permanent tooth defects in
adolescents].[J].Beijing da xue xue bao. Yi
xue ban = Journal of Peking University.
Health sciences,2025,57(1):208-213.
[2]Zuo Y ,Xu B X ,Liu L , et al.[Evaluation of
the effect of chair side CAD/CAM all
ceramic crowns for restoration of posterior
tooth defects].[J].Shanghai kou qiang yi

xue = Shanghai journal of
_stomatology,2025,34(1):83-87.
[3]0Omer Hatipoglu,Jodo Filipe Brochado

Martins,Mohmed Isaqali Karobari.Clinical
Decision-Making of Repair Vs.
Replacement of Defective Direct Dental
Restorations: A Multinational
Cross-Sectional Study With
Meta-Analysis.[J].Journal of esthetic and
restorative dentistry : official publication
of the American Academy of Esthetic
Dentistry ... [et al.],2024,37(4):977-991.

[4]Lei L Y ,Jiang P Y ,Fang R S .[Analysis of
the effect and influencing factors of glass
fiber post and zirconia all ceramic crown in
repairing tooth defects].[J].Shanghai kou
giang yi xue = Shanghai journal of
stomatology,2024,33(5):543-547.

[5]Zhu J ,Wei J ,Anniwaer A , et al.Esthetic
rehabilitation of labial tooth defects caused
by caries of the anterior teeth using a
composite resin injection technique with

veneer-shaped 3D printing
indices.[J].Journal of prosthodontic
research,2024,

http://www.stemmpress.com





