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ABSTRACT 

Oral biofilms are major contributors to dental caries, periodontitis and peri-implant infections. This systematic review synthesized evidence on the 

antibiofilm efficacy and mechanisms of nanoparticle (NP)-modified dental materials. Following PRISMA 2020 guidelines, PubMed, DOAJ, ACM 

Digital Library, Embase, Scopus and Web of Science were searched for studies published from January 2015 to May 2024. Out of 280 screened records, 

22 studies met the eligibility criteria. Evaluated NPs included silver, zinc oxide, titanium dioxide, copper oxide, cerium oxide, zirconium oxide, 

hydroxyapatite, silica-chlorhexidine, curcumin and azole-functionalized nanoparticles incorporated into various dental materials. Overall, NP 

incorporation demonstrated significant antibacterial and antibiofilm activity against key pathogens, primarily through reactive oxygen species 

generation, membrane disruption and inhibition of microbial adhesion. Low NP concentrations generally preserved or improved mechanical properties, 

whereas higher loadings occasionally compromised material integrity. QUIN assessment indicated medium risk of bias in 68% of studies and low risk 

in 32%. However, evidence remains predominantly laboratory-based, highlighting the need for standardized in vivo studies and clinical trials. 
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INTRODUCTION 

Oral biofilms are complex, matrix-encapsulated polymicrobial 

communities that adhere to natural tooth structures, dental 

restorations, implants and prosthetic appliances.1,2 Under 

physiological conditions, the resident oral microbiome 

maintains a delicate symbiotic relationship with the host.1 

However, persistent dysbiosis triggered by dietary fermentable 

carbohydrates, inadequate oral hygiene, reduced salivary flow 

or host immunomodulation promotes the overgrowth of 

acidogenic, aciduric and periopathogenic species, leading to 

dental caries, periodontitis, peri-implantitis and stomatitis.2,3 

The dynamic lifecycle of oral biofilms involves distinct 

sequential phases: initial acquired pellicle formation, reversible 

pioneer bacterial adhesion, irreversible attachment via specific 

adhesin-receptor interactions, extracellular polymeric substance 

(EPS) matrix production, maturation and eventual microbial 

detachment.4,5  

Surface characteristics of restorative and prosthetic substrates 

including surface free energy, topography and surface roughness 

exert a profound influence on early microbial colonization.6 

Substrates exceeding the critical threshold roughness (Ra > 0.2 

µm) exhibit significantly higher microbial retention and 

protected niches for biofilm development.6 Furthermore, 

bacterial assembly within matrix architectures is driven by 

physical bridging (via secreted polysaccharides) and depletion 

attraction mechanisms (biopolymer-induced cell aggregation).7 

Conventional mechanical plaque control (brushing and flossing) 

combined with broad-spectrum chemical mouth rinses (e.g. 

chlorhexidine) remains the primary line of defense.8 

Nevertheless, compliance challenges, limited chemical 

penetration through dense EPS matrices, rapid salivary 

clearance and potential side effects (e.g. tooth staining, 

dysgeusia and mucosal irritation) frequently impair long-term 

efficacy.8 Consequently, secondary caries at restoration margins 

and peri-implant inflammation remain leading causes of dental 

restoration failure.3 To overcome these persistent clinical 

limitations, nanotechnology has emerged as a revolutionary 

paradigm in biomaterials science.3,9  

Antimicrobial nanoparticles (NPs) typically defined as synthetic 

or natural structures with dimensions ranging from 1 to 100 

nanometers possess unique physicochemical attributes 

including ultra-high surface-area-to-volume ratios, elevated 

surface reactivity, enhanced cellular penetration and sustained 

ion release capabilities.9,11 In contemporary dentistry, 

nanomaterials are increasingly evaluated across diverse 

specialties, ranging from resin composites, adhesives and glass 

ionomer cements (GICs) to prosthetic acrylics, endodontic 

irrigants and implant coatings.10-13 To properly evaluate 

nanoparticle-modified dental materials, key biological 

mechanisms must be clearly distinguished: 

• Antibacterial /Anti-microbial Activity: Direct bactericidal or 

bacteriostatic actions, such as cell wall lysis, metabolic 

disruption or inhibition of planktonic microbial growth.12,13 

• Anti-biofilm Activity: The specific disruption, biomass 

reduction, metabolic attenuation or killing of bacteria integrated 

within structured EPS matrices.3,9 

• Anti-adhesion Effects: Surface modifications that alter 

wettability, surface charge or topography to prevent initial 

microbial attachment without necessarily exerting direct cell 

toxicity.6,14 

• Clinical Effectiveness: In vivo therapeutic success measured 

by reduced secondary caries incidence, prolonged restoration 

survival, biological compatibility and absence of adverse host 

tissue responses in human trials.15 

Mechanistically, nanoparticles inhibit biofilm formation 

through multifaceted pathways: (a) reactive oxygen species 

(ROS) generation (e.g. hydroxyl radicals, superoxide anions) 

inducing lipid peroxidation and DNA damage (b) sustained 

release of bioactive metallic ions (e.g. Ag+, Zn2+, Cu2+) that 

bind protein sulfhydryl groups and disrupt respiratory chains (c) 

electrostatic surface interactions that alter bacterial cell 

membrane permeability and (d) contact-killing mechanisms 

provided by functionalized azoles or chlorhexidine 

complexes.14,16,17 Furthermore, emerging regional research 

across South Asian populations highlights the urgent necessity 

for long-lasting, cost-effective antimicrobial restorative 

materials given the high prevalence of untreated dental caries 

and limited access to regular dental care.18,19 

Although several broad qualitative overviews have discussed 

nanotechnology in dentistry, significant knowledge gaps persist. 

Previous reviews have largely aggregated diverse nanomaterials 

without systematically differentiating laboratory antibacterial 

testing from true antibiofilm efficacy nor have they critically 

appraised study methodology using standardized risk-of-bias 

frameworks. Moreover, conflicting reports regarding the 

compromise between high nanoparticle loading (for maximum 

bioactivity) and deteriorated physical-mechanical properties 

(such as flexural strength and shear bond strength) necessitate 

an updated, systematic synthesis. Therefore, the objective of this 

systematic review was to evaluate the antibiofilm efficacy, 

mechanical impact and methodological quality of antimicrobial 

nanoparticle-modified dental materials explicitly differentiating 

laboratory efficacy from clinical potential. 

METHODOLOGY 

This systematic review was conducted and reported in strict 

accordance with the Preferred Reporting Items for Systematic 

Reviews and Meta-Analyses (PRISMA 2020) statement. Prior 

to initiating the search, a detailed review protocol was prepared. 

Formal registration in PROSPERO was not undertaken for this 

review however; the study protocol was internally registered and 

archived within the institutional research database. 

A comprehensive literature search was conducted across six 

major electronic databases: PubMed/MEDLINE, Scopus, Web 

of Science, Embase, Directory of Open Access Journals 

(DOAJ), and ACM Digital Library. The selection of these six 

databases was structured to balance biomedical literature, multi-

disciplinary engineering/materials science and open-access 

sources thereby minimizing database selection bias. The search 

period was defined from January 1, 2015 to May 31, 2024. The 

exact date on which the final electronic search was performed 

across all databases was June 1, 2024. The search strategy 
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Table 1: Eligibility criteria using PICO framework 

Criteria Description 

Population (P) 
Dental substrates, restorative materials, adhesives, cements, prosthetic resins, endodontic irrigants or 

orthodontic appliances exposed to oral microorganisms or biofilm models. 

Intervention (I) 
Modification or functionalization of dental materials with antimicrobial nanoparticles (e.g., Ag, ZnO, 

TiO2, CuO, CeO2, ZrO2, HA, silica, curcumin, azoles). 

Comparison (C) 
Unmodified dental materials (controls), conventional non-nanoparticle formulations, or baseline 

commercial counterparts. 

Outcomes (O) 

Primary outcome: Antibiofilm efficacy (biofilm reduction, biomass inhibition, colony-forming unit 

[CFU] reduction, metabolic assay). Secondary outcomes: Direct antibacterial activity, physical-

mechanical properties (shear bond strength, flexural strength), and cytotoxicity/biocompatibility. 

utilized combination strings of Medical Subject Headings 

(MeSH) and free-text terms joined by Boolean operators (AND, 

OR) (Supplementary file 1). Language was limited to English. 

Eligibility criteria were established based on the Population, 

Intervention, Comparison, and Outcome (PICO) framework as 

shown in Table 1. 

Inclusion criteria for this review included original experimental 

research articles (in-vitro, ex-vivo, or in-vivo), studies 

investigating NP-modified dental materials, explicit evaluation 

of antibiofilm or antimicrobial activity against oral pathogens 

and publications in peer-reviewed English-language journals 

published between 1st January 2015 and 31st May 2024. Studies 

focusing solely on nanoparticle synthesis or characterization 

without biological assay; studies using non-nanoparticle 

antimicrobial agents (e.g., bulk antibiotics, crude plant extracts); 

non-dental biomaterial applications; reviews, editorials, letters 

to editors, conference abstracts and patents; grey literature, 

unpublished dissertations, and articles without accessible full 

text and duplicate publications were excluded. 

All retrieved literature records were exported to EndNote 20 

reference management software. Duplicate records were 

identified and removed through automated software filtering 

followed by manual verification. Title and abstract screening 

was conducted independently by two reviewers (MN & SA). 

Full-text articles of potential studies were subsequently retrieved 

and screened independently against the predefined 

inclusion/exclusion criteria. Any disagreements or discrepancies 

between the two reviewers at either screening stage were 

resolved through structured consensus discussion or, if 

necessary, through adjudication by a third senior reviewer (SL). 

Data extraction was conducted independently by two reviewers 

using a standardized, pre-tested data extraction form created in 

Microsoft Excel. Extracted variables included: First author and 

publication year, Study design (in vitro / ex vivo / in vivo), 

Dental material category, Nanoparticle type, size, morphology 

and weight concentration (wt%), Targeted microorganisms and 

biofilm model (single-species vs. multispecies microcosm), 

Control/comparator group, Antibiofilm/antibacterial outcomes 

(CFU reduction, inhibition zone, metabolic activity), 

Mechanical and physical properties (shear bond strength, 

flexural strength, microhardness), Biocompatibility / 

cytotoxicity evaluations and Quantitative main outcomes. 

Methodological quality and risk of bias were independently 

evaluated by two reviewers (SA & AS) using the Quality 

Assessment Tool for In Vitro Studies (QUIN Scale). The QUIN 

tool evaluates 12 explicit criteria, including: clearly stated aims, 

sample size calculation, detailed explanation of methodology, 

operator details, randomization, control group presence, 

nanoparticle characterization, outcome measurement 

methodology, operator blinding, outcome assessor blinding, 

statistical analysis and presentation of results. Each item was 

scored as 2 (adequately specified), 1 (inadequately specified), or 

0 (not specified). Total scores were converted into percentage 

score and categorized as High Risk of Bias (< 50%), Medium 

Risk of Bias (50%–70%), or Low Risk of Bias (>70%). 

Disagreements were resolved through consensus. 

A narrative synthesis was structured to summarize findings 

across material classes. Quantitative pooling (meta-analysis) 

was evaluated but determined to be scientifically inappropriate 

due to extreme methodological heterogeneity. Specifically, 

included studies exhibited non-uniformity in: (a) nanoparticle 

chemistries, particle dimensions (ranging from 10 nm to 150 

nm) and weight percentages (0.01% to 10%); (b) wide variations 

in dental substrates (composite resins, acrylics, GICs, irrigants) 

(c) distinct microbial strains (S. mutans, C. albicans, E. faecalis, 

multi-species microcosms) (d) diverse biofilm culture durations 

(24 hours to 7 days) and quantification assays (CFU counts, 

crystal violet staining, MTT/XTT assays, confocal microscopy) 

and (e) non-standardized mechanical testing procedures. 

Combining such heterogeneous dataset quantitatively would 

yield misleading pooled effect sizes. Publication bias 

assessment via funnel plots was also omitted due to the absence 

of quantitative synthesis. 

As this systematic review involves exclusively secondary 

analysis of published literature, formal institutional review 

board (IRB) ethical approval and patient informed consent were 

not required. The authors declare no conflicts of interest and 

received no external funding for this work. 

RESULTS 

Study selection protocol 

The initial electronic literature search across the six databases 

yielded a total of 280 records with the following distribution: 

PubMed (n=112), Scopus (n=65), Web of Science (n=48), 

Embase (n=25), DOAJ (n=18) and ACM Digital Library (n=12). 

Duplicate removal resulted in the elimination of 105 records, 

and 10 records were removed for non-dental relevance during 

pre-screening, leaving 165 unique records for title and abstract 
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screening. Of these, 34 records were excluded based on 

title/abstract review. Full-text articles were sought for 131 

studies; 35 full texts could not be retrieved or lacked full-text 

access. Subsequently, 96 full-text articles were rigorously 

assessed against the eligibility criteria. A total of 74 full-text 

articles were excluded with specific reasons as follows: Articles 

not related to dentistry (n=22); Conference abstracts / posters 

(n=14); Studies utilizing non-nanoparticle antimicrobial agents 

(n=16); Editorial, letter to editor, or literature review (n=10); 

Full-text unavailable / non-open access (n=8); Non-English 

language publication (n=4). Figure 1 illustrates the detailed 

PRISMA flow diagram. 

Methodological quality and Risk of Bias Assessment 

Application of the QUIN risk of bias tool revealed that out of 

the 22 included studies, 7(32%) studies demonstrated a Low 

Risk of Bias (QUIN score > 70%), while 15(68%) studies 

showed a Medium Risk of Bias (QUIN score 50%–70%). Key 

methodological deficiencies identified across studies included 

frequent failure to perform formal sample size calculations (86% 

absent), lack of operator blinding during experimental testing 

(91% unblinded), and inconsistent reporting of long-term 

nanoparticle ion release kinetics. Conversely, basic nanoparticle 

characterization (TEM/SEM, XRD, zeta potential) and control 

group comparison were adequately reported in 95% of studies. 

Characteristics of included studies and outcome 

categorization 

The detailed characteristics, experimental parameters, 

outcomes, and risk of bias of the included primary studies are 

presented in Table 2. 

Identification of studies via databases and registers 
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Figure 1: PRISMA 2020 Flow Diagram of Search Results, Screening, and Selection Process 
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Table 2: Methodological characteristics, experimental parameters, quantitative outcomes and QUIN risk of bias assessment of included studies 

Author & Year 

Study Design 

& Sample 

Size 

Dental 

Material 

Nanoparticle Type, Size & 

Concentration 
Biofilm Model 

Control        

group 
Key Quantitative Outcomes 

Risk of 

Bias 

(QUIN) 

Abdulkareem et 

al.15 

(2015) 

In vitro 

(n = 60 discs) 

Dental 

Implant 

Coating 

ZnO & HA NPs 

Size: 20-50 nm 

Conc: 1-5 wt% 

S. mutans & P. 

gingivalis 

Dual-species biofilm 

Uncoated 

Titanium 

discs 

Antibiofilm: 88% reduction in biofilm 

mass (p < 0.001). 

Mechanical: Enhanced osteoblast 

adhesion. 

Biocompatibility: Viable. 

Low 

(75%) 

Pourhajibagher & 

Bahador16 

(2022) 

In vitro 

(n = 80 

brackets) 

Orthodontic 

Adhesive 

Cerium oxide (CeO2) NPs 

Size: 30 nm 

Conc: 1, 2.5, 5 wt% 

Streptococcus mutans 

Single-species 24h 

biofilm 

Unmodifie

d adhesive 

Antibiofilm: 5 wt% CeO2 yielded 3.2-log 

CFU/mL reduction. 

Mechanical: Shear Bond Strength (14.2 

MPa) & ARI scores maintained. 

Low 

(78%) 

Ansarifard et al.17 

(2021) 

In vitro 

(n = 45 

specimens) 

Soft Denture 

Liner 

Copper Oxide (CuO) NPs 

Size: 40 nm 

Conc: 0.5, 1, 2 wt% 

Candida albicans & S. 

mutans 

Biofilm model 

Unmodifie

d soft liner 

Antibiofilm: 2 wt% CuO suppressed C. 

albicans biofilm by 82%. 

Mechanical: Tensile bond strength 

unchanged. 

Mediu

m 

(62%) 

Ertem et al. 20 

(2017) 

In vitro / 

Ex vivo 

(n = 50 teeth) 

Root Canal 

Irrigant 

Core-shell AgNP@SiO2 

Size: 15 nm core 

Conc: 50-200 µg/mL 

Enterococcus faecalis 

Ex vivo root canal 

biofilm 

1% NaOCl 

& Saline 

controls 

Antibiofilm: Sustained 99.9% E. faecalis 

kill over 7 days. 

Biocompatibility: Low cytotoxicity to 

apical cells. 

Low 

(82%) 

Garcia et al. 21 

(2021) 

In vitro 

(n = 36 discs) 

Dental 

Adhesive 

Resin 

Nano-Zinc Oxide (ZnO) 

Size: 20 nm 

Conc: 2.5, 5, 7.5 wt% 

Human oral microcosm 

Multispecies biofilm 

Unmodifie

d adhesive 

Antibiofilm: 7.5% ZnO reduced 

microcosm biofilm metabolic activity by 

65% (p < 0.01). 

Mechanical: Microhardness preserved. 

Low 

(74%) 

Takamiya et al. 22 

(2021) 

In vitro 

(n = 48 

specimens) 

Acrylic 

Denture 

Resin 

Silver (Ag) NPs 

Size: 10 nm 

Conc: 0.05, 0.5 wt% 

Candida albicans 

Biofilm model 

Pure 

PMMA 

acrylic 

Antibiofilm: 0.5% AgNPs completely 

inhibited C. albicans adherence. 

Biocompatibility: > 85% fibroblast 

viability. 

Mediu

m 

(65%) 

Thomas et al. 23 

(2018) 

In vitro 

(n = 40 

specimens) 

PMMA 

Dental 

Adhesive 

Biofabricated AgNPs 

Size: 25 nm 

Conc: 1, 3, 5 wt% 

Streptococcus mutans 

Single-species biofilm 

Unmodifie

d PMMA 

Antibiofilm: 2.5-log CFU reduction at 3 

wt%. 

Mechanical: Flexural strength maintained 

at ≤ 3 wt%. 

Mediu

m 

(58%) 

Usul et al. 24 

(2022) 

In vitro 

(n = 60 

specimens) 

Dental Resin 

Composite 

Imidazole/Benzimidazole 

NPs 

Size: 50 nm 

Conc: 1, 2, 5 wt% 

S. mutans & S. sobrinus 

Biofilm assay 

Commerci

al 

composite 

Antibiofilm: 5 wt% reduced biofilm 

thickness by 75%. 

Mechanical: Enhanced flexural strength 

and surface hardness. 

Mediu

m 

(68%) 

Larissa et al. 25 

(2023)  

In vitro 

(n = 45 

specimens) 

Dental 

Composite 

Multilayer Silica-

Chlorhexidine NPs 

Size: 80 nm 

Conc: 2.5, 5 wt% 

Streptococcus mutans 

24h Biofilm 

Standard 

Composite 

Antibiofilm: Sustained 90% bacterial 

inhibition via contact-killing without 

negative impact on flexural modulus. 

Low 

(76%) 
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Bahrami et al. 26 

(2023) 

In vitro / Ex 

vivo 

(n = 30 mini-

screws) 

Orthodontic 

Mini-screws 

Zinc Oxide (ZnO) NPs 

Size: 30 nm + aPSDT 

Periopathogenic 

multispecies 

Biofilm around screws 

Uncoated 

mini-

screws 

Antibiofilm: Photo-sonodynamic therapy + 

ZnO NPs produced 4.1-log reduction in 

periopathogens. 

Low 

(80%) 

Jasso-Ruiz et al. 27 

(2020) 

In vitro 

(n = 60 

brackets) 

Orthodontic 

Brackets 

Silver (Ag) NPs coating 

Size: 15 nm 

Conc: Sputtered coat 

S. mutans & S. sobrinus 

In vitro adhesion model 

Uncoated 

brackets 

Anti-adhesion: 85% reduction in initial 

bacterial adhesion to bracket surfaces (p < 

0.001). 

Mediu

m 

(60%) 

Dias et al. 28 (2019) In vitro 

(n = 50 

specimens) 

Composite 

Resin 

Ag-doped ZnO Nanoplates 

Size: 45 nm 

Conc: 0.5, 1, 2 wt% 

Streptococcus mutans 

48h Biofilm model 

Unmodifie

d 

composite 

Antibiofilm: 2 wt% reduced CFU by 95%. 

Mechanical: Increased compressive and 

flexural strength. 

Low 

(84%) 

Hemmati et al. 29 

(2024) 

Ex vivo 

(n = 40 teeth) 

Orthodontic 

Resin 

Composite 

Photoactivated ZnO NPs 

Size: 25 nm 

Conc: 50 µg/mL 

Streptococcus mutans 

Biofilm around brackets 

Conventio

nal 

composite 

Antibiofilm: Significant reduction in 

enamel demineralization lesions and S. 

mutans biofilm (p < 0.001). 

Mediu

m 

(66%) 

Sodagar et al. 30 

(2016) 

In vitro 

(n = 60 discs) 

Orthodontic 

Composite 

Silver / Hydroxyapatite NPs 

Size: 35 nm 

Conc: 5, 10 wt% 

Streptococcus mutans 

Biofilm inhibition zone 

Transbond 

XT control 

Antibiofilm: 10 wt% produced 4.5 mm 

inhibition zones and 80% CFU reduction. 

Mechanical: Minor SBS reduction at 10%. 

Mediu

m 

(64%) 

Giti et al. 31 

(2021) 

In vitro 

(n = 48 

specimens) 

PMMA 

Denture Base 

TiO2 and CuO NPs 

Size: 30-50 nm 

Conc: 2.5, 7.5 wt% 

S. salivarius, C. 

albicans 

Biofilm model 

Thermocyc

led PMMA 

Antibiofilm: 7.5% CuO/TiO2 reduced 

microbial bioburden by 89% post-

thermocycling. 

Mediu

m 

(58%) 

Mirhashemi et al.32 

(2021) 

In vitro 

(n = 40 

retainers) 

Fixed 

Retainer 

Composite 

Silver (Ag) NPs 

Size: 20 nm 

Conc: 1, 3 wt% 

Streptococcus mutans 

Biofilm around 

retainers 

Unmodifie

d 

composite 

Antibiofilm: 3% AgNPs completely 

prevented peri-retainer biofilm formation. 

Mediu

m 

(62%) 

Ghahramani et al.33 

(2018) 

In vitro 

(n = 36 

specimens) 

Endodontic 

Irrigant 

Silver (Ag) NPs 

Size: 15 nm 

Conc: 50 ppm 

Enterococcus faecalis 

Biofilm model 

NaOCl 

alone 

Antibiofilm: AgNP addition enhanced E. 

faecalis biofilm eradication by 40%. 

Mediu

m 

(55%) 

Bahrami et al. 34 

(2023) 

In vitro 

(n = 40 

bands) 

Orthodontic 

Bands 

ZnO and Ag NPs coating 

Size: 25 nm coating 

Oral streptococci 

Biofilm model 

Uncoated 

bands 

Antibiofilm: Synergistic Ag/ZnO coat 

reduced bacterial attachment by 92%. 

Biocompatibility: High cell viability. 

Mediu

m 

(65%) 

Pourhajibagher et 

al. 35 

(2022) 

Ex vivo 

(n = 30 

specimens) 

RMGIC 

Cement 

Ultrasound-activated NPs 

Size: 40 nm 

Streptococcus mutans 

Biofilm around bands 

Standard 

RMGIC 

Antibiofilm: Ultrasonic activation 

increased biofilm elimination to 94%. 

Mediu

m 

(60%) 

Ergun et al. 36 

(2022) 

In vitro 

(n = 40 

specimens) 

Denture 

Liners 

Zirconium Oxide (ZrO2) NPs 

Size: 30 nm 

Conc: 1, 3, 5 wt% 

S. aureus & S. mutans 

Biofilm model 

Unmodifie

d denture 

liner 

Antibiofilm: 5 wt% ZrO2 reduced biofilm 

accumulation by 81%. 

Mediu

m 

(62%) 

Khamooshi et al. 37 

(2022) 

In vitro 

(n = 36 

specimens)  

Acrylic Resin Curcumin (CNPs) NPs 

Size: 50 nm 

Conc: 1, 2 wt% 

Streptococcus mutans 

Biofilm model 

Pure 

Acrylic 

Resin 

Antibiofilm: 2% CNPs significantly 

inhibited biofilm formation without color 

compromise. 

Mediu

m 

(58%) 

Porter et al.39 

(2020) 

In vitro 

(n = 50 

specimens) 

Glass 

Ionomer 

Cement 

Silver (Ag) NPs 

Size: 15 nm 

Conc: 0.1, 0.5, 1 wt% 

S. mutans microcosm 

Biofilm assay 

Commerci

al GIC 

Antibiofilm: 1 wt% AgNP GIC showed 

significant antibiofilm activity. 

Mechanical: Compressive strength 

matched baseline. 

Low 

(75%) 
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Synthesized results by outcome category 

1. Antibacterial and anti-biofilm efficacy: Across all 

evaluated studies, incorporation of antimicrobial nanoparticles 

conferred significant in vitro inhibition of oral microbial 

biofilms. Silver nanoparticles (AgNPs) and zinc oxide 

nanoparticles (ZnONPs) demonstrated the most potent 

bactericidal activity against Streptococcus mutans, achieving > 

90% reduction in colony-forming units (CFU/mL) at 

concentrations between 0.5% and 5 wt%. Core-shell 

AgNP@SiO2 irrigants provided sustained biofilm elimination in 

root canals, while CuO and TiO2 NPs in denture base resins 

significantly reduced Candida albicans bioburden. However, all 

reported antibiofilm effects are strictly restricted to 

laboratory/ex vivo models. 

2. Anti-adhesion and surface topography effects: 

Photoactivated ZnO NPs and CeO2 NPs altered surface free 

energy and surface charge, impairing early pioneer bacterial 

attachment without compromising the surface smoothness 

threshold (Ra < 0.2 µm). AgNP coatings on orthodontic brackets 

significantly decreased S. mutans and S. sobrinus adherence. 

3. Physical and mechanical properties: A critical outcome 

parameter is whether nanoparticle addition alters material 

performance. The synthesis reveals a concentration-dependent 

effect: low nanoparticle incorporation (0.05% to 5 wt%) 

preserved or slightly enhanced shear bond strength (SBS), 

flexural strength, and Adhesive Remnant Index (ARI) scores 

(e.g., CeO2 in orthodontic adhesives [Pourhajibagher 2022], Ag-

doped ZnO in composites [Dias 2019]). However, higher 

loadings (> 5–10 wt%) frequently induced nanoparticle 

agglomeration, increased porosity and reduced flexural strength. 

4. Biocompatibility and cytotoxicity: Cell viability assays 

(MTT assays on human dental pulp stem cells, gingival 

fibroblasts, and L929 mouse fibroblasts) indicated that low-dose 

nanoparticle formulations (e.g 0.05% AgNPs, 50 µg/mL ZnO) 

maintained acceptable cellular compatibility (> 80% viability). 

However, long-term toxicological evaluations and continuous 

ion-leaching effects remain under-investigated. 

DISCUSSION 

Nanoparticles have been widely used in modification of dental 

materials which improve their properties. Various studies have 

utilized silver NPs in conjunction with acrylic resin, PMMA, 

orthodontic brackets, GIC and dental composites.1 Silver NPs 

have shown promising antimicrobial activity and antibiofilm 

effects against different bacteria such as Candida albicans, 

Streptococcus mutans and Streptococcus sobrinus.20 The 

antibacterial activity of Ag NPs could be due to their ROS-

generating properties.21 In another study Zinc oxide NPs have 

been utilized in adhesive resins and orthodontic mini screws to 

assess their antibiofilm potential.24 ZnO NPs have ROS 

generating property and releases Zinc ions which plays a role in 

eradication of bacterial biofilms.24 Silver and ZnO NPs when 

used together in orthodontic bands, to assess antimicrobial 

properties against oral bacteria, superior antimicrobial efficacy 

and excellent biocompatibility was observed.26 Also, ZnO used 

in combination with hydroxyapatite NPs, show better anti 

biofilm effects as hydroxyapatite contains a positive charge, and 

they are attracted towards the negatively charged bacterial cell 

wall which forms a hindrance to biofilm formation. HA has the 

ability to release calcium ions into the environment, which can 

eliminate the bacterial cell membranes that prevent bacterial 

growth and biofilm formation. Silver when doped with HA NPs 

in traditional orthodontic composite also showed antibacterial 

effects.15  

In another experiment CeO₂ NPs were used to modify the 

physico-mechanical properties, antimicrobial activities, and 

anti-biofilm potential of orthodontic adhesive. Cerium oxide 

NPs can generate reactive oxygen species (ROS) which induce 

oxidative stress in bacterial cells, leading to bacterial cellular 

damage. These NPs also have the unique characteristic to switch 

between Ce³⁺ and Ce⁴⁺ oxidation states. This redox property 

allows CeO₂ nanoparticles to act as antioxidant agents.16 Copper 

NPs are considered valuable due to their high surface area and 

small size. When Cu NPs are used in conjunction with soft 

denture liners, they may serve as promising antimicrobial 

coating against certain oral microorganisms. The antibiofilm 

ability of Cu NPs is due to ROS, which damages cellular 

components, including lipids, proteins, and DNA of the bacterial 

cell.17  

Nanoparticles activated by ultrasound waves when incorporated 

in RMGIC also effectively remove the biofilm of S. mutans 

surrounding orthodontic bands. TiO2 and CuO NPs combined 

with heat-cured PMMA denture base material significantly 

increases antimicrobial efficacy against S. salivarius, S. sanguis, 

and C. dubliniensis. Silica NPs used as filler in chlorhexadine 

simultaneously exhibited antimicrobial activity against 

streptococci.29 Zirconium NPs have also shown good 

antibacterial results when incorporated into denture liners and 

serve as an effective strategy to address microbial biofilm issues 

associated with denture liners.34 Curcumin exerts its 

antimicrobial effects by disrupting bacterial cell membranes, 

inhibiting microbial adhesion, and generating oxidative stress 

within microbial cells.35 Similarly, imidazole- and 

benzimidazole-containing nanoparticles incorporated into 

dental resin composites improved both antibacterial activity and 

mechanical performance.22 These findings suggest that 

functionalized nanoparticles may provide a dual benefit by 

enhancing the durability of restorative materials while 

simultaneously reducing microbial colonization. 

Furthermore, the incorporation of nanoparticles into endodontic 

materials and irrigation systems has shown encouraging results. 

Core–shell silver nanoparticles incorporated into root canal 

irrigation solutions provided prolonged antibacterial activity, 

while the addition of silver nanoparticles to conventional 

endodontic irrigants and medicaments enhanced their efficacy 

against Enterococcus faecalis biofilms. Since persistent 

biofilms are considered a major cause of endodontic treatment 

failure, nanoparticle-modified irrigants may offer a valuable 

strategy for improving root canal disinfection. Collectively, 

these findings highlight the versatility of nanoparticle-based 

approaches across multiple dental specialties, including 

restorative dentistry, prosthodontics, orthodontics, 

implantology, and endodontics.18 
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A crucial insight derived from this review is the delicate balance 

between antimicrobial bioactivity and material integrity. Low 

nanoparticle concentrations (typically ≤ 5 wt% and as low as 

0.05% for AgNPs) achieve clinically meaningful microbial 

inhibition while preserving or even enhancing mechanical 

properties such as shear bond strength, flexural modulus and 

wear resistance.16,24,28 The mechanical enhancement at low 

loadings is attributed to nanoparticles acting as nanofillers that 

reinforce polymer networks and fill structural micro-voids.24,28 

However, exceeding critical loading thresholds (>5%–10 wt%) 

frequently leads to particle agglomeration, localized stress 

concentrations, incomplete light polymerization (due to light 

scattering by metal oxides) and subsequent degradation of 

mechanical performance.21,29,31 

Despite promising in vitro results, major biological concerns 

must be addressed prior to widespread clinical adoption. Long-

term ion release (e.g., Ag+, Zn2+, Cu2+) from degraded dental 

matrices into saliva raises concerns regarding localized mucosal 

cytotoxicity, systemic absorption and potential tissue 

accumulation.14,17,34 Furthermore, broad-spectrum non-targeted 

ion release risks disrupting the delicate physiological balance of 

the oral microbiome, potentially leading to dysbiosis or 

opportunistic fungal overgrowth.1,3 Biocompatibility 

evaluations in the included literature were largely restricted to 

short-term (24–72 hours) cell culture assays,22,34 long-term 

toxicological profiling, tissue accumulation studies and 

evaluation of potential bacterial resistance development remain 

sparse.9,10 

A central limitation of the current body of literature and a 

primary finding of this review is the profound gap between 

laboratory efficacy and clinical performance. Over 95% of 

available studies were conducted under static or simplified 

dynamic in vitro conditions utilizing single-species biofilms 

(predominantly Streptococcus mutans or Candida albicans).15-

39 In contrast, the human oral environment presents a dynamic, 

highly challenging ecosystem characterized by continuous 

salivary flow, acquired pellicle protein adsorption, fluctuating 

shear forces, temperature cycling, variable pH, and complex 

polymicrobial matrix interactions.1,4,6 Consequently, laboratory 

antibiofilm activity cannot be directly equated to clinical 

efficacy or extended restoration survival. 

LIMITATIONS  

The conclusions of this systematic review must be interpreted 

within the context of several inherent methodological 

limitations. First, there was predominance of laboratory 

evidence as studies included in the review were restricted to in 

vitro and ex vivo models, precluding direct extrapolation to 

clinical outcomes. Second, restricting eligibility to English-

language and fully accessible publications may have introduced 

language and publication/access bias. Third, unpublished 

studies and grey literature were excluded, raising potential 

publication bias. Fourth, methodological heterogeneity of 

included studies due to substantial variations in nanoparticle 

parameters, dental substrates, microbial strains and testing 

protocols precluded quantitative meta-analysis. Fifth, long-term 

in vivo data comprising information regarding long-term ion 

release, biological aging, wear resistance and oral microbiome 

impact over extended periods was lacking. Lastly majority of 

studies (68%) presented a medium risk of bias due to lack of 

sample size justification and operator blinding. 

CONCLUSION 

In conclusion, laboratory and ex vivo evidence demonstrates 

that the incorporation of antimicrobial nanoparticles (such as 

Ag, ZnO, CeO2, TiO2, CuO, and ZrO2) into dental materials 

significantly enhances in vitro antibiofilm activity and reduces 

microbial adherence without adversely affecting short-term 

physical-mechanical properties at optimized concentrations (≤ 5 

wt%). However, because the current body of evidence is almost 

entirely restricted to short-term laboratory models, clinical 

effectiveness, long-term restoration survival, and oral biological 

safety remain unconfirmed. Future research must prioritize 

standardized, long-term in vivo clinical trials, evaluation of 

dynamic salivary and biomechanical effects, multi-species 

biofilm models and rigorous assessment of host 

biocompatibility and microbiome safety before nanoparticle-

modified dental materials can be recommended for routine 

clinical practice.
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