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ABSTRACT

This study aimed to synthesize and characterize materials containing silver nanoparticles (AgNP) 
with polyphosphates (sodium trimetaphosphate (TMP) or sodium hexametaphosphate (HMP), and 
evaluate their e�ect against Candida albicans and Streptococcus mutans. The minimum inhibitory 
concentration (MIC) was determined, which was followed by the quanti�cation of the bio�lm by 
counting colony-forming units (CFUs), the amount of metabolic activity, and the total biomass. The 
MICs revealed greater e�ectiveness of composites containing 10% Ag (TMP  +  Ag10% (T10) and 
HMP + Ag10% (H10)) against both microorganisms. It was observed that T10 and H10 reduced the 
formation of bio�lms by 56–76% for C. albicans and by 52–94% for S. mutans for total biomass and 
metabolic activity. These composites promoted signi�cant log reductions in the number of CFUs, 
between 0.45–1.43 log10 for C. albicans and 2.88–3.71 log10 for S. mutans (p < .001). These composites 
demonstrated signi�cant antimicrobial activity, especially against S. mutans, and may be considered 
a potential alternative for new dental materials.

Introduction

Streptococcus mutans is the main cariogenic microor-
ganism, and its capacity to produce acid and survive at 
low pH, as well as its ability to synthesize extracellular 
polysaccharides, are important virulence factors which 
contribute to the colonization of the tooth surface, devel-
opment of pathogenic bio�lms, and enamel demineral-
ization (Leone et al. 2008, Li and Chang 2008; Delbem 
et al. 2014). Although the development of dental caries 
is related to the formation of bio�lm, the progression of 
established lesions may include species of Candida, par-
ticularly Candida albicans (Shibata and Morioka 1982; 
Monteiro et al. 2015).

Composites containing calcium and phosphate have 
shown promising anticariostatic e�ects (do Amaral et al. 
2013; Takeshita et al. 2015; da Camara et al. 2016). Among 
the phosphate salts, sodium trimetaphosphate (TMP) and 
sodium hexametaphosphate (HMP) have been e�ective in 
reducing enamel demineralization and improving remin-
eralization. �ey are inorganic cyclophosphates with the 
capacity to adsorb hydroxyapatite and protein through 

hydroxyl (Souza et al. 2013; Delbem et al. 2014) and amino 
(Leone et al. 2008; Li and Chang 2008) attachment sites. 
Added to low concentrations of �uoride in an appropriate 
proportion in oral health products, they provide a greater 
protective e�ect than conventional �uoride products (da 
Camara et al. 2014; Manarelli et al. 2015; Takeshita et al. 
2015; Conceicao et al. 2015; da Camara et al. 2016).

�e development of multifunctional biomaterials to be 
used in the health �eld is the focus of increasing attention. 
Added to that, the exponential growth of nanotechnology, 
and the use of silver nanoparticles (AgNP) as an antimi-
crobial agent allowing for increased surface-to-volume 
ratios and speci�c interactions with species of bacteria 
and fungi (Baker et al. 2005, Morones et al. 2005; Lok  
et al. 2006), new approaches could be useful to prevent 
and control dental caries. A material containing AgNP as 
an antimicrobial agent, and sources of �uoride and phos-
phate to prevent the demineralization of dental enamel, 
could achieve promising results. �us, this study aimed 
to synthesize composites containing AgNP, F, and TMP or 
HMP, and to characterize and evaluate their e�ect against 
Streptococcus mutans and Candida albicans.
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Minimum inhibitory concentration (MIC)

�e microdilution method was performed following the 
Clinical Laboratory Standards Institute guidelines (CLSI: 
M27-A2 and M07-A9). �e nanocomposites were diluted 
in deionized water in geometric progression, from 2 to 
1,024 times. A�erwards, each nanocomposite concen-
tration obtained previously was diluted (1:5) in RPMI 
1640 medium (Sigma-Aldrich) for Candida albicans 
(ATCC 10231), and in brain heart infusion (BHI, Difco, 
Le Pont de Claix, France) for Streptococcus mutans (ATCC 
25175). Inocula from 24-h cultures were adjusted to the 
0.5 McFarland standard turbidity equivalent in saline 
solution (0.85% NaCl). Suspensions of each strain were 
diluted (1:5) in saline and subsequently diluted (1:20) in 
RPMI 1640 for C. albicans or BHI broth for S. mutans. 
Each microorganism suspension (100 μl) was added in the 
wells of microtiter plates containing 100 μl of each nano-
composite concentration. Polyphosphate/�uoride, AgNP, 
and chlorhexidine gluconate (CHG) (Periogard-Colgate, 
New York, NY, USA) were tested as controls. �e micr-
otiter plates were incubated at 37°C, and the MICs were 
determined visually as the lowest concentration of nano-
composites with no microorganism growth a�er 48 h.

Bio�lm formation and treatment

Single species bio�lms were grown in 96-well microtiter 
plates (Costar®, Corning Incorporated, Tewksbury, MA, 
USA) containing 0.2  ml of C. albicans cell suspension 
(1 × 107 cells ml−1 in arti�cial saliva) (Silva et al. 2010) or 
0.2 ml of S. mutans (1 × 108 cells ml−1 in arti�cial saliva) 
(Arias et al. 2016). �e plates were incubated at 37°C for 
24 h. A�er this period, the bio�lm-containing wells were 
washed with 0.2 ml of phosphate bu�ered saline (PBS; 
pH 7, 0.1 M) to remove the non-adherent cells. Next, the 
nanocomposites were added to the bio�lms at concen-
trations based on the MIC values obtained previously. 
For this, 0.2 ml of the T10 and H10 nanocomposites at 
MIC and 10 × MIC were diluted in arti�cial saliva, which 
was added to the bio�lm-containing wells. AgNP with no 
phosphates and CHG at 0.018% (positive control) were 
also tested against the bio�lms, and arti�cial saliva with 
no nanocomposites was used as negative control. �e bio-
�lms were then re-incubated at 37°C for 24 h.

Bio�lm quanti�cation

�e quanti�cation of C. albicans and S. mutans cultivable 
cells from bio�lms treated with T10 and H10 was car-
ried out by counting colony-forming units (CFUs). For 
this, the bio�lm-containing wells were scraped with a tip, 
using 0.2 ml of PBS each time �ve times, totaling 1 ml of 

Materials and methods

Synthesis and characterization of the 

nanocomposites

Nanocomposites were synthesized based on the pro-
tocol proposed by Miranda et al. (2010), with some 
modi�cations. �e synthesis was carried out in an alco-
holic medium (isopropanol) using sodium borohydride 
(NaBH4, Sigma-Aldrich, St Louis, MO, USA) as a reducing 
agent. Suspensions containing sodium trimetaphosphate 
(TMP, Sigma-Aldrich, CAS 7785-84-4) or sodium hex-
ametaphosphate (HMP, Sigma-Aldrich, CAS 68915-31-1), 
�uoride (NaF, Merck, Darmstadt, Germany), and silver 
nitrate (AgNO3, Merck) were prepared in the presence of a 
surfactant (ammonium salt of polymethacrylic acid (NH-
PM), Polysciences, Inc., Warrington, PA, USA). AgNO3 
was employed at 1% or 10% of the phosphate weight. �e 
molar proportions between phosphates and �uoride was 
1.2:1 TMP/NaF or 0.62:1 HMP/NaF, and between silver 
ions (Ag+) and NaBH4 it was 1:1.26. Samples were dried 
overnight at 70°C. AgNP with no polyphosphates was also 
synthesized.

�e morphology of the nanocomposites was character-
ized by scanning electron microscopy (SEM) on a Zeiss 
Supra 35VP microscope (S-360 microscope, Leo, MA, 
USA) with �eld emission gun electron e�ect (FEG-SEM, 
10 kV). A drop of each sample was placed on a silicon 
substratum and dried at 40°C for 12 h. Two-dimensional 
images were constructed by analyzing the P Kα, Ag Lα1, 
and O Kα energy emissions using energy dispersive X-ray 
detector (EDX) analysis with mapping. Samples were also 
characterized by X-ray di�raction (XRD) (Rigaku dif-
fractometer [Rigaku Corporation, Tokyo, Japan], DMax 
2500PC) with CuK radiation (λ = 1.5406 Å) generated at 
a voltage of 40 kV and a current of 40 mA. �e scanning 
range (2θ) was from 20° to 110° with a step size of 0.2°, a 
1.0 mm divergent slit, 0.2 mm collection slot, and accu-
mulation for reading every 0.02 s.

Determination of Ag+ concentration

�e concentration of Ag+ in the composites was deter-
mined by a 9616 BNWP (�ermo Scienti�c, Beverly, MA, 
USA) ion-speci�c electrode coupled to an ion analyzer 
(Orion 720 A+, �ermo Scienti�c). One thousand μg 
Ag ml−1 were prepared (1.57 g of dried AgNO3 for 1 l of 
deionized water) as a standard, and diluted in deionized 
water to achieve equivalent silver concentrations in the 
composites. �us, the combined electrode was calibrated 
with solutions containing 6.25 to 100 μg Ag ml−1. A silver 
ionic strength adjuster solution (ISA, Cat. No. 940011), 
which provides a constant background ionic strength was 
used (1 ml of each sample/standard: 0.02 ml of ISA).
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suspension, and the cell suspensions were then placed in 
Falcon tubes. �e suspensions were vortexed and serially 
diluted in PBS and plated on SDA (C. albicans) or BHI (S. 

mutans). A�er incubation at 37°C for 24 h for C. albicans 
and 48 h for S. mutans, the total number of CFUs was 
counted and the log CFU per unit area (log10 CFU cm−2) 
was determined.

A�er the bio�lms were treated, the total biomass was 
analyzed by the crystal violet (CV) method (Monteiro et 
al. 2015). �e bio�lms were washed with 0.2 ml of PBS 
and �xed by adding 0.2  ml of 99% methanol (Sigma-
Aldrich) for 15 min. �e methanol was then removed 
and the wells were allowed to dry at room temperature. 
�en, 0.2 ml of CV (1%, v v–1, Merck) were added into 
each well, and a�er 5  min, the excess was withdrawn 
by washing each well-plate with deionized water. CV 
bound to the bio�lms was eluted using 0.2 ml of acetic 
acid (33%, v v–1, Sigma–Aldrich), and the absorbance was 
measured in a microtiter-plate reader (Eon Microplate 
Spectrophotometer; Bio Tek, Winooski, VT, USA) at 
570 nm, and standardized in relation to the area of the 
well-plate (Abs 570 nm cm−2).

Metabolic activity was assessed by the XTT reduction 
assay (2,3-bis (2-methoxy-4-nitro-5-sulfophenyl)-5- 
[(phenylamino) carbonyl]-2H-tetrazolium hydroxide 
(Sigma-Aldrich). Bio�lm-containing wells were washed 
once with 0.2 ml of PBS and 0.2 ml of the solution con-
taining 150 mg XTT l−1 and 10 mg of phenazine metho-
sulfate l−1 in each well. �e plates were then incubated 
at 37°C, under agitation at 120 rpm, in the dark. A�er 
3 h, the absorbance was read at 490 nm cm−2. All assays 
were performed, independently and in triplicate, on three 
di�erent occasions.

Microscopy

�e structural analysis of single bio�lms of C. albicans 
and S. mutans exposed to the nanocomposites was veri-
�ed by SEM. Brie�y, the bio�lms were formed in 24-well 
plates as described before. �en, the T10 and H10 nano-
composites were added to the wells at the concentration 
of 10/100 μg Ag ml−1 for C. albicans and 40/400 μg Ag 
ml−1 for S. mutans bio�lms. A�er treatment for 24  h, 
the wells were washed with PBS and the bio�lms were 
dehydrated using an ethanol concentration series (70% 
for 10 min, 95% for 10 min, and 100% for 20 min), fol-
lowed by air drying for 20 min (Silva et al. 2013). �e 
bottom of the wells were cut with a scalpel blade (num-
ber 11, Solidor, Lamedid Commercial and Services Ltda, 
Barueri, Brazil) heated in �ame, and the bio�lms were 
coated with gold for scanning with the electron micro-
scope (S-360 microscope, Leo, Cambridge, MA, USA) 
(Fernandes et al. 2016).

Statistical analysis

SigmaPlot 12.0 so�ware (Systat So�ware Inc., San Jose, 
CA, USA) was used for statistical analysis; the signi�cance 
level was set at 5%. CFUs, CV (for both microorganisms 
tested), and XTT (C. albicans) data exhibited a normal and 
homogeneous distribution (Shapiro–Wilks test) and were 
submitted to one-way analysis of variance, followed by 
the Fisher test. XTT data from S. mutans were submitted 
to logarithmic transformation and one-way analysis of 
variance followed by the Fisher test.

Results

Synthesis, characterization, and Ag+ determination 

in the nanocomposites

XRD and SEM demonstrated the association of silver 
nanoparticles in both polyphosphates (sodium trimet-
aphosphate (TMP) and sodium hexametaphosphate 
(HMP)). �e typical XRD pattern of the prepared T1 
(TMP+Ag1%) and T10 (TMP+Ag10%) powder showed 
di�raction peaks at 2θ = 14.4°, 17.3°, 23.4°, 26.1°, and 
29.2°, and the corresponding crystallographic form (PDF 
№ 72–1628) of the TMP salt (Figure 1a). Figure 1a shows 
di�raction peaks at 2θ = 38.2°, 44.4°, and 64.6°, which 
can be indexed to (2 0 0), (1 1 1), and (2 2 0) planes of 
pure silver with the face-centered cubic system (PDF 
№ 04–0783). Figure 1b shows the X-ray di�raction pat-
terns of HMP that present a wide halo between 15° and 
35°, characteristic of amorphous materials. �e X-ray 
di�raction patterns of H1 (HMP+Ag1%) and H10 
(HMP+Ag10%) indicate sodium hexametaphosphate 
salt – (NaPO3)6 (PDF № 3643), and suggest the pres-
ence of other polyphosphate salts, such as (NaH2PO4.
(H2O), NaH2PO4, Na5P3O10, NaPO3, and Na2H2P2O7, 
by comparing the experimentally obtained XRD pat-
terns with standard patterns (PDF № 11–651, 11–659, 
11–652, 76–788, and 11–657). SEM images of T10 and 
H10 (Figure 2) show silver nanoparticles (white shades) 
dispersed and decorating the surface of the phosphates at 
micrometric size (gray shades). AgNP anchored on the 
surface of HMP or TMP were more evident in samples 
containing Ag at 10% than at 1% of Ag. �e 2-D images 
were constructed by analyzing the energy released from 
the O Kα, P Kα (constituents of the TMP and HMP 
material) and Ag Kα emissions, indicating the uniform 
distribution of these elements in the demarcated area in 
the micrograph.

�e total amount of Ag+ (from the AgNO3 source) 
added to the reaction to obtain AgNP with no TMP or 
HMP was 20,000 μg Ag ml−1, and the ionic concentra-
tion was determined by electrode method at 576.19 μg 
Ag ml−1, thus a reduction of 97.12% of ionic silver was 
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Antimicrobial e�ect

�e nanocomposites were e�ective against both strains 
tested in planktonic form (Table 1). Composites contain-
ing Ag at 10% (T10 and H10) were more e�ective against 
C. albicans (10 μg Ag V) than against S. mutans (40 μg Ag 
V), while at 1% Ag only H1 presented an e�ect against the 
microorganisms (80 μg Ag V). For the group of AgNP 
without TMP or HMP synthesized in the same conditions, 

observed. All samples containing Ag at 1% (H1 and 
T1) or 10% (H10 and T10) presented Ag+ % reduction 
between 98.04 and 99.85%. For H1 and T1 samples, the 
Ag concentrations were determined as 1.43 and 8.13 μg 
Ag+ ml−1, and the total amount of Ag used in the reaction 
was 1,000 μg Ag ml−1. For H10 and T10 samples, the Ag 
concentrations were 129.8 and 195.4 μg Ag+ ml−1, and the 
total amount of Ag used in the reaction was 10,000 μg 
Ag ml−1.

Figure 1. XRD patterns of commercial TMP (a) and HMP powder (b) and the synthesized nanocomposites, respectively.

Figure 2. SEM images and EDX mapping in 2-D at different magnifications of T10 (a and b) and H10 (c and d). Arrows indicate AgNP 
dispersed on TMP and HMP surfaces. Red dots show silver distribution on phosphates.
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in the C. albicans bio�lm treated with T10, and 1.17 log10 
treated with H10 (100 μg Ag ml−1) (Figure 3a), when com-
pared to the negative control group (p = 0.004 and p = 
0.014). Surprisingly, S. mutans bio�lm cells were more 
susceptible to T10 and H10 than the C. albicans bio�lm 
cells, and they were similar to the CHG positive control 
(PC) (Figure 3a). Notably, there was a reduction of 4.2 
log10 in the S. mutans bio�lm at the lowest concentration 
(40 μg Ag ml−1) of T10.

�e total biomass quanti�cation and metabolic activ-
ity in the C. albicans and S. mutans bio�lms are shown 
in Figure 3b and c. Signi�cant reductions (~ 75%) in the 
total biomass of both microorganisms were observed in 
the lowest concentrations of T10 (10 μg Ag ml−1) and H10 
(40 μg Ag ml−1), being similar to CHG (PC) (Figure 3b). 
Notably, the metabolic activity (Figure 3c) of C. albicans 
bio�lm was reduced (93.4–94.4%) at both 10 and 100 μg 
Ag ml−1 of T10 and at 100 μg Ag ml−1of H10 (92.0%). T10 
and H10 nanocomposites reduced the metabolic activity of 
S. mutans bio�lms by ~ 90%, at all concentrations tested.

the MIC values were 62.5 μg Ag ml−1 for C. albicans and 
125 μg Ag ml−1 for S. mutans. At lower Ag concentration 
(1%), only H1 presented a antimicrobial e�ect.

In this study, bio�lm cells of C. albicans were resistant 
to all concentrations tested of AgNP without phosphates 
(Figure 3). However, a�er adding the polyphosphates to 
the AgNP, there were signi�cant reductions of 1.43 log10 

Table 1.  MIC values of each composite and the controls tested 
against the two microorganisms.

Composites and controls

MIC (μg Ag ml−1)

Streptococcus mutans Candida albicans

T1 – –
T10 40 10
H1 80 80
H10 40 10
AgNP 125 62.5
CHG 0.93 3.75
F 125 –
TMP – –
HMP 6.25 12.5
AgNO

3 12.5 3.15

Figure 3. (a) Logarithm (mean ± dp) of colony forming units normalized by adhesion area (log
10

 CFU cm−2); (b) absorbance values per cm2 
obtained through crystal violet assay; (c) absorbance values per cm2 obtained through XTT assay for C. albicans and S. mutans biofilms 
after treatment for 24 h. Bars indicate SD of the mean. Different lowercase letters represent statistical difference between groups and 
concentrations tested (Fisher, p < 0.001). NC=negative control; PC=positive control (CHG); T10=TMP-AgNP10%; H10=HMP-AgNP10%.
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Discussion

�is study evaluated the antimicrobial action of nano-
composites against strains of C. albicans and S. mutans in 
both the planktonic form and in bio�lms grown for 24 h. 
Analyses included the quanti�cation of viable cells, total 
biomass, and metabolic activity.

Currently, there are several studies in the literature that 
show the mechanism of action of silver nanoparticles. 
As has already been demonstrated, silver nanoparticles 

Microscopy

Figure 4 shows hyphal cell density similar to the nega-
tive control in all C. albicans bio�lms exposed to nano-
composites T10 and H10, while a reduction in cellular 
biomass was observed in bio�lm treated with chlorhex-
idine gluconate. On the other hand, the quantity of cells 
in the S. mutans bio�lms treated with T10 and H10 was 
as suppressed as in the bio�lm subjected to chlorhexidine 
gluconate treatment (Figure 5).

Figure 4. SEM images of C. albicans biofilms: (a) negative control; (b) positive control; (c) T10 (10 μgAg ml−1); (d) T10 (100 μgAg ml−1);  
(e) H10 (10 μgAg ml−1); (f ) H10 (100 μgAg ml−1).
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�e combination of silver nanoparticles with other 
compounds may improve their antimicrobial activity (Pal 
et al. 2007; Monteiro et al. 2013). �e results of the present 
study demonstrated that the association of AgNP with 
TMP or HMP did not hinder the antimicrobial silver e�ect, 
but the association of Ag and polyphosphates resulted 
in similar MICs at a lower Ag concentration (Table 1).  
�e crystallographic surface structures of AgNP are an 
important physico-chemical property which is related to 
their antibacterial activity (Pal et al. 2007), and could be 

promote direct damage to the cellular membrane by 
adhering to it (Li et al. 2008) or by dissolving it through 
the release of silver ions (Kon and Rai 2013). �en, once 
inside the cell of the microorganism, silver nanoparticles 
can lead to DNA damage (Li et al. 2008), mainly via pro-
duction of ROS (Marambio-Jones and Hoek 2010; Duran 
et al. 2016), and can also a�ect the electrochemical proton 
gradient through the respiratory process, which could dis-
continue the ATP synthesis, leading to the death of the 
microorganism cell (Reidy et al. 2013).

Figure 5. SEM images of S. mutans biofilms: (a) negative control; (b) positive control; (c) T10 (40 μgAg ml−1); (d) T10 (400 μgAg ml−1);  
(e) H10 (40 μgAg ml−1); (f ) H10 (400 μgAg ml−1).
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AgNO3 (1 or 10%) used in the synthesis reaction. On the 
other hand, it did not increase the antimicrobial e�ec-
tiveness of the T10, suggesting antimicrobial activity is 
not just related to the amount of Ag+ ions released from 
that composite.

However, many antimicrobial agents that show e�ec-
tiveness against planktonic cells could be ine�ective against 
the same microorganism grown in a bio�lm (Je�erson 
2004; Kim et al. 2008). Bio�lms of Candida species, for 
example, can exhibit up to 65 times more tolerance to 
killing by metals than corresponding planktonic cultures 
(Harrison et al. 2007). Although bio�lms of C. albicans 
showed tolerance against pure AgNP (Figure 3a), the 
addition of the polyphosphates resulted in inhibition of 
the growth of fungal bio�lms. �e same occurred against 
bio�lm cells of S. mutans. Nevertheless, the microscopy 
images (Figures 4 and 5) show that growth of C. albicans 
bio�lm cells was similar to the negative control, while the 
reduction in bio�lm cells of S. mutans was consistent with 
chlorhexidine gluconate, as shown through CFU analysis. 
�e explanation would also be related to the mechanism 
of action of polyphosphates on planktonic cells (Maier et 
al. 1999; Akhtar et al. 2008; Obritsch et al. 2008), and also 
for a probable bu�er e�ect promoted by the phosphates 
in the S. mutans bio�lm environment. To this end, as  
S. mutans is an acidogenic and aciduric bacterial strain, 
TMP and HMP may have hampered the decrease in pH, 
and hence, the proliferation of the cells in the bio�lm.

�e total biomass and metabolic activity of fungal and 
bacterial bio�lms are shown in Figure 3b and c. Overall, 
the methods used to quantify microbial bio�lms were 
performed as complementary analysis. As shown in the 
results, the lowest concentrations of T10 (10 μg Ag ml−1) 
and H10 (40 μg Ag ml−1) were able to reduce the total bio-
mass in a manner similar to the positive control (CHG). 
Figure 3c shows the reduction in bio�lm activity of  
C. albicans of between 92 and 94.4%, with the exception 
of the concentration of 10 μg Ag ml−1 H10. All concentra-
tions of both T10 and H10 reduced the bio�lm biomass of  
S. mutans by ~ 90%. Nevertheless, it is noteworthy that  
S. mutans may not have properly absorbed and/or metab-
olized the salt of XTT (Kuhn et al. 2003; Gobor et al. 
2011), and hence, interfered with the spectrophotometer 
reading since there was also low metabolic activity in the 
negative control group (NC).

Finally, looking at the antimicrobial e�ect of the 
polyphosphates TMP or HMP-AgNP in comparison with 
AgNP alone, the �ndings of the present study demonstrate 
that both TMP and HMP with a very low NaF concen-
tration substantially improved the e�ectiveness of AgNP 
against both the planktonic and sessile forms of the micro-
organism. �is suggests that AgNP associated with TMP 
or HMP polyphosphates and �uoride may be e�ective 

changed when associated with those polyphosphates. �e 
composites were more e�ective against planktonic cells of 
C. albicans (10 μg Ag ml−1) than S. mutans (40 Ag ml−1) 
when the Ag concentration was 10% (T10 and H10), while 
at 1%, just H1 showed an antimicrobial e�ect (80 μg Ag 
ml−1). HMP has the ability to increase outer membrane 
cell permeability (Shibata and Morioka 1982; Vaara and 
Jaakkola 1989), and it might facilitate Ag entrance into 
the microorganism cells. Indeed, the polyphosphate 
property of adsorption on protein by hydroxyl and amino 
sites (Leone et al. 2008; Li and Chang 2008) may increase 
Ag availability and improve the antimicrobial e�ect of 
those composites. �is was observed especially for T10 
(TMP+Ag10%) and H10, (HMP+Ag10%) which have a 
higher Ag concentration impregnated on the phosphates. 
H1 (HMP+Ag1%) alone was shown to be e�ective against 
both planktonic strains. �ese results demonstrate that 
not only was the amount of Ag relevant for the antimi-
crobial e�ectiveness of the composites, but its association 
with the phosphates had a signi�cant role in the increase 
in the antimicrobial potential of the TMP/HMP-AgNP 
nanocomposites. �is has also been demonstrated by 
Humphreys et al. (2011) and the synergism between 
polyphosphates and silver might increase the permeability 
of the outer membrane of bacteria associated to seques-
tration of divalent cations by polyphosphate (Maier et al. 
1999; Akhtar et al. 2008; Obritsch et al. 2008), enabling 
silver to pass through the membrane and then causing 
damage to the cell, such as loss of DNA replication and 
protein inactivation (Feng et al. 2000).

�e greater susceptibility of planktonic cells of  
C. albicans in comparison to S. mutans planktonic cells 
can be primarily explained by the structural di�erences 
in their cell membranes (Malanovic and Lohner 2016). 
Membranes of bacteria are negatively charged due to 
anionic phospholipids, while the charge in fungal mem-
branes is neutral, constituted by zwitterionic phospholip-
ids and ergosterol. �e work of Abbaszadegan et al. (2015) 
states that the antimicrobial action of the nanoparticle 
shelf depends on the charge of the external surface of 
the particles as in�uenced by the stabilizers and capping 
agents used in the synthesis; thus, the AgNP fabricated in 
the present study can be considered negatively charged. 
According to Mandal et al. (2016), the mechanism of 
AgNP action depends on the outer charge of the bacte-
rial membranes, and this may explain the decreased sus-
ceptibility of S. mutans. Furthermore, the physical and 
chemical properties of the AgNP related to the release of 
Ag+ ions are noteworthy. It seemed that AgNP were more 
clearly adhered to the surface of TMP than the surface of 
HPM (Figure 2a and c). �is could facilitate the release 
of Ag+ ions, and hence, its highest concentration in the 
composites containing TMP, regardless of the amount of 
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Synthesis and antibacterial properties of silver nanoparticles. 
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doi:10.1007/s00784-015-1707-x
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situ. J Dent. 43:1255–1260. doi:10.1016/j.jdent.2015.08.006

Delbem AC, Souza JA, Zaze AC, Takeshita EM, Sassaki KT, 
Moraes JC. 2014. E�ect of trimetaphosphate and �uoride 
association on hydroxyapatite dissolution and precipitation 
in vitro. Braz Dent J. 25:479–484. doi:10.1590/0103-
6440201300174

Duran N, Duran M, de Jesus MB, Seabra AB, Favaro 
WJ, Nakazato G. 2016. Silver nanoparticles: a new 
view on mechanistic aspects on antimicrobial activity. 
Nanomedicine. 12:789–799. doi:10.1016/j.nano.2015.11.016

Feng QL, Wu J, Chen GQ, Cui FZ, Kim TN, Kim JO. 2000. A 
mechanistic study of the antibacterial e�ect of silver ions on 
Escherichia coli and Staphylococcus aureus. J Biomed Mater 
Res. 52:662–668. doi:10.1002/(ISSN)1097-4636

Fernandes RA, Monteiro DR, Arias LS, Fernandes GL, Delbem 
AC, Barbosa DB. 2016. Bio�lm formation by Candida 
albicans and Streptococcus mutans in the presence of 
farnesol: a quantitative evaluation. Biofouling. 32:329–338. 
doi:10.1080/08927014.2016.1144053

Gobor T, Corol G, Ferreira LE, Rymovicz AU, Rosa RT, 
Campelo PM, Rosa EA. 2011. Proposal of protocols using 
D-glutamine to optimize the 2,3-bis(2-methoxy-4-nitro-5-
sulfophenly)-5-[(phenylamino)carbonyl]-2H-tetrazolium 
hydroxide (XTT) assay for indirect estimation of microbial 
loads in bio�lms of medical importance. J Microbiol 
Methods. 84:299–306. doi:10.1016/j.mimet.2010.12.018

Harrison JJ, Ceri H, Yerly J, Rabiei M, Hu Y, Martinuzzi R, 
Turner RJ. 2007. Metal ions may suppress or enhance 
cellular di�erentiation in Candida albicans and Candida 
tropicalis bio�lms. Appl Environ Microbiol. 73:4940–4949. 
doi:10.1128/AEM.02711-06

Humphreys G, Lee GL, Percival SL, McBain AJ. 2011. 
Combinatorial activities of ionic silver and sodium 
hexametaphosphate against microorganisms associated 

antimicrobial biomaterials for promising applications 
to control caries disease. Future studies should investi-
gate the remineralization potential of these composites 
as well as their toxicity to make their incorporation in 
dental materials feasible. Studies considering di�erent 
approaches to investigate the mechanisms of action of 
these nanocomposites would also be opportune.

Conclusion

In this study, nanocomposites formed by AgNP associated 
with TMP or HMP polyphosphates and very low concen-
trations of �uoride were synthesized. �e antimicrobial 
and anti-bio�lm e�ectiveness of these nanocomposites 
were observed against S. mutans and C. albicans, both 
relevant dental caries pathogens. Furthermore, the results 
suggest that TMP and HMP improved the antimicrobial 
potential of AgNP, enabling the use of smaller amounts 
of AgNP to produce more biocompatible nanomaterials, 
which would be e�ective at reducing caries -inducing 
pathogens and increasing the dental remineralization 
process.
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