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/ ABSTRACT \

Background: Nanocomposite resins became promising materials in restorative dentfistry due o the
application of nanotechnology to improve durability and microbial resistance characteristics. This
systematic review aimed to review the mechanical performance and antfimicrobial efficacy of
nanocomposite resins.

Methods: A fotal of 93 studies were identified through a comprehensive database search of
PubMed, Scopus, Web of Science, and Cochrane Library from 2010 to 2024. Studies were included
if they evaluated the nanomaterials in dental composites, reported mechanical and antimicrobial
properties, and utilized in vivo and in vitro experiments. Studies were excluded if they were reviews,
commentaries, or conference papers and lacked quantitative data. Nanoparticles such as silver,
zinc oxide, silica, and halloysite nanotubes were studied, and outcomes were measured, including
flexural and compressive strength and anfimicrobial activity against biofilms. The risk biases of studies
were assessed using the Cochrane Risk of Bias tool.

Results: A total of 15 studies were included in the systematic review table out of an initial pool of 93
studies further filtered down via the screening process. There were 6 in vitro, 5 experimental, and 1
hybrid study designs. Silver, zinc oxide, silica, and halloysite nanotubes were among the
nanoparticles that were investigated. Mechanical properties were seen to be improved
significantly, with flexural strength increased by up to 74% and compressive strength increased by
50%. Bacterial reduction rates of >99% were observed for silver and zinc oxide
nanoparticle-incorporated composites. The lack of long-ferm data and nanoparticle
agglomeration were identified as drawbacks. Optimal nanoparticle concentration was observed to
be needed to balance mechanical and antibacterial properties via subgroup analyses.

Discussion: While these advancements were significant, some gaps must be addressed. The lack of
information about long-term performance under simulated oral conditions and the lack of testing
against multispecies biofiims remained. Future studies should aim to optimize the formulations and
conduct clinical trials that could validate efficacy and safety. The use of nanocomposite resins was
an innovative approach to restorative dentistry that had the potential to offer durable, antimicrobial
restorations.
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INTRODUCTION

The shift of paradigm in the use of nanocomposite
resins has brought about significant change in the
field of restorative dentistry!. These materials were
designed specifically to address problems like
mechanical  failure, piofilm  formation by
microorganisms, and secondary caries, which
hinder the longevity and performance of dental
restorations?. The nanocomposite resins
incorporated with nanoscale materials, including
silver nanoparticles (AgNPs), zinc oxide (ZnO), silica
nanoparticles, and halloysite nanotubes (HNTs),
improved durability and antimicrobial propertiess.
The idea behind integrating these nanoparticles
was to develop multifunctional resins that could
withstand functional stresses, without increasing the
risk of bacterial colonization and  biofim
development.

The research found that nanocomposite resins had
the potential to excel over fraditional materials.
Nanoparticles were added to the resin and
improved its physical and chemical properties such
as enhanced flexural and compressive strength,
better resistance to wear, and sustained
antimicrobial  activity>.  For example, silver
nanoparticles were demonstrated to damage
microbial cell walls and block bacterial replication,
whereas zinc oxide nanoparticles released reactive
oxygen species, hence providing long-lasting
antibacterial effects®. In the same way, silica
nanoparticles were modified fo deliver
chlorhexidine with both mechanical improvement
and controlled antimicrobial release’.

Even with these advancements, there were still
many challenges that came along. At higher
concenfrations, nanoparticles agglomerated and
compromised the mechanical properties of the
resin.  Moreover, the performance of the
nanoparticles in oral environmental conditions was
influenced by variability in salivary interactions and
thermal fluctuations’. In addition, most studies
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explored single-species-based biofilm models that
did not completely replicate the complexity of an
oral microbiome'°,

This review sought a detailed analysis of
nanocomposite resins, particularly their mechanical
characteristics and their antimicrobial efficacy. The
review synthesised experimental and in vitro findings
to evaluate the strengths and weaknesses of these
materials, as well as to identify areas of current lack
of understanding. In addition, the future aspects
and clinical relevance within this research domain
were also discussed, providing insights info the role
of innovations in redefining the standards of
restorative dentistry.

METHODS

This systematic review was conducted based on the
PRISMA guidelines 2020. This study only took those
stfudies that focused on the mechanical
performance and the antibacterial effectiveness of
nanocomposite  resins  which  were used in
restorative dentistry. For inclusion in the current
review, the following criteria were established: (1)
the use of nanoscale materials (such as silver
nanoparticles, ZnO, SiO? nanoparticles, halloysite
nanotubes) in dental composites, (2) reporting of
mechanical properties (flexural characteristic,
compressive  characteristic) or  anfimicrobial
properties, (3) only in vitro, in vivo, or clinical study
types, and (4) published in a peer-reviewed journal.
The exclusion criteria included reviews and

commentaries, conference proceeding papers,
and papers having inadequate quantitative
information.

A search was conducted in electronic databases
such as PubMed, SCOPUS, Web of Science, and
Cochrane from the year 2016 to 2024. Other sources
like grey literature, references mentioned in the
studies included in the review, and items drawn from
other systematic reviews were searched manually fo
identify potential artficles. No language filters were
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used in the search processes.

The search strategy was designed by consulting with
an experienced librarian. The keywords and
Medical Subject Headings (MeSH) terms used for the
selection of studies included: nanocomposite resins,
nanotechnology, mechanical properties, and
antimicrobial activity. An example search string
used for PubMed is as follows: *(nanocomposite OR
nanotechnology OR nanoparticle) AND (resin OR
restorative dentistry) AND (mechanical
properties/mechanical OR flexural strength/ flexural
OR compressive strength/compressive OR
antimicrobial activity)”. Consequently, the search
techniques used were dependent upon the specific
needs of the databases used in the study.

At first, two independent reviewers reviewed the
fittes and abstracts of the identified studies and
discarded the irrelevant literature. Full-text articles of
eligible studies were taken and evaluated with the
help of established eligibility criteria. Disagreements
were resolved through collegial discussion or
consultation with another researcher. The process of
study selection is presented in the form of a PRISMA
flow diagram where different steps of idenfification,
screening, eligibility, and inclusion of studies were
outlined together with the number of records
involved in each process and possible reasons for
exclusion.

Primary outcomes involved mechanical properties
and antimicrobial efficacy, while secondary
outcomes included biocompatibility, long-term
performance, and agglomeration of nanoparticles
under normal oral conditions. Variables were
systematically extracted which involved, study
details, study design, nanoparticle type, key
outcomes, and limitations. All results that aligned
with predefined outcomes were taken missing data
such as unreported stafistics were not imputed and

unclear methodologies were documented as
limitations.

Data exiraction faced challenges due fo
incomplete or missing outcomes, such as

mechanical properties and antimicrobial activity,
with some studies lacking standard deviations or
confidence intervals. Mechanical properties were
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standardized to MPa using conversion factors (1 psi
= 0.006895 MPa, 1 N/mm? = 1 MPa). Antimicrobial
activity was reported as log reduction in CFU, with
separate reporting for different testing methods and
bacterial strains. Reviewers ensured consistency and
fransparency by verifying all conversions and
addressing discrepancies in the data.

The risk of bias for each study was assessed using the
Cochrane Risk of Bias Tool by two independent
reviewers. Studies were categorized as high,
moderate, and low risk based on conditions like
justification and blinding of sample size. Effect
measures such as mean differences were
calculated for mechanical properties and log
reduction in colony-forming units (CFU) for
antimicrobial outcomes. Studies with insufficient
quantitative data or irelevant outcomes were
excluded post-full-text screening.

Data preparation involved
non-uniform meftrics and marking studies with
incomplete data. Results were synthesized
narratively due to heterogeneity in study designs
with  highlighted trends. Subgroup analyses
evaluated the type of nanoparticle and the
complexity of biofilm. Sensitivity analyses were not
performed due to limitations in study counts and
publication bias. The certainty of evidence was
graded informally using the GRADE framework. The
refinements ensured transparency of results.

standardizing

RESULTS

A database search identified 93 records, of which 6
duplicates were removed and 87 unique records
were further passed down. Titles and abstracts were
screened for eligibility, and 43 full text articles
remained for further screening. Twelve of these
studies met the criteria for inclusion in the qualitative
synthesis. Reasons for exclusion of the remaining 31
full-text articles included: insufficient data (50%),
irelevant outcomes (32%), and non-eligible study
designs (18%). The selection process was
summarized in a PRISMA flow diagram in Figure 1.
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Figure 1: PRISMA Flow Diagram to Show Study Filtration Process.

There were 6 in vitro, 5 experimental, and 1 hybrid study designs. Silver, zinc oxide, silica, and halloysite
nanotubes were among the nanoparticles that were investigated. Mechanical strength and antimicrobial
efficacy against both mono- and multispecies biofilms were highlighted outcomes of the research. Table 1
provides detailed study characteristics.

The Cochrane Risk of Bias Tool was used to assess the risk of bias. About the included studies, 58% were rated
as having low risk of bias, 25% moderate risk, and 17% being at high risk. Their main limitations included small
samples and short terms of observation.

Nanoparticles were shown to significantly improve the mechanical properties of dental composites. For
example, the studies reported an increase in flexural strength (up to 74 %) and compressive strength (up to
50 %) compared to conventional materials. Bacterial reduction rates as high as 99% were notably found with
silver and zinc oxide nanoparticles in composites containing them.

The significant influence of the nanoparticle concentration and its distribution on the outcomes was
investigated by subgroup analyses. Higher concentrations produced more antibacterial effects, but these
higher levels caused agglomeration and also adversely affected mechanical properties. Dual benefit
nanoparticles, including those with combined antimicrobial agents and remineralizihng properties,
demonstrated multifunctional capability but were not optimized properly for clinical application.

Evidence of certainty was assessed using the GRADE framework. For the mechanical properties of
nanocomposite resins, certainty was graded as low due tfo in vitro dominance and variability in formulations.
Antimicrobial efficacy was graded as moderate, but it was limited by single-species biofilm models.
Biocompatibility data were graded as very low due o the absence of clinical validation.

Most studies were underexplored in terms of long-term performance and biocompatibility. Less than 25% of
studies used simulated oral conditions, and only a handful used multispecies biofilms. Future research should
concentrate on these domains and validate them to achieve more clinical significance.
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Table 1: Key Characteristics and Outcomes of Studies on Nanocomposite Resins in Restorative Dentistry

antibacterial rate with 15
wit.% Zn-MSNs).

Pavanello et | Experimental | Silica nanoparticles | Improved  antimicrobial | Limited fo in vitro study; no
al., 2023, Brazil, | study loaded with | activity against S. mutans, | clinical  tfrial  validation.
k™ chlorhexidine S. mitis, and S. gordonii. | Limited durability data
(CHX-SNPs) Enhanced flexural | beyond antimicrobial
strength. activity.
Garcia et al., | Experimental | Adhesives with ZnO | Antibacterial efficacy | Adhesive properties are
2020, Brazil, | study nanoparticles (2.5-| increased at 7.5% InO.| affected by high ZnO
USA'2 7.5% w/w) Flexural strength is | levels. Biofim testing under
reduced at higher ZnO | limited in vitfro conditions.
concentrations.
Barot et al., | Invitrostudy [ Nanocomposite Improved mechanical | Agglomeration of HNT/Ag
2020, India'? resin  with  silver | properties (e.g., flexural| at higher concentrations
nanoparticle strength at 5% HNT/Ag). | reduced mechanical
immobilized significant  antibacterial | properties. Cytotoxicity not
halloysite activity against S. mutans. | fested in vivo.
nanotubes Negligible cytotoxicity on
(HNT/AQ) vs. | NIH-3T3 cell lines.
conventional glass
fillers
Bai et al., 2020, | Experimental | Zn-doped Improved mechanical | Long-term antibacterial
China'4 study mesoporous silica | properties (flexural | performance stability and
nanoparticles (Zn- | strength, compressive | potential  filler  release
MSNs) strength).  Antimicrobial [ impacts were not deeply
properties (100% | explored.

Alhussein et | Invitro study | Low-shrinkage- Flexural strength is| Did not include long-term
al., 2023, USA'S stress comparable to | performance testing.
nanocomposites commercial composites. | Focused only on S. mutans
containing Reduced S. mutans | as a model for biofilm.
DMADDM, calcium | biofim CFU by 6 logs.
fluoride  (nCaF2), | Diminished biofilm
and calcium | metabolic activity and
phosphate (NACP) | lactic acid synthesis by
90%.
Ipe et al., 2020, | Experimental | Silver nanoparticles | Biocompatible doses of | Focused on  antibiotic
Australia'® study (AgNPs) AgNPs synergistically | synergy; did not include
enhanced antibiotic | long-term effects or
effects and reduced | specific dental
bacterial growth, | applications.
particularly in  resistant
strains.
Barot et al., | Experimental | Halloysite Enhanced  mechanical | Limited range of bacterial
2020, India'” study nanotubes  (HNT) | properties species tested. Real-world
loaded with | (compressive/flexural application in  clinical
chlorhexidine strength), depth of cure, | settings needs  further
and antibacterial | validation.
properties. No cytotoxicity
was observed with
HNT/CHX fillers.
Mirhashemi et | In vitro | Composite  resins | Significant decrease in| No inhibition zones for 1%
al., 2021, Iran'® | experimental | containing 1%, 2%, | bacterial colonies (up to| and 2% NAg
study and 5% nano-silver | 99.93% reduction). The | concenfrations. Limited
(NAg) particles antibacterial effect | applicability to  clinical
increased  with NAg | settings due fo
concenfration. Growth | experimental  conditions.
inhibition  zones  were | Potential effects on
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Saleem et al., | In Selenium-doped  ZnO | Enhanced antibacterial | No exploration in
2022, Pakistan, | vitro nanoparticles as | activity. Improved | multispecies biofilm
Saudi Arabia, | study | antfibacterial nanofillers | mechanical strength. | environments.
USA'"? Effective  against  biofilm-
forming pathogens at low
concenfrations.
Nikolaidis et | In Nanocomposite  resins | Improved mechanical | Lacked data on long-term
al., 2021, | vitro with quaternary | properties (flexural modulus | clinical performance.
Greece® study | ammonium silane- | 174%, compressive strength | Cytotoxicity studies are
modified silica | 119%). Antimicrobial activity | pending.
nanoparticles. was observed.
Tanaka et al., | In Chitosan  with/without | Maintained mechanical | Single-species biofilm test.
2020, Brazil, | vitro DCPA particles  in | properties. Significant biofim | Needs multispecies
Australia?’ study | composites reduction.  Non-toxic  to | evaluation.
dental pulp fibroblasts.
Yang et al, | In Core-shell CHX/ACP | Enhanced mechanical | Focused on S. mutans.
2021, Ching?2 vitro nanoparticles strength. Sustained | Potential broader bacterial
study | incorporated info resin | antimicrobial effect (>92% | efficacy not tested. Long-
composite against S. mutans). | termin vivo data missing.
Remineralization properties.

Table 2: Assessment of Risk of Bias using Cochrane Risk of Bias Tool

Pavanello et al., + + + + + + +
2023, Brazil, UK

Garcia et al., 2020, + + + + + + +
Brazil, USA'2

Barot et al., 2020, + + + + + + +
India'?

Bai et al., 2020, + + T T T T T
China'4

Alhussein et al., + + + + + + +
2023, USA™S

lpe et al., 2020, + + + ¥ ¥ T I
Australia'®

Barot et al., 2020, + + + + + + +
India'”

Mirhashemi et al., + + + + + + +
2021, Iran'®

Saleem et al., 2022, + + + + T T x
Pakistan, Saudi

Arabia, USA'

Nikolaidis et al., + + + + + + +
2021, Greece®

Tanaka et al., 2020, + + + + T T ¥
Brazil, Australia?!

Yang et al., 2021, + + + + + + +
China??

Table 2 provides an overview of the risk of bias across different studies on nanocomposite resins used in
restorative dentistry. The studies vary in terms of study design, material types, and the outcomes evaluated.

Each study in Table 2 explores different nanocomposite resin types for dental restoration through tests of
mechanical properties combined with antimicrobial festing and biological compatibility analysis. Studies
currently lack long-term clinical validation for the use of these materials because they conduct research in
vitro instead of validating their actual clinical applications. Most research investigates only a limited spectrum
of bacterial species and fails to show how the materials perform over extended periods and which affects
their potential practical dental usage. All studies demonstrate value but investigators agree that their
structural weaknesses and material selection choices, along with clinical verification, need further
development.
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Bias Key:

® "+": Lowrisk of bias (methodology is sound and well-executed)
® "i": Unclear or moderate risk of bias (potential methodological concerns or insufficient reporting)
® "-":High risk of bias (significant methodological flaws or biases)

This risk of bias assessment is essential for understanding the strengths and weaknesses of each study,
helping researchers and practitioners interpret the findings accurately.

DISCUSSION

The objective of this review was to compare the
nanocomposite resins to determine their durability
performance along with their antimicrobial
properties. Stepwise nanocomposite resins have
fransformed restorative dentistry through their
solution of established restoration problems
including mechanical damage and microbial
growth.

Literature evidence showed that nanocomposites
excel past traditional composites when multiple
properties are assessed. The combinatfion of
zinc-doped mesoporous silica and quaternary
ammonium silane-modified silica nanoparticles
increases the flexural and compressive strength of
these materials according to research findings
which demonstrate their durability under high
functional stresses®?, The optimal terminology for
nanoparticles presents a continuing problem
because it requires precision-based selection to
achieve sufficient mechanical stability and
antimicrobial success. Zinc oxide nanoparticles
exceeding certain concentrations lead to flexural
strength reduction according to research so precise
formulations must be used o prevent these adverse
effects?2,

The available research showed that
nanocomposites effectively fight biofilm formation
and control microbial growth as established by
mulfiple  studies. The research shows AgNP
nanoparticles embedded in  nanocomposites
achieve up to 99.93% reduction in bacterial colonies
and selenium-doped zinc oxide nanoparticles inhibit
biofilm formation?%, The studies demonstrate that
nanocomposites can decrease secondary caries
along with other microbial infections?3°. Most
research has conducted biofilm studies with a single
bacterial species. Direct investigations in vivo and
experiments using multispecies biofims  must
become the focus of studying biofilms from actual
clinical settings®'. The research requires additional
depth into both long-term clinical proof and
understanding of oral environmental stressors
including thermal cycling fogether with interactions
with saliva®.

Studies have evaluated the toxicity of halloysite
nanotubes along with core-shell nanoparticles
although their safety level is sfill ambiguous and
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needs extension testing with different cellular types
in various situations®34, Nanocomposite adoption
depends on solving their production and disposal
environmental issues through sustainable
manufacturing techniques®.

Nanoparticles provide opportunities to integrate
mechanical strength and antimicrobial functions as
well as the addition of remineralization agents to the
materials. Nanoparticles designed with  both
chlorhexidine and amorphous calcium phosphate
operate as core-shell structures that fight off biofilms
while rebuilding enamel**¥. Multiple features built
info these materials would boost their clinical usage
capabilities which results in better patient freatment
outcomes.

The essential limitation consists of inconsistent oral
health states. The operational quality of
nanocomposites relies significantly on pH instability
alongside temperature modifications and dietary
behavior patterns. Future scientific inquiries need to
create laboratory simulations of oral conditions to
predict how nanocomposites behave clinically®®¥.
Researchers have extensively studied antibacterial
behavior yet they have not extensively investigated
anfifungal and antiviral properties of
nanocomposites. Future studies need to explore the
wider antimicrobial properties of these materials
since fungal infections continue to grow primarily
among immunocompromised patients®.

Emerging technologies such as 3D printing find
seamless integration with nanocomposites which
creates additional possibilities for customized and
precise dental restorations*'#2. The continuous
development of nanocomposite resins presents
opportunities to merge them with emerging
manufacturing technologies which will create
revolutionary advancements in dentistry*,

The current research on nanocomposites in
restorative dentistry showed potential but specific
areas such as clinical verification and extended
observation periods require additional investigation.
Future research priorities include (1) long-termin vivo
investigations to analyze material effectiveness
under clinical application (2) study of extended
antimicrobial effect beyond bacteria which
includes fungal and viral protection properties and
(3) sustainability and environmental impact
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assessment specific fo nanocomposite
manufacturing methods and (4) evaluation of
nanocomposite  compatibility  with  modern

techniques that may include 3D printing. These
knowledge gaps must be solved fo advance
laboratory-based nanocomposite clinical
applications that will produce better patient results
worldwide (43).

CONCLUSION

The mechanical properties and antimicrobial
efficacy of nanocomposite resins have shown
fremendous potential in restorative dentistry. In this
study, the integration of nanoparticles such as silver
and zinc oxide were seen to increase the strength

and bacterial reduction rates. Despite these
benefits, challenges like nanoparticle
agglomeration, limited long-term performance
data, and limited multispecies biofim testing

remained. To optimize the application of these
agents and patient safety, they needed to be
refined in formulations as well as should have
completed rigorous clinical trials.

LIST OF ABBREVIATIONS
AgNPs - Silver Nanoparticles
InO - Zinc Oxide

HNTs - Halloysite Nanotubes
CHX - Chlorhexidine

SNPs - Silica Nanoparticles
In-MSNs - Zinc-doped
Nanoparticles

DMADDM - Dimethylaminohexadecyl Methacrylate
nCaF2 - Nano Calcium Fluoride

NACP - Nano Amorphous Calcium Phosphate

NAg - Nano Silver

CFU - Colony-Forming Units

DCPA - Dicalcium Phosphate Anhydrous

PRISMA - Preferred Reporting Items for Systematic
Reviews and Meta-Analyses

MeSH - Medical Subject Headings

Mesoporous  Silica

AUTHORS’ CONTRIBUTIONS
All authors contributed equally as per ICMJE.

REFERENCES

1. Barot T, Rawtani D, Kulkarni P.
Nanotechnology-based materials as emerging
frends for dental applications. Reviews on
Advanced Materials  Science. 2021 Jan
1;60(1):173-89. doi:

10.1016/j.chemosphere.2022.135050.

2. Xue J, Wang J, Feng D, Huang H, Wang M.
Application of antimicrobial polymers in the
development of dental resin composite. Molecules.
2020 Oct 15;25(20):4738. doi:
10.3390/molecules25204738.

3. Bhadila G, Baras BH, Weir MD, Wang H, Melo MA,
Hack GD, Bai Y, Xu HH. Novel antibacterial calcium
phosphate nanocomposite with long-term ion

PAKISTAN JOURNAL OF MEDICINE AND DENTISTRY 2025, VOL.14 (02)

recharge and re-release to inhibit caries. Dental
Materials Journal. 2020 Jul 30;39(4):678-89. doi:
10.4012/dm;j.2019-203.

4. Hardan L, Bourgi R, Cuevas-Sudrez CE, Zarow M,
Kharouf N, Mancino D, Villares CF, Skaba D,
Lukomska-Szymanska M. The bond strength and
antibacterial activity of the universal dentin bonding
system: A systematic review and meta-analysis.
Microorganisms. 2021 Jun  6;9(6):1230. doi:
10.3390/microorganisms?061230.

5. Francois P, Attal JP, Fasham T, Troizier-Cheyne M,
Gouze H, Abdel-Gawad S, Le Goff S, Dursun E,
Ceinos R. Flexural Properties, Wear Resistance, and
Microstructural Analysis of Highly Filled Flowable
Resin Composites. Operative dentistry. 2024 Sep
1;49(5):597-607. doi: 10.2341/24-033-L.

6. Ameh T, Zarzosa K, Dickinson J, Braswell WE, Sayes

CM. Nanoparticle surface stabilizing agents
influence antibacterial action.  Frontiers  in
Microbiology. 2023 Feb  9;14:1119550. doi:
10.3389/fmicb.2023.1119550.

7. Chaughule R, Raorane D, Pednekar S,

Dashaputra R. Nanocomposites and their use in
dentistry. Dental Applications of Nanotechnology.
2018:59-79. doi:10.1007/978-3-319-97634-1_4

8. Fan M, Li M, Yang Y, Weir MD, Liu Y, Zhou X, Liang
K, Li J, Xu HH. Dual-functional adhesive containing
amorphous calcium phosphate nanoparticles and
dimethylaminohexadecyl methacrylate promoted
enamel remineralization in a biofim-challenged
environment. Dental Materials. 2022  Sep
1;38(9):1518-31. doi: 10.1016/j.dental.2022.07.003.

9. Al Tuma RR, Yassir YA. Evaluation of a newly
developed calcium fluoride
nanoparticles-containing orthodonfic primer: an
in-vitro study. Journal of the Mechanical Behavior of
Biomedical Materials. 2021 Oct 1;122:104691. doi:
10.1016/j.jmblbm.2021.104691.

10. Mishra S, Gupta A, Upadhye V, Singh SC, Sinha
RP, H&der DP. Therapeutic strategies against biofilm
infections.  Life. 2023 Jan 6;13(1):172. doi:
10.3390/1ife13010172.

11. Larissa P, Gamobrill B, de Carvalho RD, Dal Picolo
MZ, Cavalli V, Boaro LC, Prokopovich P, Cogo-Muller
K. Development, characterization and antimicrobial
activity of mulfilayer silica nanoparticles with
chlorhexidine incorporated into dental composites.
Dental Materials. 2023 May 1;39(5):469-77. doi:
10.1016/j.dental.2023.03.005.

12. Garcia IM, Balhaddad AA, Ibrahim MS, Weir MD,
Xu HH, Collares FM, Melo MA. Antibacterial response
of oral microcosm biofim to nano-zinc oxide in
adhesive resin. Dental Materials. 2021  Mar
1;37(3):€182-93. doi: 10.1016/j.dental.2020.11.022.
13. Barot T, Rawtani D, Kulkarni P. Physicochemical
and biological assessment of silver nanoparticles
immobilized Halloysite nanotubes-based resin
composite for dental applications. Heliyon. 2020
Mar 1;6(3). doi: 10.1016/j.heliyon.2020.e03601.

14. Bai X, Lin C, Wang Y, Ma J, Wang X, Yao X,

DOI: https://doi.org/10.36283/ziun-pjmd 14-2/062

439



440

Comparative and Systematic Analysis of Nanocomposite Resins in Restorative Dentistry: Durability and Antimicrobial Properties

Tang B. Preparation of Zn doped mesoporous silica
nanoparticles (Zn-MSNs) for the improvement of
mechanical and antibacterial properties of dental
resin composites. Dental Materials. 2020 Jun
1;36(6):794-807. doi: 10.1016/j.dental.2020.03.026.

15. Alhussein A, Alsahafi R, Balhaddad AA, Mokeem
L, Schneider A, Jabra-Rizk MA, Masri R, Hack GD,
Oates TW, Sun J, Weir MD. Novel Bioactive
Nanocomposites Containing Calcium Fluoride and
Calcium Phosphate with  Antibacterial and
Low-Shrinkage-Stress Capabilities to Inhibit Dental
Caries. Bioengineering. 2023 Aug 22;10(9):991. doi:
10.3390/bioengineering10090991.

16. Ipe DS, Kumar PS, Love RM, Hamlet SM. Silver
nanoparticles at biocompatible dosage
synergistically increases bacterial suscepfibility to
anfibiotics. Frontiers in microbiology. 2020 May
27;11:1074. doi: 10.3389/fmicb.2020.01074.

17. Barot T, Rawtani D, Kulkarni P. Development of
chlorhexidine loaded halloysite nanotube based
experimental resin composite with  enhanced
physico-mechanical and biological properties for
dental applications. Journal of Composites Science.
2020 Jun 25;4(2):81. doi: 10.3390/jcs4020081

18. Mirhashemi A, Bahador A, Sodagar A,
Pourhajibagher M, Amiri A, Gholamrezayi E.
Evaluation of antimicrobial properties of nano-silver
particles used in orthodontics fixed retainer
composites: an experimental in-vitro study. Journal
of Dental Research, Dental Clinics, Dental Prospects.
2021;15(2):87. doi: 10.34172/joddd.2021.015.

19. Saleem |, Rana NF, Tanweer T, Arif W, Shafique |,
Alotaibi AS, Almukhlifi HA, Alshareef SA, Menaa F.
Effectiveness of Se/InO NPs in enhancing the
antibacterial activity of resin-based dental
composites. Materials. 2022 Nov 6;15(21):7827. doi:
10.3390/ma15217827.

20. Nikolaidis AK, Koulaouzidou EA, Gogos C,

Achilias DS. Synthesis of novel dental
nanocomposite resins by incorporating
polymerizable, quaternary ammonium

silane-modified silica nanoparticles. Polymers. 2021
May 21;13(11):1682. doi: 10.3390/polym13111682.
21. Tanaka CB, Lopes DP, Kikuchi LN, Moreira MS,
Catalani LH, Braga RR, Kruzic JJ, Goncalves F.
Development of novel dental restorative
composites with dibasic calcium phosphate loaded
chitosan fillers. Dental Materials. 2020 Apr
1;36(4):551-9. doi: 10.1016/j.dental.2020.02.004.
22.Yang Y, Xu Z, Guo Y, Zhang H, Qiu Y, Li J, Ma D, Li
Z, Zhen P, Liu B, Fan Z. Novel core-shell CHX/ACP
nanoparticles effectively improve the mechanical,
antibacterial and remineralized properties of the
dental resin composite. Dental Materials. 2021 Apr
1;37(4):636-47. doi: 10.1016/j.dental.2021.01.007.

23. Jandt KD, Watts DC. Nanotechnology in
dentistry: Present and future perspectives on dental
nanomaterials. Dental Materials. 2020 Nov
1;36(11):1365-78. doi: 10.1016/j.dental.2020.08.006.
24. Maijidi RF, Mesgar AS, Milan PB. Surface-modified,

PAKISTAN JOURNAL OF MEDICINE AND DENTISTRY 2025, VOL.14 (02)

zinc-incorporated mesoporous silica nanoparticles
with improved antibacterial and rapid hemostatic
properties. Colloids and Surfaces B: Biointerfaces.
2024 Nov 1;243:114132. doi:
10.1016/j.colsurf.2024.114132.

25.Karkanis S, Nikolaidis AK, Koulaouzidou EA,
Achilias DS. Effect of silica nanoparticles silanized by
functional/functional or functional/non-functional
silanes on the physicochemical and mechanical
properties of dental nanocomposite resins. Applied
Sciences. 2021 Dec 24;12(1):159.
doi:10.3390/app 12010159

26. Tavakolinejad Z, Kamalabadi YM, Salehi A.
Comparison of the shear bond strength of
orthodontic composites containing silver and
amorphous tricalcium phosphate nanoparticles: An
ex vivo study. Journal of Dentistry. 2023
Sep;24(3):285. doi:
10.30476/dentjods.2022.94075.1760.

27. Mallineni SK, Sakhamuri S, Kotha SL, AlAsmari AR,
Allefri GH, Aimotawah FN, Mallineni S, Sajja R. Silver
nanoparticles in dental applications: a descriptive
review. Bioengineering. 2023 Mar 5;10(3):327. doi:
10.3390/bioengineering10030327.

28. Ifien IH, Maliki M, Anegbe B. Synthesis,
photocatalytic degradation and antibacterial
properties of selenium or silver doped zinc oxide
nanoparticles: A detailed review. OpenNano. 2022
Nov 1;8:100082. doi:10.1016/j.onano.2022.100082
29. Ghazi IF, Oleiwi JK, Salih SI, Mutar MA.
Investigating some properties of nanocomposites for
dental restoration materials. Journal of Applied
Sciences and Nanotechnology. 2022;2(4). doi:
10.53293/jasn.2022.4629.1131

30. Zhang K, Li X, Yu C, Wang Y. Promising
therapeutic strategies against microbial biofilm
challenges. Frontiers in Cellular and Infection
Microbiology. 2020 Jul 28;10:359. doi:
10.3389/fcimb.2020.00359.

31. Al Tuma RR, Yassir YA. Evaluation of a newly
developed calcium fluoride
nanoparticles-containing orthodontfic primer: an
in-vitro study. Journal of the Mechanical Behavior of
Biomedical Materials. 2021 Oct 1;122:104691. doi:
10.1016/j.jmblbm.2021.104691.

32. Fakhruddin K, Hassan R, Khan MU, Allisha SN, Abd
Razak SI, Zreagat MH, Latip HF, Jamaludin  MN,
Hassan A. Halloysite nanotubes and
halloysite-based  composites for  biomedical
applications. Arabian Journal of Chemistry. 2021 Sep
1;14(9):103294. doi:10.1016/j.arabjc.2021.103294

33. Coo J, Yang DL, Pu Y, Wang D, Wang JX. CaF
2/SiO 2 core-shell nanoparticles as novel fillers with
reinforced mechanical properties and sustained
fluoride ion release for dental resin composites.
Journal of Materials Science. 2021 Oct;56:16648-60.
doi:10.1007/510853-021-06371-6

34. Omanovi¢-Miklicanin E, Badnjevi¢ A, Kazlagi¢ A,
Hajlovac M. Nanocomposites: A brief review. Health
and Technology. 2020 Jan;10(1):51-9.

DOI: https://doi.org/10.36283/ziun-pjmd 14-2/062



doi:10.1007/512553-019-00380-x

35. Altaie SF. Tribological, microhardness and color
stability properties of a heat-cured acrylic resin
denture base after reinforcement with different
types of nanofiller particles. Dental and Medical
Problem:s. 2023;60(2):295-302. doi:
10.17219/dmp/137611.

36. Tavakolinejad Z, Kamalabadi YM, Salehi A.
Comparison of the shear bond strength of
orthodontic composites containing silver and
amorphous fricalcium phosphate nanoparticles: An

ex vivo study. Journal of Dentistry. 2023
Sep;24(3):285. doi:
10.30476/dentjods.2022.94075.1760.

37. Bin-Jardan LI, Almadani DI, Almutairi LS,

Almoabid HA, Alessa MA, Almulhim KS, AlSheikh RN,
Al-Dulaijan YA, Ibrahim MS, Al-Zain AO, Balhaddad
AA. Inorganic compounds as remineralizing fillers in
dental restorative materials: narrative review.
International Journal of Molecular Sciences. 2023
May 5;24(9):8295. doi: 10.3390/ijms24098295.

38. Mokeem LS, Martini Garcia |, Balhaddad AA, Lan
Y, Seifu D, Weir MD, Melo MA. Multifunctional Dental
Adhesives Formulated with Silane-Coated Magnetic
Fe304@ m-SiO2 Core-Shell Particles to Counteract
Adhesive Interfacial Breakdown. ACS Applied
Materials & Interfaces. 2024 Jan 3;16(2):2120-39. doi:

10.1021/acsami.3c15157.

39. Ozdal OG. Green synthesis of Ag, Se, and Ag2Se
nanoparticles by Pseudomonas  aeruginosa:
characterization and their biological and
photocatalytic applications. Folia Microbiol (Praha).
2024 Jun;69(3):625-638. doi:
10.1007/s12223-023-01100-9.

40. Aktas OC, Puchert K, Vurucu EE, Ers6z B, Veziroglu
S, Sen S. A review on nanocomposite coatings in
dentistry. Journal of Materials Science. 2024 Jul 9:1-8.
doi:10.1007/510853-024-09915-8

41. Karunakaran H, Krithikadatta J, Doble M. Local
and systemic adverse effects of nanoparticles
incorporated in dental materials-a crifical review.
The Saudi Dental Journal. 2024 Jan 1;36(1):158-67.
doi: 10.1016/j.sdentj.2023.08.013.

42. Della Bona A, Cantelli V, Britto VT, Collares KF,
Stansbury JW. 3D printing restorative materials using
a stereolithographic technique: a systematic
review. Dental Materials. 2021 Feb 1;37(2):336-50.
doi: 10.1016/j.dental.2020.11.030.

43. Foong LK, Foroughi MM, Mirhosseini AF, Safaei M,
Jahani S, Mostafavi M, Ebrahimpoor N, Sharifi M,
Varma RS, Khatami M.  Applications  of
nano-materials in diverse dentistry regimes. Rsc
Advances. 2020;10(26):15430-60. doi:
10.1039/d0ra00762e.

PAKISTAN JOURNAL OF MEDICINE AND DENTISTRY 2025, VOL.14 (02)

=z

DOI: https://doi.org/10.36283/ziun-pjmd 14-2/062

441



