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A B S T R A C T

Acrylic resin employed in dental materials can act as substrate for microorganisms’ adhesion and biofilm for-
mation. To overcome this, silver nanoparticles (AgNPs) were combined with poly(methyl methacrylate) (PMMA)
to reduce denture stomatitis caused by Candida glabrata. Although AgNPs antimicrobial activity is already
known, the physicochemical properties of its nanocomposites, which dictate the performance of these com-
mercial targets remain little explored. We evaluated the effect of different amount of AgNPs in PMMA obtained
by the thermal polymerization. Among the mechanical tests employed, PMMA flexural strength decreased with
higher AgNPs concentration. The microbiological adhesion test against Candida glabrata revealed the nano-
composite with 0.05% of AgNPs has greater capacity to inhibit the biofilm formed on its surface. Although we
observed distinct thermo-mechanical behavior in the presence of AgNPs, antimicrobial property was not linearly
dependent of nanoparticles concentration and was influenced by nanoparticles dispersion and distribution in the
polymer matrix.

1. Introduction

Advances in material science during the last decades resulted in a
new class of nanocomposite materials through the combination of
polymeric matrices and a large number of different nanoparticles [1–7].
Considering their impact in the context of nanotechnology, metallic
nanoparticles have physicochemical properties which differ from bulk
materials [8–11].

In particular, AgNPs attracted considerable attention due to their
numerous properties such as high thermal and electrical conductivity,
surface enhanced Raman scattering, chemical stability and catalytic
activity [12]. AgNPs have also demonstrated notorious antimicrobial
activities against a large spectrum of viruses, fungi, and bacteria
[13–16]. The antimicrobial efficiency of AgNPs is dependent on nano-
particles size [17], shape as triangular, rods and spherical, and synth-
esis methods [18,19]. The antimicrobial properties of nanocomposites

filled with silver zeolite, citrate reduced silver nanoparticles, silver ni-
trate, metallic silver and laser ablated silver nanoparticles have been
reported [19]. However, such antibacterial activity was not detected for
the last two cases [13], demonstrating the degree of antimicrobial ac-
tivity is greatly influenced by the type of silver particles [19] and their
interaction with functional groups present in the membranes of mi-
croorganisms [20,21]. Silver nanoparticles can also inactivate im-
portant enzymes responsible by the replication of DNA in bacteria,
which lead microorganisms to death [22,23].

The incorporation of silver nanoparticles (AgNPs) in a polymeric
matrix increases the efficiency of antimicrobial action as well as re-
duces the transmission of infectious agents [24], being widely em-
ployed in food packaging combined with polymers as low density
polyethylene films [13,25]. AgNPs were also incorporated in various
biomaterials, with special attention to poly(methyl methacrylate)
(PMMA) for medical and dental applications [26]. PMMA is a popular
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biocompatible acrylic resin used in prosthesis fixation due to its che-
mical stability, commercial accessibility, and negligible toxicity
[27,28]. However, colonization and biofilm formation of Candida on
the surface of PMMA is the most common cause of denture stomatitis
[29], a frequent oral lesion observed in prosthesis users [30]. With the
incorporation of AgNPs in PMMA, nanocomposites can exhibit superior
antimicrobial properties with effective control of common oral diseases
in prosthesis users [31]. Meanwhile, the presence of AgNPs can also
change mechanical properties and tensile strength of the final nano-
composite that could interfere in the materials performance [13,19].

In spite of the evident importance to develop simultaneously an
acrylic resin with antimicrobial activity as well as safe, durable and
comfortable materials for prosthesis users, the present work reported
the synthesis of PMMA nanocomposites in the presence of AgNPs as
potential material for dental use. Antifungal property against Candida
glabrata (C. glabrata) microorganism was investigated through the in-
corporation of different concentrations of AgNPs, and correlated to the
thermo-mechanical behavior, hardness and flexural strength of nano-
composites.

2. Experimental section

2.1. Synthesis of silver nanoparticles

Colloidal AgNPs were synthesized by an improved approach of
Turkevich method that involves the reduction of silver nitrate (AgNO3,
99%, Aldrich, USA) with the addition of sodium citrate
(Na3C6H5O7·2H2O, 99%, Synth, Brazil) and ammonia (30%, analytical
grade, Synth, Brazil) to control particle size. Initially, 1.0 mL of AgNO3

aqueous solution (0.1 mol L−1) and 1.0 mL of Na3C6H5O7·2H2O aqu-
eous solution (0.3 mol L−1) were added to 100.0mL of deionized water
heated at 90 °C under stirring. The mixture was kept at this temperature
until the appearance of a yellow color. Then, 1.0mL of ammonia aqu-
eous solution (1.4 mol L−1) was added to finalize the synthesis [32].

2.2. Characterization of silver nanoparticles

The AgNPs synthesized were characterized by ultraviolet-visible
(UV-Vis) spectrophotometry, X-ray diffraction (XRD), high-resolution
transmission electronic microscopy (HRTEM) and dynamic light scat-
tering (DLS). UV-Vis extinction spectra of AgNPs were obtained with a
UV-Vis spectrophotometer (Jasco V-660) in the region of 300–800 nm,
using a quartz cuvette. XRD analysis was performed in the Shimadzu
XRD diffractometer with a Cu Kα radiation operating at 30 kV and
30mA and 2θ range from 35 to 85° with step scan of 0.02° and scan
speed of 0.2°·min−1. To collect AgNPs patterns, nanoparticles were
deposited on the surface of a silicon substrate (Si) by dripping the
aqueous colloidal dispersion on the substrate at a room temperature,
and the solvent was evaporated. The size and morphology of AgNPs
synthesized were investigated by the HRTEM TECNAI F 20 Microscope
operating at 80 kV. The samples were deposited on a carbon coated
grid. DLS experiments were performed at room temperature and at a
fixed angle of 173° on a Malvern Zetasizer Nano ZS equipped with 50
mW 533 nm laser and a digital auto correlator. In this method, the
number-average values obtained were compared to the size distribu-
tions of the AgNPs.

2.3. Synthesis of PMMA and nanocomposites

The acrylic resin denture base Lucitone 550® was prepared ac-
cording to the manufacturer's instructions. Each PMMA sample em-
ployed a ratio of 2.1 g powder (radical initiator – benzoyl peroxide) to
1.0 mL of liquid (monomer – PMMA) which were mixture and placed in
metal molds (60mm of length, 10mm of width and 3mm of thickness),
and tightened with a hydraulic press with a load of 1 ton for 30min
[33]. The PMMA was polymerized in a warm water bath for 1.5 h at

73 °C followed by 30 min at 100 °C. After the thermal polymerization,
the mold was cooled at room temperature and the polymer detached
from the mold.

Aiming to obtain a material with potential application in dentistry,
nanocomposites were prepared with coloration and texture similar to
dental prosthesis. They were prepared in a similar synthetic route of
PMMA. First, colloidal AgNPs were added in the monomer liquid
component at the concentration of 0.05, 0.5 and 5% v/v, and subse-
quently slowly mixed with Lucitone 550® powder until the mixture
reached the plastic form. Then, the nanocomposites were polymerized
as described for pure PMMA and also reported by Monteiro et al. [31].
The final nanocomposites showed regular aspects and appearance,
without visible heterogeneities from the presence of Ag nanoparticles.

2.4. Characterization of PMMA and nanocomposites

The PMMA and their nanocomposites were characterized by solid
state nuclear magnetic resonance (ss-NMR), scanning electronic mi-
croscopy (SEM), thermogravimetric analysis (TGA), dynamic mechan-
ical–thermal analysis (DMTA), hardness test and flexural strength.

The ss-NMR analyses were performed in a Bruker Avance III-400
equipped with a magic angle spinning (MAS) probehead. Samples were
packed into a zirconia rotor. Spectra were obtained employing 13C-
CPTOSS (cross polarization with total sideband suppression), using
adamantane as external reference. The contact time was of 3ms, the
recycle delay of 3 s, and spinning speed on magic angle of 5 kHz. The
SEM images of PMMA and its nanocomposites were obtained at FEG-VP
Zeiss Supra 35 with an accelerating voltage of 5 kV. To investigate the
morphology of the fractured surfaces of samples, pellets were frozen
using the liquid nitrogen and then fractured. After that, they were
covered with a thin layer of gold. Polymer and nanocomposites de-
gradation were evaluated by TGA using a NETZSCH TG 209F1 at a
heating rate of 10 °C·min−1, temperature range of 25–800 °C and ni-
trogen atmosphere. Mechanical properties were analyzed at DMTA
2980, TA Instruments Q800, in a frequency of 1 Hz. The temperature
dependence of storage modulus (E′), loss modulus (E″) and loss tangent
(tan δ) were evaluated from −100 to 160 °C at a heating rate of
2 °C·min−1. The hardness was determined using a Micromet 5114
hardness tester (Buehler, Lake Bluff, USA) applying a 25 g load for 10 s.
Each specimen was subjected to three penetrations observed on a
monitor coupled to the microhardness tester. The three-point bending
test was analyzed using a universal testing machine (DL 1000 EMIC)
calibrated to provide a crosshead speed of 5mm/min with a 500 kgf
load cell.

2.5. Antimicrobial evaluation of PMMA and nanocomposites

2.5.1. Biofilm formation
Single biofilms of C. glabrata ATCC 90030 were formed on the

surfaces of nanocomposites within 24-well microtiter plates (Costar,
Tewksbury, EUA). An aliquot (1 mL) of the standardized cell suspension
(1×107 cells mL−1 in artificial saliva – AS) was added to the wells.
The plates were aerobically incubated at 37 °C during 48 h, with re-
newal of the AS medium after 24 h. After the biofilm formation period
(48 h), the AS medium was aspirated, and each nanocomposite washed
once with 1mL of phosphate buffered saline (PBS, pH 7, 0.1 mol L−1) to
remove non-adherent cells. All assays were performed in triplicate, on
three different occasions.

2.5.2. Quantification of total biofilm biomass
The total biomass was analyzed through the crystal violet (CV)

staining method [34]. The resulting biofilms formed on the nano-
composites were fixed with 1mL of 99% methanol (Sigma-Aldrich)
within 24-well plates during 15min. Subsequently, the nanocomposites
were dried at room temperature and then 1mL of CV stain (1%, v/v)
(Sigma-Aldrich) was added into wells, and the plates incubated for
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5min. CV excesses were removed and the nanocomposites washed once
with 1mL of deionized water. Lastly, 1 mL of acetic acid (33%, v/v)
(Sigma-Aldrich) was added into wells to solubilize the stain, and the
obtained absorbance was read in a microtiter plate reader (Eon Mi-
croplate Spectrophotometer; Bio Tek, Winooski, USA) at 570 nm. All
absorbance values were standardized in relation to the area of nano-
composites (Absorbance/cm2).

2.5.3. Quantification of biofilm cultivable cells
Biofilms developed on the surface of nanocomposites were removed

by sonication (30W for 30 s) and vortexing (1min), within falcon tubes
containing 1mL of PBS. Next, the biofilm suspensions were serially
diluted in PBS and plated on CHROMagar Candida (Difco, Le Pont de
Claix, France). After incubation at 37 °C for 24–48 h, the total number
of colony-forming units (CFUs) per unit area (Log10 CFU/cm2) of the
nanocomposites was quantified.

2.5.4. Quantification of biofilm metabolic activity
The XTT (2,3-(2-methoxy-4-nitro-5-sulphophenyl)-5-[(phenyla-

mino) carbonyl]-2H-tetrazolium hydroxide) (Sigma-Aldrich) reduction
assay was applied to determine the metabolic activity of C. glabrata
biofilms formed on the surface of nanocomposites [35]. After biofilm
formation, the nanocomposites were washed once with PBS and
transferred into new wells of 24-well plates containing 1mL of a solu-
tion composed of 150mg XTT/L and 10mg phenazine methosulphate/L
(Sigma-Aldrich). The plates were incubated for 3 h in the dark, at 37 °C
under agitation (120 rpm). Absorbance values of the supernatant were
measured at 490 nm and standardized per unit area of the nano-
composites (absorbance/cm2). Wells containing nanocomposites in-
oculated with AS without C. glabrata were considered as blanks to
measure the background levels.

2.5.5. Structural analysis of biofilms
SEM was performed to analyze the structure of C. glabrata biofilms.

Single biofilms of C. glabrata ATCC 90030 were formed on the surface of
nanocomposites, as described above. After biofilm formation (48 h), the
nanocomposites were gently washed with PBS and then the biofilms
were progressively dehydrated in ethanol (70% for 10 min, 95% for
10min and 100% for 20min). Finally, the nanocomposites were air
dried, coated with gold and analyzed in an electron microscope (FEG-
VP Zeiss Supra 35, Germany) operated at 5 kV.

2.5.6. Statistical analysis
SigmaPlot 12.0 software (Systat Software Inc., San Jose, USA) was

employed for the statistical analysis with a confidence level of 95%. The
test of Shapiro-Wilk was employed to determine the normality, the data
passed on this test and then parametric statistical analyses were con-
ducted using one-way ANOVA followed by post-hoc Holm-Sidak test.

3. Results and discussion

Single spherical AgNPs in water exhibit a typical intense plasmon
resonance band around 420 nm in the extinction spectrum (Fig. 1a),
which symmetrical shape of the plasmon band can indicate a relative
sharp particle size distribution [36]. X-ray diffraction pattern (Fig. 1b)
showed reflection patterns of face-centered cubic system (JCPDS file N°
04-0783). The reflection peak (2 2 4) belongs to the silicon substrate
used as sample holder to collect the pattern. Domain of crystallographic
coherence calculated by Scherrer equation reveled an average nano-
particles size of 7.2 nm.

Unlike other noble metals, only a fraction of Ag+ ions reduces to
form colloidal nanoparticles. Due to the presence of reminiscent ions in
the medium, nuclei of AgNPs still keep forming while initially formed
nanoparticles grow, resulting in a broader distribution of particle size.
To solve this problem, ammonia in excess can be added to the system to
form stable diamine silver complexes, resulting in AgNPs with

controlled size [32]. HRTEM image of AgNPs (Fig. 1c) showed in-
dividual spherical AgNPs with sharp size distribution and average
diameter of 7.6 nm ± 2.3 in Fig. 1d. Similarly, the AgNPs hydro-
dynamic diameter found by DLS analysis (Fig. 1e) was 5.8 nm ± 1.8,
indicating AgNPs were formed and distributed as individual nano-
particles in aqueous dispersion with controlled size and distribution.

After the polymerization of PMMA in the presence of AgNPs (0.05,
0.5 and 5% v/v) to form nanocomposites, they were evaluated by
structural, morphological, thermal and mechanical techniques as
showed in Figs. 2–4, respectively.

Fig. 2 shows 13C CP-TOSS NMR spectra of pure PMMA and their
nanocomposites with different amounts of AgNPs. They showed five
main peaks characteristic of PMMA without monomer residues, which
respective carbon groups are illustrated on the top of Fig. 2. Chemicals
shifts were assigned to carbonyl groups (C]O, 177.8 ppm), methylene
groups (eCH2e, 56.1 ppm), methoxy groups (eOCH3, 51.9 ppm),
polymer chain quaternary carbon (45.0 ppm) and methyl groups
(eCH3, 17.7 ppm) [37]. In the presence of AgNPs, nanocomposites
showed similar spectra of pure PMMA, indicating they maintained the
PMMA backbone structure.

Images of SEM (Fig. 3) from the fractured surfaces of samples re-
veled hollows filled with AgNPs on the surface of the PMMA nano-
composites. When larger volumes of AgNPs aqueous dispersion were
added to monomers before the polymerization, greater amount of
particles appeared distributed in the polymer matrix, forming some
AgNPs agglomeration as shown in Fig. 3d. This effect can be a con-
sequence of high surface tension during nanocomposites formation
[38], especially considering the differences of surface tension between
PMMA and the water (41× 10−3 N·m−1 and 72×10−3 N·m−1, re-
spectively). Although some nanoparticles agglomeration was present,
no visible heterogeneities were observed on nanocomposites surface.

Fig. 4 shows the thermal and mechanical behavior of PMMA and its
nanocomposites, indicating the thermal degradation of the materials
proceeds in three steps (Fig. 4a). The first step starts near to 200 °C and
is characteristic of head-to-head linkages in PMMA structure of C]C
bonds end groups, which are unstable [39]. The next two degradation
steps are related to vinyl groups from terminal PMMA chains
(eCH]CH2), since their degradation occurs at lower temperatures
(between 250 and 300 °C) than the saturated PMMA backbone, which
degradation occurs between 300 and 400 °C [40,41]. This behavior is
due to the lower stability of eCH]CH2 groups, suffering a split in the β
carbon.

To evaluate the thermal stability of nanocomposites, the initial mass
loss temperature (Tonset) was determined by the intersection of the
extrapolated starting mass with the tangent from the maximum slope of
the TG curve. The maximum speed of mass loss temperature (Tmax) was
obtained by the peak of the first derivative and the difference between
Tmax and Ti (ΔT). Although the loss mass of samples occurs in three
steps, Tmax was calculated only for the third one, once this is the only
process that has its temperature altered. The Ti was defined as the
temperature where the third process initializes and presents the same
value for all samples (305 °C). ΔT is an important parameter since it is
possible to obtain information on the mass loss kinetics. The larger the
ΔT value the slower is the release of volatiles during the degradation
process [41]. Table 1 shows the parameters obtained from the TGA
curves for the samples PMMA and PMMA-AgNPs.

The Tonset values (Table 1) increased for the PMMA-AgNPs when
compared to pure PMMA, indicating the nanoparticles hindered the
volatiles release at the initial step and could increase up to 40 °C the
initial polymer degradation. Although Tmax did not change for the
second process, the intensity of the first derivative peak of percentage
mass loss (Fig. 4a) was lower in function of higher nanoparticles con-
tent. The opposite behavior was observed for the third step, which
means the presence of Ag promoted an increase in the mass loss. The
increase in the area under the curve for the first derivative of mass loss
confirms this statement. On the other hand, ΔT values (Table 1) showed
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the mass loss evolution is slower due to the presence of nanoparticles,
indicating that although AgNPs promotes an increase in the mass loss,
the nanocomposites degradation kinetics is slower. These results may
be explained by different mechanisms. First, AgNPs presence causes a
reduction in the effect of thermal inertia due to the difference of con-
ductivity between both materials (k PMMA=0.2Wm−1 K−1; k
Ag=400Wm−1 K−1), favoring the processes of mass loss at higher
temperatures. Second, the higher the AgNPs content, the slower the
gases diffusion through the polymeric mass. This barrier effect gener-
ated by the presence of AgNPs increases the mean free path of the gas in
the polymeric bulk [41] decreasing the volatiles release kinetics and
shifting Tmax for higher temperatures. Studies reported by Vodnik et al.
[42,43] also demonstrated that the incorporation of different AgNPs
concentrations in PMMA increased the initial thermal stability of the
nanocomposites and their thermal degradation shifted toward higher
temperature.

DMTA technique was employed to study the materials capability to

store and dissipate the mechanical energy by evaluating the storage
modulus (E′), loss modulus (E″) (Fig. 4b) and tan δ (Fig. 4c). In Fig. 4b,
the DMTA analysis showed a marked drop in the storage modulus (E′)
between the region of −100 and 160 °C, considered the primary re-
laxation (α) for amorphous PMMA. It results from motions of polymer
chain segments at long distances. PMMA samples also present the β-
relaxation in that region related to the rotation of the methoxy-carbonyl
side group linked to the main chain (local molecular motions), pre-
sented in the glassy state of polymer between -100 and 100 °C [17,44].

When nanoparticles were presented in the PMMA, E′, E″ and tan δ
were almost the same for the nanocomposites with lower concentration
of AgNPs in both glassy and rubbery states, excepting the PMMA-Ag-5%
nanocomposite, which showed reduced modulus when compared to
pure PMMA, especially in the glassy state. The reduction of this mod-
ulus combined to the slight reduced of Tg and β-relaxation, observed by

Fig. 1. (a) UV-Vis spectrum of AgNPs. (b) X-ray diffractographs of AgNPs. (c) TEM micrographs of AgNPs. (d) Size distributions by number of silver nanoparticles by
DLS technique. (e) Histogram of TEM image of AgNPs.

Fig. 2. 13C CP-TOSS NMR spectra of PMMA and its nanocomposites.
Fig. 3. SEM images of PMMA and its nanocomposites. (a) PMMA; (b) PMMA-
Ag-0.05%; (c) PMMA-Ag-0.5% and (d) PMMA-Ag-5%.
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the peaks of tan δ curves at Fig. 4c, is assigned to a plasticizing effect,
since the local and long distance chain motions were facilitated by the
incorporation of nanoparticles distributed in the polymer matrix [45].
In this context, Pandis et al. [46] observed similar results when AgNPs
were added in PMMA. They observed a decrease in E', E'' and the glass
transition temperature by increasing nanoparticles concentration. This
behavior could be explained by a weak polymer-nanoparticles inter-
action and increase of free volume in the nanocomposites with loosed
polymer chains packing near the nanoparticles, resulting in the same
observed plasticizing effect. In this sense, depending on the con-
centration of silver nanoparticles, the final thermo-mechanical prop-
erties can be changed when compared to pure PMMA. Controlling these
properties, applications as dental implants and their durability can be
deeply understood.

Fig. 4d shows the correlation between the strength modulus and the
hardness obtained for PMMA and its nanocomposites, where the dashed
lines represent the minimum acceptable hardness and flexural strength
of acrylic resins for intraoral prosthesis, 15.00 Knoop and 1000 Mpa,
respectively [47,48]. These values are in agreement with the specifi-
cation N° 12 of the American Dental Association 1958 reference and the
ISO 4049 standard. The obtained values indicated a slight decrease of

flexural strength according to AgNPs content and similar hardness for
all materials. Although all materials could be clinically accepted by
their hardness values, PMMA-Ag-5% had an value of flexural strength
bellow the recommendation. Small differences in the mechanical be-
haviour of PMMA nanocomposites can be related to weak interactions
between nanoparticles and acrylic chains as observed in DMTA ana-
lysis. Additionally, the degree of nanoparticles dispersion could also
affect the flexural strength of nanocomposites [18,33], reducing it by
the presence of nanoparticles agglomeration. Sodagar et al. [33] ob-
served opposite behavior of the flexural strength from acrylate resins
from different brands in the presence of AgNPs. For one resin, the
presence of AgNPs increased the flexural strength and for the other
resin, the presence of nanoparticles reduced it. These differences were
associated to the chemical composition of the resin, amount of nano-
particles and polar interaction between AgNPs and C]O from PMMA
[18].

It is a general accepted idea that every nanoparticle should improve
mechanical properties of nanocomposites through attractive interac-
tions. Nanocomposites are better evaluated when considering their final
performance than in terms of interactions between nanoparticles and
polymeric chains. Nanocomposites of AgNPs and PMMA are good ex-
amples of functional materials that can exhibit improved performance
against microorganisms without any benefit in mechanical property. In
fact, pure PMMA is widely used to fabricate dental prosthesis with
excellent mechanical performance without the necessity of any me-
chanical gain due to the insertion of nanoparticles. Also, it is desired a
balance between these properties, since flexural strength is useful in
predicting the evaluation of fracture resistance, while hardness in-
dicates the rigidity necessary to confer comfort to the patient during
chewing. Therefore, the hatched area showed in Fig. 4d indicates that
the nanocomposites PMMA-Ag-0.05% and PMMA-Ag-0.5% could be
potential commercial targets.

Fig. 4. Thermal and mechanical behavior of PMMA and its nanocomposites. (a) Thermogravimetric and first derivative of the percentage mass loss curves of PMMA
and its nanocomposites. (b) Loss modulus (E″) and storage modulus (E’) curves of PMMA and its nanocomposites. (c) Tan δ curves of PMMA and its nanocomposites.
(d) Flexural strength and hardness of PMMA and its nanocomposites.

Table 1
Thermal parameters obtained from the TGA curves for PMMA and its nano-
composites with different AgNPs content.

Sample Tonset Tmax ΔT (Tmax− Ti)*

PMMA 265 353 48
PMMA-Ag-0.05% 265 352 47
PMMA-Ag-0.5% 289 363 58
PMMA-Ag-5% 308 366 61

* Ti represents the temperature of initial mass loss for the third step (305 °C
for all samples).
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The treatment of biofilm-mediated infections has become a chal-
lenge due to their drug resistance generated by the dense matrix formed
by the microbial cells. One strategy is the AgNPs targeting antibiofilm
therapy, which has gained attention due to nanoparticles antimicrobial
properties and ability of reactive entities infiltrate into the biofilm
matrix, which generally forms a barrier for many medicines [49].

Biofilm formation by Candida species, as Candida albicans and
Candida glabrata is a common form of oral infection found in denture
stomatitis [50]. Although C. glabrata is responsible for no more than
15% of mucosal and systemic candidiasis, it exhibits superior adhesion
to acrylic surfaces than C. albicans. Then, C. glabrata is a suitable pa-
thogenic to evaluate the adherence of biofilms on PMMA based nano-
composites [51]. Usually, mechanical cleansing provides enough
cleanliness, except for geriatric or handicapped denture wearers whose
manual dexterity may be compromised. These special cases require
functional superfaces with reduced adhesion of microorganisms.

Once single biofilms of C. glabrata were cultured on the surfaces of
nanocomposites after 48 h of incubation, the quantification of biofilm
biomass was obtained with CV staining assay and the total number of
CFUs, where CV staining assay does not differentiate between live and
dead cells and is used as a complement to CFU [50]. In the CV assay, the
increase of absorption intensities at 570 nm in Fig. 5a is proportionally
to the total biofilm biomass. Using pure PMMA as control, nano-
composites effectively reduced the total biomass of C. glabrata in 35%,
17% and 28% (P= 0.026) for PMMA-Ag-0.05%, PMMA-Ag-0.5% and
PMMA-Ag-5%, respectively. Additionally, the nanocomposite con-
taining the lowest concentration and dispersed silver nanoparticles
(0.05%) reduced the metabolic activity of C. glabrata biofilms (57%
P=0.007). Regarding the number of colony-forming units (CFUs) per
area, there is no significant differences among observed groups
(Fig. 5b).

Usually, there is a linear relationship between free AgNPs and bio-
film inhibition [52], but at first glance, Fig. 5a indicated an in-
dependence of AgNPs amount and the total biomass produced by mi-
croorganisms. Actually, these values reveled the direct influence of
AgNPs agglomerates against the formation of biofilms on the surface of
PMMA than the action of individual silver nanoparticles. Measurements
of metabolic activity of C. glabrata biofilms at 490 nm by XTT assays
[53] confirmed the assumption that large amounts of AgNPs in PMMA
nanocomposites form agglomerates instead of a homogeneous dis-
tribution of free nanoparticles (as showed in Fig. 3), and consequently
large amounts of AgNPs are less effective against formation of biofilms.

Regardless of the extensive literature about antimicrobial activity of
silver nanoparticles against microorganisms [54], it is suggested that
the antimicrobial activity of AgNPs incorporated in polymers depends
on the ion release. When AgNPs are in direct contact with the micro-
organisms, they may cause disruption of the vital functions of bacteria/
fungi and the generation of reactive oxygen species. Moreover, the

release of silver ions may interfere with DNA replication through che-
mical reactions with the thiol groups [53].

The release of silver ions can be related to the diffusion of water
molecules inside the acrylic resin and migration of ions through the
polymer to the aqueous medium. The acrylic resin Lucitone 550 con-
tains a crosslinking agent (ethylene glycol dimethacrylate) responsible
for increasing the rigidity of the polymeric structure. Accordingly, silver
nanoparticles were trapped inside the polymer chains and their release
into the aqueous medium could be restricted. Therefore, the absence of
antifungal property observed for PMMA-Ag nanocomposites could be
related to poor release of silver ions or silver nanoparticles from the
samples [55]. Previous study demonstrated no release of Ag nano-
particles overtime when PMMA-AgNPs nanocomposites were incubated
in deionized water at 37 °C [31]. Although this study was conducted
during 120 days, it demonstrated undetectable amount of released na-
noparticles. In this way, while the release of silver nanoparticles can
improve the antimicrobial activity of some materials, the presence of
AgNPs trapped inside the resin will retain the performance of nano-
composites overtime and enable their potential application for dental
use.

Fig. 6 shows biofilms of C. glabrata attached on the surface of pure
PMMA and its nanocomposites, constituted by multilayer yeast com-
pletely covering the surface. The acrylic resin showed a microorganism
cluster with spherical shape adhered on its surface. Moreover, nano-
composites did not show a significant reduction of C. glabrata adhesion
on its surface as demonstrated by the CFU test in Fig. 5b, as well as no
structural modifications of C. glabrata cells in Fig. 6. However, biofilms
formed on the surfaces of the PMMA-Ag-0.05% and PMMA-Ag-0.5%
nanocomposites exhibited less compact structures with cells partially
covering surfaces, particularly the PMMA-Ag-0.05%. Hamid et al. [56]
also observed an irregular and reduced adherence of C. albicans and C.
parapsilosis biofilm on urinary catheter treated with mycogenic AgNPs,
however they did not investigate how the concentration of AgNPs
coated catheter affects the biofilm attachment.

4. Conclusions

The addition of AgNPs in nanocomposites can lead to higher initial
mass loss temperature and slower volatiles release kinetics in TGA.
Depending on the AgNPs concentration, they can generate a plasticizing
effect in PMMA matrix and reduce its mechanical properties as showed
by DMTA and flexural strength. Silver nanoparticles were agglomerated
in the nanocomposite with 5% of AgNPs, which also demonstrated re-
duced flexural strength and less efficient C. glabrata biofilm inhibition.
Among the nanocomposites, the PMMA with 0.05% of AgNPs showed
the most promising properties for medical and dental applications,
since it showed adequate mechanical performance for dental prosthesis,
effectively reduced the metabolic activity of C. glabrata biofilms as well

Fig. 5. (a) Average absorbance at 570 and 490 nm per cm2 obtained for PMMA and its nanocomposites in crystal violet (CV) assay and XTT reduction assay for C.
glabrata, respectively. (b) Mean values of the logarithm of colony forming units per cm2 (log10 CFU/cm2) for C. glabrata for PMMA and its nanocomposites.
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as the biofilm inhibition and adhesion.
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