
6878 https://www.journal-imab-bg.org J of IMAB. 2026 Apr-Jun;32(2)

Review article

SILVER NANOPARTICLES IN DENTAL RE-
STORATIVE MATERIALS: A PROMISING AP-
PROACH IN THE PREVENTION OF SECONDARY
CARIOUS LESIONS

Viktoriya Gateva, Natalia Gateva-Grancharova
Department of Pediatric Dentistry, Faculty of Dental Medicine, Medical Uni-
versity – Sofia, Bulgaria.

Journal of IMAB. 2026 Apr-Jun;32(2)Journal of IMAB
ISSN: 1312-773X
https://www.journal-imab-bg.org

ABSTRACT
As a result of many scientific studies, it has been es-

tablished that secondary carious lesions are the main cause
of the failure of restorations. The ethological factor with the
greatest weight for their development is the accumulation
of biofilm at the restoration margin and the metabolism of
microorganisms. The pursuit of increasing the durability of
restorations has led to the development of materials that
exert strong antibacterial properties. Îne of the modern prin-
ciples in dentistry is that materials do not simply restore the
tooth, but also help in the prevention of caries by reducing
caries risk.

Possessing an arsenal of diverse antibacterial proper-
ties, such as disrupting bacterial membranes, generating re-
active oxygen species (ROS) and inhibiting bacterial me-
tabolism, silver nanoparticles (AgNPs) are emerging as prom-
ising agents in the prevention of secondary caries lesions.
The purpose of the review is to examine in detail the mecha-
nisms of antibacterial action of silver nanoparticles and how
they affect the properties of the restorative materials. Al-
though it has been shown that the addition of silver
nanoparticles to the composition of composite resins, adhe-
sive systems and glass-ionomer cements (GIC) significantly
enhances their antibacterial activity without impairing their
mechanical properties, doubts remain about the potential
toxicity of these particles on human cells. Biological syn-
thesis methods and the possibility of surface modification
of the nanoparticles make it possible to optimise the release
of silver ions and reduce their potential toxicity. Future re-
search is needed to develop hybrid materials that demon-
strate antibacterial and remineralizing properties, ensuring
their safety and effectiveness in clinical applications. De-
spite the disadvantages of such modified filling materials,
they are a promising alternative to increase the durability of
restorations.

Keywords: Silver nanoparticles, secondary caries,
restorative materials, nanotechnology, antibacterial prop-
erties, biofilm inhibition, oxidative stress,

INTRODUCTION
The phenomenon of secondary carious lesions has

been recognized since the dawn of dental medicine, and its
prevention was integrated into classical cavity preparation
principles,  proposed by Black in 1908 through the concept
of “extension for prevention” [1]. Secondary caries lesion is
defined as a primary carious lesion that develops in contact
with an existing restoration (at the interface between the
tooth and the restorative material) over a specific period [2].
It is the most common complication following operative
treatment and the leading cause (50-70%) of restoration re-
placement, regardless of the material used [3]. These lesions
reduce restoration longevity, lead to additional loss of den-
tal structure, and require additional time and financial re-
sources for retreatment [4]. The development of secondary
caries lesion is influenced by the dynamic balance between
pathological factors (leading to demineralization) and pro-
tective factors (enhancing remineralization). Various factors
contribute to the etiology of these lesions, including the sur-
face characteristics of restorative materials, bacterial biofilm
accumulation, and microleakage. Research has concluded
that the presence of dental biofilm is the most significant
etiological factor, because without prolonged exposure of
tooth structures to the products from plaque metabolism, cari-
ous lesions do not develop [5]. Recent studies emphasize
the prevention of secondary caries lesions as a critical issue
in contemporary dentistry [3]. Since these lesions resemble
primary caries, two main strategies for prevention have been
proposed. The first approach focuses on limiting deminer-
alization and/or enhancing remineralization of tooth struc-
tures. The second approach involves targeting the metabo-
lism of cariogenic bacteria, reducing their number, and in-
hibiting their growth in dental biofilm and carious dentin
beneath restorations. As a result, recent research has focused
on incorporating cariostatic and antibacterial agents into re-
storative materials as a promising strategy for preventing sec-
ondary caries lesions [6].

Contemporary conservative treatment of carious le-
sions prioritizes preservation of a certain amount of
demineralized dentin and, consequently, more sound tooth
structure [7]. This highlights the need for restorative mate-
rials that are more effective in preventing bacterial coloni-
zation and, subsequently, inhibiting secondary caries le-
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sions development [7,8].
Based on these considerations, it can be concluded

that the modern minimally invasive approach to caries
treatment and the close relationship between the composi-
tion of the microflora adjacent to restorations and the de-
velopment of secondary carious lesions necessitate the pro-
duction of restorative materials with diverse characteris-
tics—they must not only restore the hard dental tissues but
also be effective in preventing bacterial colonization.

Nanotechnology in the Control of secondary car-
ies lesions

The term “nanotechnology” was introduced by Ri-
chard Feynman and refers to restorative materials that pos-
sess improved antibacterial and mechanical properties, with
particle sizes ranging from 1 to 100 nanometers [9]. Re-
ducing the size of the particles from micrometers to
nanometers improves their hardness, chemical reactivity,
and surface activity. Even a small quantity of nanoparticles
can exert a strong antibacterial effect [9,10,11,12].
Nanotechnology enables the development of dental mate-
rials with improved mechanical, esthetic, and
anticariogenic properties [10]. Nanotechnology in dentistry
is advancing in two main directions: preventive and restora-
tive. The preventive approach focuses on controlling den-
tal biofilm, while the restorative approach focuses on
remineralizing early carious lesions [11]. Both approaches
became possible through the incorporation of nanoparticles
into materials.

Silver Nanoparticles in Dentistry
Silver nanoparticles (AgNPs) have been studied in

recent decades due to their better antimicrobial activity,
low cost, and minimal toxicity [13]. They are widely used
in pharmaceuticals, medical imaging, molecular diagnos-
tics, and dentistry. Their applications in dentistry include
prosthodontics, incorporation into restorative materials, ir-
rigation solutions, root canal filling materials, orthodon-
tic adhesives, guided tissue regeneration membranes in
periodontology, and dental implants [13,14]. AgNPs have
a great potential in controlling caries by inhibiting biofilm
formation and maintaining the balance between deminer-
alization and remineralization. Their incorporation into re-
storative materials effectively prevents the development of
secondary caries lesions [15].

Antibacterial Mechanisms of Silver Nanoparticles
The exact antimicrobial mechanisms of AgNPs are

not yet fully understood [13,16,17]. To demonstrate their
antibacterial effects, nanoparticles must first come into con-
tact with bacterial cells via Van der Waals forces, electro-
static interactions, hydrophobic interactions, or receptor-
mediated attachment [17]. Subsequently, they penetrate
bacterial membranes and interfere with metabolic path-
ways, leading to structural and functional membrane dis-
ruption. Interactions between nanoparticles and bacterial
components result in îxidative stress induction, àltered
membrane permeability, ålectrolyte imbalance, ånzyme in-
hibition, protein deactivation and gene expression modi-
fication [17]. AgNPs are not entirely stable in biological
environments and can undergo transformation, releasing

(Ag+), which are the primary active antimicrobial agents
[12,13,16].

A hypothesized mechanism for that transformation
involves the oxidative dissolution of AgNPs in the pres-
ence of free protons (H+) and hydrogen peroxide (H2O2)
in mitochondria or cell membranes.

Another potential reaction is oxidative dissolution
in the presence of oxygen. In this case, oxygen acts as an
oxidizer, while the resulting OH- ions may alter the acid-
ity of the surrounding Environment [16].

Released Ag+ adhere to bacterial cell walls and cy-
toplasmic membranes via electrostatic interactions and af-
finity for sulfur-containing proteins, increasing their per-
meability [13,15,17]. The subsequent cascade of reactions
leads to bacterial cell death. Within bacteria, cellular res-
piration relies on enzymes in the electron transport chain.
Silver ions  (Ag+) inhibit electron transfer and sever the
link between respiration and ATP synthesis. Without ATP,
bacteria cannot sustain vital functions, leading to cell
death [13,15,16,18]. Ag ions inhibit bacterial DNA repli-
cation and protein synthesis [13,15,16].

The formation of reactive oxygen species (ROS) is
another pathway through which AgNPs can disrupt the in-
tegrity of the bacterial cell membrane and modify DNA
[13,14,16,17]. Under normal conditions, ROS  are naturally
produced in controlled amounts as byproducts of cellular
respiration [16,17]. They play a crucial role in cellular
signaling and homeostasis [17]. Each cell possesses an ar-
ray of antioxidant systems to regulate its levels [16]. When
these regulatory systems are suppressed, ROS accumulate
in amounts that cause oxidative stress [16,17]. The radi-
cals begin to attack membrane lipids, leading to the de-
struction of cellular and mitochondrial membranes and
causing DNA damage, which results in mutations and cell
death [16,17].

Metals, particularly silver, possess the unique ability
to interact directly with glutathione and its associated en-
zymes, which are a fundamental part of antioxidant systems.
This interaction reduces cellular defense mechanisms,
thereby increasing ROS production and exacerbating
oxidative stress [16]. Not only do the nanoparticles contrib-
ute to this process, but also their derivative Ag+ act as elec-
tron acceptors, further stimulating ROS formation. The ROS
generation mechanism is one of the key contributors to the
antibacterial effect of AgNPs, but it also raises concerns re-
garding their potential toxicity to human cells [13,16].

Beyond Ag+ release, AgNPs can themselves demon-
strate bactericidal activity by binding to the bacterial cell
membrane and forming pores, which leads to membrane dis-
ruption, leakage of cellular contents, and bacterial cell
death [13,15,16,18].

The antibacterial mechanisms of AgNPs mentioned
above depend on their size, shape, concentration, and dis-
solution capacity, which are influenced by environmental
conditions. It has been established that antibacterial efficacy
is strongly affected by nanoparticle size, with the minimum
inhibitory concentration (MIC) significantly decreasing as
particle size is reduced. This means that a smaller quantity
of AgNPs is needed to inhibit bacterial growth when their
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dimensions are smaller. In other words, the antimicrobial ac-
tivity of AgNPs is directly proportional to their concentra-
tion and inversely proportional to their size.

AgNPs with sizes in the range of 1–10 nm exhibit
the most pronounced antimicrobial activity, as their abil-
ity to penetrate cells and interact with organelles and cel-
lular processes is greater [14,18,19]. One study found that
only AgNPs with a size of 1–10 nm could attach to the bac-
terial membrane and penetrate the cytoplasm, leading to
bacterial cell death [20]. Another study demonstrated that
AgNPs smaller than 5 nm exhibit the strongest antibacterial
effect [21]. A study on E. coli, Bacillus subtilis, and Staphy-
lococcus aureus found that reducing nanoparticle size from
100 nm to 20 nm gradually increased antibacterial activity,
with a sharp increase in effectiveness when particle size
dropped below 10 nm [22]. Research into the antibacterial
activity of AgNPs against E. coli, Fusobacterium nucleatum,
Streptococcus mutans, Streptococcus sanguis, Streptococcus
mitis, and Aggregatibacter actinomycetemcomitans found
that 5 nm nanoparticles exhibited the highest activity, with
MIC values ranging between 25 and 50 µg/mL for most bac-
teria [23]. However, the faster release of Ag+ from smaller
nanoparticles is linked not only to increased antibacterial
efficacy but also to greater potential cytotoxicity toward hu-
man cells [24]. According to clinical studies, the minimum
inhibitory concentration (MIC) is 0.003 mg/mL for Fusobac-
terium nucleatum, 0.04 mg/mL for Streptococcus mutans, and
0.5 mg/mL for Actinomyces. In the oral cavity, bacteria are
organized in biofilms, which provide enhanced survival,
growth, and resistance to antibiotics [17]. Larger
nanoparticles fail to exert antimicrobial activity in the pres-
ence of biofilms. The complex structure of biofilms hinders
the diffusion of both AgNPs and Ag+, reducing their diffu-
sion coefficient. This transport limitation is particularly pro-
nounced for nanoparticles larger than 50 nm [13,15,17]. This
limitation is one reason for insufficient Ag+ release from ag-
gregated nanoparticles and ongoing efforts to prevent their
aggregation [13,17]. To address this, surface-modifying
agents have been developed to enhance nanoparticle solu-
bility [13]. These stabilizing agents must prevent aggrega-
tion while allowing controlled Ag+ ion release [17]. Another
surface property affecting nanoparticle activity is their sur-
face charge. Positively charged nanoparticles exhibit greater
antibacterial activity due to electrostatic attraction with
negatively charged bacterial cells [25].

The antibacterial effectiveness of AgNPs is strongly
dependent on their shape. Various nanoparticle configura-
tions exist—nanowires, nanocubes, nanospheres, and tri-
angular shapes. Among these, silver nanowires exhibit the
weakest antimicrobial activity, while triangular
nanoparticles are the most effective. A study comparing
spherical, rod-shaped, and triangular AgNPs against E. coli
found that triangular nanoparticles had the strongest bac-
tericidal effect [26]. This exceptional activity is attributed
to a higher number of positive charges, enhancing their in-
teraction with negatively charged bacterial cells. Addition-
ally, triangular nanoparticles have “active facets”—more
reactive edges and corners that facilitate bacterial binding
[16, 18, 26]. Other studies suggest that spherical and nearly

spherical nanoparticles offer superior antibacterial proper-
ties due to their larger surface area, which allows for greater
Ag+ release [13]. A study on nanospheres, nanoplates,
nanocubes, and nanorods found that nanoplates exhibited
the strongest antibacterial activity, followed by
nanospheres, nanorods, and finally nanocubes. This is at-
tributed to the larger specific surface area of nanoplates,
which enhances the dissolution rate and release of Agz  ions
[27].

Apart from nanoparticle properties, environmental
conditions significantly influence their dissolution and ef-
ficacy. Any organic or inorganic component can modify this
process by either aggregating with nanoparticles or bind-
ing to released silver ions. It has been found that AgNPs
release silver ions more rapidly in acidic environments than
under neutral conditions [13].

Experimental studies have demonstrated that AgNPs
exhibit broad-spectrum activity against a wide range of mi-
croorganisms, including Streptococcus mutans, Staphylo-
coccus aureus, Streptococcus sobrinus, Lactobacillus aci-
dophilus, Lactobacillus casei, Streptococcus sanguinis,
Enterococcus faecalis, Actinomyces
actinomycetemcomitans, Streptococcus gordonii, Strepto-
coccus mitis [14]. AgNPs exhibit higher antibacterial effi-
cacy against Gram-negative bacteria due to differences in
cell wall structure. While Gram-positive bacteria possess a
thicker peptidoglycan layer (~30 nm) that enhances resist-
ance to nanoparticle penetration, Gram-negative bacteria
have a thinner (3–4 nm) cell wall, facilitating AgNP entry
and action [24]. These findings emphasize the critical role
of cell membrane architecture in bacterial resistance to
AgNPs’ antimicrobial mechanisms [13,15,18,19].

The properties of AgNPs directly influence their an-
tibacterial efficacy. Modern nanotechnology research fo-
cuses on optimizing these parameters, allowing for the con-
trolled production of nanoparticles with enhanced antimi-
crobial properties. Surface modifications and stabilization
techniques aim to preserve antibacterial effectiveness while
minimizing potential toxicity to human cells. By refining
these characteristics, AgNPs can be further developed into
highly effective antimicrobial agents, particularly in the
field of restorative dentistry, for the prevention of second-
ary caries and bacterial colonization around restorations.

Incorporation of AgNPs into Restorative Materials
The need to enhance restorative materials with anti-

microbial components stems from the modern shift in the
concept of caries lesion treatment. The current approach aims
to remove only irreversibly damaged tooth structures, which
implies the preservation of a certain amount of microflora
within the cavity [7,12]. This has led to research on incor-
porating AgNPs into dental materials, such as composite res-
ins, adhesive systems, and glass-ionomer cements (GICs).

Adhesive Systems
 The application of composite resins is accompanied

by a significant drawback—they are more prone to the ac-
cumulation of dental biofilm on their surface, which sig-
nificantly increases the risk of secondary caries lesions. The
areas of marginal adaptation are particularly vulnerable to
demineralization. The effort to prevent the development of
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secondary caries has led to the development of adhesives
and primers containing silver nanoparticles (AgNPs).

Studies have been conducted on adhesive systems
containing AgNPs and quaternary ammonium monomers
(QAMs). It has been found that their combination produces
a synergistic antibacterial effect, which is stronger than
when using AgNPs alone. While QAMs exert a contact-kill-
ing effect on MOs, AgNPs exhibit a distance-dependent
bactericidal effect by inhibiting MOs at a distance from the
material. The addition of these components to primers sig-
nificantly enhances their antibacterial properties, forming
an inhibition zone nine times larger than that of the stand-
ard primer used in the study [12,13,14].

An in vitro study using extracted teeth examined the
effectiveness of a primer containing AgNPs and quaternary
ammonium dimethacrylate (QADM) in eliminating S.
mutans from dentinal tubules. The results showed that the
bacterial load was highest in the control group, whereas
the antibacterial primer containing 10% QADM and 0.1%
AgNPs significantly reduced bacterial count—to only 5%
of the Colony-Forming Units (CFU) count observed in the
control primer [28]. Another research has investigated an-
tibacterial adhesive systems containing AgNPs and 12-
Methacryloyloxydodecylpyridinium Bromide (MDPB).
The results showed that incorporating AgNPs into adhe-
sives containing MDPB enhances their antibacterial activ-
ity. A concentration of 0.1% does not affect the bond
strength to dentin but significantly reduces the metabolic
activity of the biofilm and the number of MOs compared
to MDPB alone. Like QADM, MDPB is a quaternary am-
monium monomer that acts through contact inhibition, kill-
ing MOs only on the surface of the material. In this combi-
nation, AgNPs exert a distance-dependent antibacterial ef-
fect. Results also indicate that the antibacterial effect is sig-
nificantly stronger when both the primer and the adhesive
contain MDPB + AgNPs. For example, the amount of lac-
tic acid produced by bacteria decreases by up to 40% com-
pared to the group where only the adhesive contains MDPB
+ AgNPs, which could play a key role in preventing sec-
ondary caries [29]. Another study investigated the effective-
ness of adding AgNPs solely to the primer of adhesive sys-
tems. A concentration of 250 ppm was found to be opti-
mal, providing the best antibacterial effect. The MIC (mini-
mum inhibitory concentration) ranged between 25 and 50
ppm, while the MBC (minimum bactericidal concentration)
was 50 ppm. The incorporation of AgNPs into the primer
improved its antibacterial properties without negatively af-
fecting bond strength or biocompatibility [30]. The effect
of combining AgNPs with nano-amorphous calcium phos-
phate (NACP) in adhesive systems has also been studied.
AgNPs in the adhesive significantly enhanced antibacte-
rial properties. NACP did not further influence bacterial
growth but reduced acid production in the biofilm. The
combination of both agents reinforced the antibacterial ef-
fect while enabling remineralization, making adhesive sys-
tems with such a composition suitable for preventing sec-
ondary caries [31]. Two-step adhesive systems with AgNPs
demonstrated greater compressive strength than one-step
adhesives, making them more clinically effective. Studies

have shown that these modified adhesive systems provide
long-lasting antibacterial protection without compromis-
ing the mechanical properties or polymerization of the ma-
terial, making them a viable alternative for improving the
longevity of restorations [12,13,14].

Composite Resins
One of the promising strategies for overcoming the

drawbacks of composite resins is the incorporation of AgNPs.
The advantages of such modified composites are their im-
proved antimicrobial activity without compromising me-
chanical properties and their ability to reduce the acid pro-
duction of MOs [12,15,17,18]. It has been found that small
nanoparticles (20 nm) can penetrate dentinal tubules, thereby
improving the bonding of the material to dentin [15]. AgNPs
in composites can be combined with other active agents to
further enhance their antibacterial properties. For instance,
combining them with amorphous calcium phosphate en-
hances antimicrobial activity while promoting
remineralization; incorporating QAMs facilitates bacterial
membrane disruption; and combining them with MDPB en-
hances biofilm inhibition [12]. A study investigated the com-
bination of AgNPs with reduced graphene oxide (rGO) in
composite resins and proved that these modified materials
are more effective against microorganisms compared to com-
posites containing only AgNPs. Alone, rGO may induce the
growth of S. mutans and fail to provide sufficient protec-
tion against caries development [32].

An experimental composite containing NACP,
QADM, and AgNPs demonstrated that QADM and AgNPs
exhibit a synergistic antibacterial effect, which is stronger
than when used separately, while NACP releases calcium
and phosphate ions to stimulate remineralization. By the
end of a one-year study, the composite had retained its an-
tibacterial activity and mechanical properties [33]. Previ-
ous studies have shown that composites containing only
NACP can inhibit the development of secondary caries, but
combining them with QADM and AgNPs is expected to en-
hance this effect [33]. Antibacterial composites incorporat-
ing ZnO and Ag nanoparticles are also being developed.
Their synergistic action increases antibacterial activity
against S. mutans by generating reactive oxygen species
(ROS) and releasing Zn ions. The mechanical properties of
the material are significantly influenced by the shape of
the nanoparticles—while ZnO/Ag nanoplatelets preserve
mechanical properties, nanospheres slightly reduce
compressive strength [34]. Another study on nanoparticles,
containing Ag and ZnO, revealed that the modified
nanocomposite exhibited stronger antibacterial activity
against S. mutans than ZnO alone. Even at a low content
of AgNPs (7.04%), the composite significantly inhibited the
growth of S. mutans [35]. The combination of these
nanoparticles has also been investigated regarding their
antibacterial effect against S. mutans and Lactobacillus.
Contrary to previous studies, 1% ZnO nanoparticles exhib-
ited a stronger effect against S. mutans than 1% Ag
nanoparticles. It was found that incorporating ZnO and Ag
up to 1% did not compromise the mechanical properties
of the composites. However, Ag caused esthetic issues,
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whereas ZnO did not alter the color of the material [36]. A
drawback of their application is the potential for agglom-
eration due to the poor solubility of silver salts in the hy-
drophobic monomers BisGMA and TEGDMA. To address
this issue, another mechanism was developed for produc-
ing nanocomposite materials by in situ reduction of silver
salts into nanoparticles, preventing the mixing of preformed
nanoparticles [10,12]. This mechanism involves dissolving
Ag 2-ethylhexanoate in TBAEMA, followed by mixing
with BisGMA-TEGDMA. The nanoparticles obtained
through this method are 2.7 ± 0.6 nm in size, uniformly
dispersed, and effectively influence bacterial growth and
metabolism [12].

The impact of composite materials modified with
AgNPs on mechanical properties and esthetics has been in-
vestigated. It was found that concentrations up to 0.02%
did not affect mechanical properties, whereas concentra-
tions above 0.1% could negatively influence strength and
hardness. At such high concentrations, darkening of the
composite material was also observed [12]. AgNPs may also
affect the polymerization of the material. According to a
2015 study, the addition of 0.0125–0.3% AgNPs to com-
posites resulted in increased monomer leaching, indicat-
ing incomplete polymerization [17].

Glass-Ionomer Cements (GICs)
The use of conventional GICs is limited in many

clinical cases due to their unsatisfactory mechanical prop-
erties. To improve the antibacterial and mechanical prop-
erties of these materials, modified versions incorporating
AgNPs have been developed [17]. Conventional GICs con-
tain polyacrylic acid (PAA), which, in aqueous solution,
forms polyacrylate anions (PA{ ) capable of binding metal
cations (Agz ) [37]. AgNPs fill the voids in the cement and
form a more homogeneous and dense structure, thus im-
proving compressive and flexural strength [15]. Their an-
timicrobial effect extends the antibacterial spectrum of
GICs against both Gram-positive and Gram-negative bac-
teria while reducing the metabolic activity of S. mutans
[37]. Experimental studies have shown that these proper-
ties depend strongly on the concentration of added AgNPs.
While concentrations up to 0.5% effectively improve the
mechanical properties of GICs, higher concentrations dis-
rupt the bond with the tooth structure [15]. A study evalu-
ating the addition of 1%, 3%, and 5% AgNPs to GICs found
that bacterial growth decreased with increasing AgNP con-
centration. Scanning electron microscopy confirmed the
disruption of biofilm formation on the modified GIC sur-
faces. A study on the mechanical properties of a glass
ionomer cement (GIC) containing AgNPs demonstrated that
the modification did not significantly change the
compressive strength and hardness of the material [38]. The
toxic effects of incorporating AgNPs into GIC were also
studied. After 48 hours of exposure to an NAg solution, a
significant reduction in cell viability was observed. Along
with previous studies, this research confirmed that particle
size plays a crucial role in the material’s toxicity.
Nanoparticles with sizes of 12 ± 2 nm were examined, and
it was found that smaller particles exhibited greater toxic-
ity. Additionally, nanoparticle concentration significantly

influenced the cytotoxicity of GIC. The same study revealed
that the incorporation of 0.1% and 0.2% NAg into GIC
(Vitrebond, GC Gold Label) did not significantly alter their
cytotoxicity [39]. However, the incorporation of AgNPs af-
fects the handling properties of GICs, extending the set-
ting time by 32% [37].

Synthesis of Nanoparticles
The methods for the synthesis of AgNPs can be

broadly classified into chemical, physical, and biological.
Each method has its advantages and disadvantages regard-
ing energy efficiency, nanoparticle purity, environmental
impact, and production costs [18,40,41].

Chemical methods are the most widely used since
they allow for mass production of nanoparticles with con-
trolled shape and size [15,16]. The process involves the re-
duction of silver ions to metallic silver (Agp ) using pre-
cursors, reducing agents, and stabilizing agents
[15,16,40,41]. The reduction process and the subsequent
formation of nanoparticles are referred to as nucleation, fol-
lowed by agglomeration and stabilization through
surfactants, which prevent particle precipitation [15,40].
Different compounds can serve as reducing agents, catego-
rized into strong and weak reducers. Strong reducing agents
lead to the formation of small, uniform particles and in-
clude sodium borohydride (NaBH4), hydrazine (N2H4) and
hydrazine hydrate, and dimethylformamide (DMF). Weak
reducing agents result in slower reactions, and the
nanoparticles have a more varied size distribution. These
include citrate, glucose, ascorbate (vitamin C), and ethyl-
ene glycol [16,40,41]. To achieve precise particle size con-
trol, a two-step reduction method is often used—strong re-
ducers first form small particles, which are then grown us-
ing weaker reducers [16]. Stabilizing agents such as
chitosan, PMMA, polyethylene glycol, thiols, amines, ac-
ids, and alcohols adsorb onto the nanoparticles’ surface to
prevent aggregation [15,41]. Several popular chemical syn-
thesis methods exist- Brust method (produces thiol-stabi-
lized nanoparticles), BSS method (uses sodium borohydride
as a strong reducer), and modified Turkevich method (em-
ploys citrate for slow reduction).

Despite their effectiveness, chemical methods lead
to some challenges, including chemical contamination of
particles, potential toxicity of reactants, and difficulties in
achieving precise size and shape control [15,16,18].

The physical synthesis of AgNPs allows for the rapid
production of uniformly distributed nanoparticles without
chemical contamination. These methods include laser ab-
lation, lithography, evaporation-condensation, UV radia-
tion, thermal synthesis, etc [15,18,41]. However, their mass
production is significantly limited because of the high
equipment costs and limited scalability [15].

Biological synthesis is a new, eco-friendly alterna-
tive that uses plants, fungi, and bacteria as reducing and
stabilizing agents [15,16]. Organisms reduce silver ions
(Ag+) to Ag0, acting as natural reducers, stabilizers, and
capping agents. The main advantages of this method in-
clude the absence of chemical contamination, lower pro-
duction costs and biocompatibility  [15,18,40]. The mecha-
nism of synthesis varies based on the biological source.
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Bacteria (Pseudomonas stutzeri, Lactobacillus spp., Bacil-
lus licheniformis) reduce silver ions inside the cytoplasm
or on their membrane using enzymatic processes [15,16].
Fungi (Fusarium oxysporum, Aspergillus flavus) generate
nanoparticles on their surface via bio-reduction [15,16].
Plant extracts (e.g., green tea, lemongrass, geranium,
biopolymers, enzymes, amino acids, polysaccharides, and
fruit and vegetable peels) contain polyphenols and
flavonoids, which both reduce and stabilize AgNPs
[15,16,18]. Despite its environmental advantages, biologi-
cal synthesis has some drawbacks, including slow produc-
tion rates and higher costs for purification and stabilization
of the nanoparticles [18].

Toxicity of Silver Nanoparticles
The toxicity of AgNPs is strongly related to the re-

lease of Ag+, which leads to oxidative stress, cellular dam-
age, and accumulation in various organs and systems, while
also having a potential environmental impact
[13,14,15,17,18,19,41,42]. The impact of AgNPs on human
cells follows similar mechanisms to their antimicrobial ac-
tivity. The released silver ions (Ag+) may induce oxidative
stress,  generation of reactive oxygen species (ROS), mito-
chondrial dysfunction, ATP inhibition, membrane disrup-
tion, and apoptosis [13,17,18,19,41]. The results from in
vitro studies on human cells show that AgNPs can cause
DNA damage, mutations, and reduced cell viability in skin,
liver, neuronal, and epithelial cells [18,19,41]. Various stud-
ies on animals found that after ingestion or injection,
AgNPs can accumulate in the liver, kidneys, lungs, colon,
heart, and brain [18]. Most nanoparticles are excreted
through feces, but it was found that residual amounts re-
main in the brain and testes for up to 8 weeks after expo-
sure [14,17,18]. This raises concerns about their long-term
neurological and reproductive toxicity. Some of the stud-
ies found sex-based differences, with females exhibiting
greater accumulation in the kidneys  [18]. The highest
amount of nanoparticles is retained in the liver and kid-
neys, and may potentially cause biliary hyperplasia, necro-
sis, and fibrosis [13,17,19]. AgNPs can cross the blood-brain
barrier, potentially leading to long-term cognitive impair-
ments, interactions with glial cells, and neuronal dysfunc-
tion [13,17,19]. They can also penetrate the blood-testis

barrier and potentially reduce spermatogenesis and caus-
ing morphological changes in sperm cells [18]. Some stud-
ies also suggest placental transfer, indicating accumulation
in the embryo during pregnancy [18]. AgNPs can enter
wastewater systems, accumulate in soil and aquatic ecosys-
tems, and disrupt microbial communities [42]. Silver ions
inhibit photosynthesis in algae 18 times more strongly than
AgNPs. However, long-term toxicity studies suggest that
nanoparticles pose a greater environmental risk over ex-
tended periods [19, 43].

The long-term effects of AgNP accumulation on eco-
systems and human health are till not completely under-
stood. To minimize environmental risks, it is necessary to
develop safe disposal and recycling strategies for dental
materials containing AgNPs [15].

CONCLUSION
The incorporation of AgNPs into restorative materi-

als is a promising approach for the prevention of second-
ary carious lesions. Their antimicrobial activity makes
them preferred agents in the development of dental mate-
rials. Numerous scientific studies have established that the
antibacterial effect of AgNPs is dependent on their size,
shape, and concentration. It has been found that smaller
nanoparticles exhibit better bactericidal activity, but are
also a reason for increased risk of cytotoxicity and
oxidative stress on human cells. The advantages of such
modified bioactive restorative materials are accompanied
by various challenges that are the subject of ongoing and
future research. Their potential adverse effects on human
cells and the Environment prove the need for further stud-
ies focused on the improvement of their composition and
the controlled release of silver ions. Biological synthesis
approaches and surface modifications of AgNPs allow for
the minimization of toxicity while preserving their anti-
bacterial properties. Currently, the scientific interest is di-
rected toward the development of new hybrid
nanomaterials that possess both antimicrobial and
remineralization properties without negatively affecting
mechanical characteristics. Additional clinical studies
would be crucial in establishing these materials in routine
dental practice.
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