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Abstract: Nanomaterials are revolutionizing the field of medicine to improve the quality of life due to
the myriad of applications stemming from their unique properties, including the antimicrobial activity
against pathogens. In this study, the antimicrobial and antibiofilm properties of a novel nanomaterial
composed by zinc oxide nanorods-decorated graphene nanoplatelets (ZNGs) are investigated.
ZNGs were produced by hydrothermal method and characterized through field-emission scanning
electron microscopy (FE-SEM), energy-dispersive X-ray spectroscopy (EDX) and X-ray diffraction
(XRD) techniques. The antimicrobial activity of ZNGs was evaluated against Streptococcus mutans,
the main bacteriological agent in the etiology of dental caries. Cell viability assay demonstrated
that ZNGs exerted a strikingly high killing effect on S. mutans cells in a dose-dependent manner.
Moreover, FE-SEM analysis revealed relevant mechanical damages exerted by ZNGs at the cell
surface of this dental pathogen rather than reactive oxygen species (ROS) generation. In addition,
inductively coupled plasma mass spectrometry (ICP-MS) measurements showed negligible zinc
dissolution, demonstrating that zinc ion release in the suspension is not associated with the high cell
mortality rate. Finally, our data indicated that also S. mutans biofilm formation was affected by the
presence of graphene-zinc oxide (ZnO) based material, as witnessed by the safranin staining and
growth curve analysis. Therefore, ZNGs can be a remarkable nanobactericide against one of the main
dental pathogens. The potential applications in dental care and therapy are very promising.

Keywords: streptococcus mutans; antimicrobial activity; graphene nanoplatelets; zinc oxide; composite;
dental caries
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1. Introduction

Dental caries represent an increasingly serious health problem for which Streptococcus mutans
has been identified as the main etiologic cause (reviewed in [1]). Nowadays, attention is focused on
the development of suitable materials able to kill or inhibit this bacterium and, thus, to control the
pathologic condition.

Although antimicrobial compounds have been reported to decrease the occurrence of dental
diseases, the use of antibiotics as well as chemical bactericides can impact negatively on the bacterial
flora of oral cavity and intestine tract [2,3]. Since pathogens are able to acquire resistance against
different antibiotics, agents characterized by a notable antibacterial activity and that do not develop
resistance are now highly requested [4]. Based on that, nanotechnology is considered a powerful tool.
During the last few years, ever-growing attention was focused on metals nanoparticles (i.e., silver
and zinc) due to their remarkable antimicrobial properties [5]. The high antibacterial effect of these
nanostructured agents is ascribed to the high surface area to volume ratio, enabling greater presence of
atoms on the surface, and thus providing maximum contact with the environment. Because of their
capability to easily penetrate cell membranes, several intracellular processes are disrupted resulting in
high reactivity and antibacterial activity [6].

Graphitic nanomaterials, including carbon nanotubes (CNTs), fullerenes, and graphene, are
considered as novel and very promising agents due to their innovative features, including antibacterial
properties [7–9]. Graphene, a two-dimensional mono-atomic thick material with sp2 hybridized
carbon arrangement, has attracted extensive attention during the past decade. Its unique and
outstanding electrical conductivity, mechanical properties, large surface area, low coefficient of thermal
expansion, and very high aspect ratio make it very attractive for several potential applications in
many different fields [10–14]. Moreover, graphene is biocompatible and it is a suitable substrate
for biological/chemical functionalizations [15,16]. Similar to CNTs, graphene-based materials
have received significant attention for their potential applications in the biological/medical field,
including bacterial inhibition, drug delivery, and photothermal cancer therapy [17–19]. In this context,
graphene-related structures like graphene nanoplatelets (GNPs), can represent a valuable tool in
the biological/medical field, also owing to the fact that their production process is very easy,
inexpensive, and scalable [12]. The antimicrobial properties of GNPs against both gram-negative
(Pseudomonas aeruginosa) and gram-positive (S. mutans) bacteria have been investigated in previous
studies [20,21], and their very low cytotoxicity was also demonstrated through in vivo system
(Caenorhabditis elegans) [20]. However, one of the main limitations for a wide exploitation of GNPs
as antimicrobial agent in dental application, is represented by the grey color and by the aptitude in
aggregating when dispersed in a colloidal suspension.

Metal oxides are largely utilized in the field of nanotechnology; among them, zinc oxide (ZnO),
a wide band-gap II–VI semiconductor, has attracted growing interest due to its unique optical,
luminescent, electronic, optoelectronic, and biocompatible properties [22,23]. Several methods
have been developed to synthesize ZnO materials as one-dimensional (1D) nanostructures with
different morphologies including nanowires, nanorods, nanoneedles, and nanorings [24–28]. Synthesis
of ZnO nanorods (ZnO-NRs) via chemical approaches opens the route to low-cost catalyst-free
mass-production of ZnO nanostructures [29–32]. In our previous studies, through both in vitro
and in vivo systems, we have demonstrated the very low cytotoxicity of ZnO-NRs [33], together with
their great potential as antibacterial material acting as nano-needles against Staphylococcus aureus and
Bacillus subtilis [34].

In the present work, we aim to propose the original use of a novel hybrid material, featured by
ZnO-NRs grown on multilayer graphene sheets (i.e., GNPs), as antimicrobial nanomaterial against
S. mutans, combining the antimicrobial effect of GNPs with the light color and biocidal properties
of ZnO-NRs.

ZnO-NRs-decorated GNPs (ZNGs) are a novel class of engineered nanomaterials in which pristine
GNPs are densely decorated with ZnO-NRs through a facile hydrothermal method [35]. In this study,
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the intriguing antimicrobial activity of ZNGs dispersed in water was compared with the one of colloidal
suspensions containing either pristine GNPs or ZnO-NRs or both GNPs and ZnO-NRs. The final goal
is to reveal the potential applications of ZNGs, having strikingly high antimicrobial properties, in the
dental material field.

2. Results and Discussion

2.1. Morphological and Structural Properties

Pristine GNPs, pristine ZnO-NRs and hybrid ZNG nanostructures were produced in
water-based colloidal suspension at Sapienza Nanotechnology and Nanoscience Laboratory (SNN-Lab)
(as described in Section 3.2). The morphology of the produced nanomaterials was investigated through
high-resolution field emission scanning electron microscopy (FE-SEM) (Figure 1). GNPs (Figure 1A)
are made of multiple graphene sheets staked in 2D-platelets having thickness in the range of 2–10 nm
and average lateral dimensions in the range of 1–10 µm [20]. ZnO-NRs (Figure 1B) are straight rods of
ZnO having a hexagonal cross section, with average diameter of ~36 nm and length in the range of
400 nm–1 µm. Figure 1C,D show the surface morphology of ZNGs: GNPs are densely decorated with
ZnO-NRs having average diameter of ~34 nm and length of 300–400 nm.
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Figure 1. Field emission scanning electron microscopy (FE-SEM) images of (A) pristine graphene
nanoplatelets (GNPs), (B) pristine zinc oxide nanorods (ZnO-NRs), and (C,D) ZnO-NRs-decorated
GNPs (ZNGs).

Figure 2A–E show the elemental analysis and typical energy-dispersive X-ray spectroscopy (EDX)
spectrum obtained for ZNGs. The elemental analysis of ZNGs was performed in the specific area
shown in Figure 2A and revealed that only carbon (C), zinc (Zn), and oxygen (O) signals were detected
(Figure 2B–D). No other signal of secondary phase or impurity was detected as shown in Figure 2E.
This indicates the high purity chemical composition of the ZNGs used in this study. The elemental
mapping also demonstrated that the GNPs are densely decorated with ZnO-NRs.
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Figure 2. Energy-dispersive X-ray spectroscopy (EDX) elemental analysis performed on the (A) ZNGs
and elemental mapping for (B) carbon, (C) zinc, (D) oxygen, and (E) corresponding EDX spectrum.

The X-ray diffraction (XRD) patterns of GNPs, ZnO-NRs and ZNGs are shown in Figure 3.
The peak positions of the obtained spectra for samples of ZnO-NRs and ZNGs are in excellent
agreement with the published Joint Committee on Powder Diffraction Standards (JCPDS) card 036-1451
of wurtzite structure of ZnO, with lattice constants a = 3.25 Å and c = 5.17 Å. The spectrum of
the pristine GNPs consists of a strong graphitic peak at its 2θ value of 26.53◦ and in secondary
peaks from 40◦ to 60◦ [36]. The same peaks are present in the XRD pattern of sample ZNGs.
No diffraction peaks of impurity were detected, suggesting that the synthesized nanomaterials are of
high-purity. Further, the sharp and intense diffraction peaks indicate the highly crystalline nature of
the produced nanostructures.
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2.2. Antimicrobial Activity

In the last years, our attention has been focused towards the study of the antibacterial properties
characterizing graphene- and metal oxide-based nanomaterials, such as GNPs and ZnO-NRs,
respectively [20,34]. In order to compare the killing activity of GNPs and ZnO-NRs versus oral
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pathogen bacteria, the antimicrobial potential of such nanomaterials was firstly evaluated on S. mutans
cells. Among the 500 different bacterial species identified in the oral cavity, S. mutans is the most
commonly isolated [37], and like other oral streptococci it is considered as the primary plaque-former
and is involved in plaque formation and initiation of dental caries [38,39].

As shown in Figure 4, ZnO-NRs displayed a strikingly bactericidal effect (up to 95% of cell
viability reduction) on S. mutans cells, even at a very low concentration (5 µg/mL). This observation is
in line with the strong antimicrobial potential reported for ZnO-NRs against S. aureus and B. subtilis
that, like S. mutans, are members of the Gram-positive bacteria class [34]. Actually, due to their
1D-structure, ZnO-NRs act as nano-needles inducing serious damage of the cell membrane.

By contrast, no effect on S. mutans viability was highlighted with GNPs treatment at the
concentration of 50 µg/mL (Figure 4). Actually, graphene and graphene-related materials, such as
GNPs, have been demonstrated to have a remarkable antibacterial effect against many microorganisms.
In fact, in the last few years, Liu and coworkers reported the comparison of the antibacterial activities of
four graphene-based materials towards Escherichia coli and found that graphene oxide (GO) dispersion
showed the highest antibacterial activity [40]. In addition, we demonstrated that GNPs, produced from
thermal exfoliation of graphite intercalation compound, have bactericidal effects against P. aeruginosa
and S. mutans cells. This is mainly due to a mechanical interaction originated by the GNP wrapping
around the cells and a local damage of the cell wall produced by the GNP sharp edges acting
as nano-knives [20,21]. However, the main problem in the use of GNPs in water-based colloidal
suspension is the formation of aggregates, which inhibit the antimicrobial action of the nanostructures.
Therefore, the concentration of GNPs used in this study (50 µg/mL) was too low for killing S. mutans
cells, probably due to the formation of large aggregates. Indeed, we previously reported a remarkable
mortality rate for the planktonic form of this bacterium only at very high concentrations of GNPs [21].

In order to exploit the combined effect of GNPs and ZnO-NRs, we performed the vitality test using
a two-phase colloidal suspension containing both nanomaterials (50 µg/mL of GNPs and 5 µg/mL of
ZnO-NRs). This resulted in a 50% reduction of bacterial survival (Figure 4), revealing that the presence
of the GNPs in the suspension may inhibit the killing action of ZnO-NRs as nano-needles.
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Figure 4. Cell survival after treatment with GNPs, ZnO-NRs, and the combination of both materials.
Statistical analysis was performed by one-way analysis of variance (ANOVA) method coupled with the
Bonferroni post-test (ns not significant; *** p < 0.001 compared to the control).

Starting from this, we produced ZNGs in which GNP offers a wide 2D-substrate for the
oriented growth of ZnO-NRs nearly orthogonal to the platelet surface. Consequently, the new
nanomaterial enables exploitation of the large-interaction area with bacterial cells offered by GNPs
with the nano-needle action of ZnO-NRs. Moreover, ZnO-NRs-decoration of GNPs prevents GNP
agglomerate formation in water-based suspension, and lightens the characteristic grey color of
the carbon nanostructures at different concentrations (Figure 5), making ZNGs very promising for
dental applications.



Nanomaterials 2016, 6, 179 6 of 14

Nanomaterials 2016, 6, 179 6 of 14 

 

 

Figure 5. Photographs of GNPs and ZNGs aqueous suspensions prepared at various concentrations. 

In order to evaluate whether this novel nanomaterial could be exploited to debate S. mutans, 

bacterial cells were challenged for 24 h with ZNGs. Remarkably, the exposure of the tested cells to 

ZNGs induced a relevant mortality rate in a dose-dependent manner (Figure 6). A 10% survival was 

pointed out when exposing cells to just 5 µg/mL, while a 99.9% bactericidal effect was observed at 

the highest concentration (50 µg/mL). S. mutans is of considerable clinical importance in dentistry, 

but compared to other species of microbes, there are relatively few reports on the effects of 

nanomaterials on this organism. The antimicrobial properties of metal-based nanoparticles have been 

highlighted by Espinosa-Cristobal et al. [41]. Moreover, it has been found that silver nanoparticles 

were more antibacterial to S. mutans than the traditional chlorhexidine disinfectant used in dentistry 

[42]. Furthermore, ZnO and copper oxide nanoparticles inhibited biofilm formation of S. mutans [43]. 

 

Figure 6. Concentration-dependent antibacterial activity of ZnO-NRs-decorated GNPs (ZNG) against 

bacteria cells. Loss of cell viability rate was obtained by colony counting method. Error bars represent 

the standard deviation. Statistical analysis was performed by one-way ANOVA method coupled with 

the Bonferroni post-test (ns not significant; * p < 0.05; ** p < 0.01; *** p < 0.001 compared to the control). 

2.3. Field Emission Scanning Electron Microscopy Analysis of Cells Interaction with Zinc Oxide  

Nanorods-Decorated Graphene Nanoplatelets 

Since cellular mechanical damages can be caused by a direct contact between bacterial surface 

and graphene-based materials, a FE-SEM analysis was performed to examine the interactions 

Figure 5. Photographs of GNPs and ZNGs aqueous suspensions prepared at various concentrations.

In order to evaluate whether this novel nanomaterial could be exploited to debate S. mutans,
bacterial cells were challenged for 24 h with ZNGs. Remarkably, the exposure of the tested cells to ZNGs
induced a relevant mortality rate in a dose-dependent manner (Figure 6). A 10% survival was pointed
out when exposing cells to just 5 µg/mL, while a 99.9% bactericidal effect was observed at the highest
concentration (50 µg/mL). S. mutans is of considerable clinical importance in dentistry, but compared
to other species of microbes, there are relatively few reports on the effects of nanomaterials on
this organism. The antimicrobial properties of metal-based nanoparticles have been highlighted by
Espinosa-Cristobal et al. [41]. Moreover, it has been found that silver nanoparticles were more
antibacterial to S. mutans than the traditional chlorhexidine disinfectant used in dentistry [42].
Furthermore, ZnO and copper oxide nanoparticles inhibited biofilm formation of S. mutans [43].
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Figure 6. Concentration-dependent antibacterial activity of ZnO-NRs-decorated GNPs (ZNG) against
bacteria cells. Loss of cell viability rate was obtained by colony counting method. Error bars represent
the standard deviation. Statistical analysis was performed by one-way ANOVA method coupled with
the Bonferroni post-test (ns not significant; * p < 0.05; ** p < 0.01; *** p < 0.001 compared to the control).

2.3. Field Emission Scanning Electron Microscopy Analysis of Cells Interaction with Zinc Oxide
Nanorods-Decorated Graphene Nanoplatelets

Since cellular mechanical damages can be caused by a direct contact between bacterial surface
and graphene-based materials, a FE-SEM analysis was performed to examine the interactions between
ZNGs and S. mutans cells. In Figure 7 it is shown how ZNGs contact and damage S. mutans cells
by puncturing the cellular surface through ZnO-NRs that protrude from GNP sheets. Acting as a
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network of nanoneedles, ZNGs entrap and literally spear bacterial cells, therefore inducing severe
mechanical damage.

Nanomaterials 2016, 6, 179 7 of 14 

 

between ZNGs and S. mutans cells. In Figure 7 it is shown how ZNGs contact and damage S. mutans 

cells by puncturing the cellular surface through ZnO-NRs that protrude from GNP sheets. Acting as 

a network of nanoneedles, ZNGs entrap and literally spear bacterial cells, therefore inducing severe 

mechanical damage. 

 

Figure 7. FE-SEM micrographs of S.mutans cells; (A) untreated and (B) treated with ZNGs suspension 

(50 µg/mL) for 24 h. 

We observed a remarkable bactericidal activity that may be ascribed to the synergic 

antimicrobial functionalities arising from an increased interaction between cell wall and 

nanostructures. The main killing mechanism may be attributed to the mechanical damage produced 

by the ZnO-NRs affecting the cell wall. More deeply, the large lateral size of the decorated GNPs 

together with the preferred growth orientation of the ZnO-NRs over the GNP surface contributes to 

increasing the adhesion of the nanostructures to the cell wall, and enhancing the penetration of the  

ZnO-NRs through the cell membrane. This, in turn, may lead to a higher capability of puncturing 

and damaging the bacterial surface. Notably, this effect is limited to bacterial cells; indeed our 

previous study showed no membrane damages in two different human cell lines treated with ZnO-

NRs. In addition, the ZnO nanorods were shown to be slightly cytotoxic only at very high 

concentrations, while at 20 µg/mL no toxic effects were highlighted in those cells [33]. 

2.4. ROS Analysis 

Reactive oxygen species (ROS) accumulation was evaluated in order to investigate whether 

ZnO-NRs-decorated GNPs may cause oxidative stress in oral pathogen bacteria. Indeed, several  

graphene-derived substrates with oxygen-containing functional groups may produce a surplus of 

ROS, which can contribute to the antimicrobial effect, but it could be also correlated to a higher  

cytotoxicity [44,45]. 

In the case of our nanomaterial, no ROS production was pointed out in treated cells, suggesting 

that oxidative stress did not participate to ZNG-induced cell death in S. mutans bacteria (Figure 8). It 

has been reported that non-oxidized nanoplatelets, including GNPs, did not generate ROS, even more 

highlighting their high biosafety and use as antimicrobial agents [20]. 

Figure 7. FE-SEM micrographs of S.mutans cells; (A) untreated and (B) treated with ZNGs suspension
(50 µg/mL) for 24 h.

We observed a remarkable bactericidal activity that may be ascribed to the synergic antimicrobial
functionalities arising from an increased interaction between cell wall and nanostructures. The main
killing mechanism may be attributed to the mechanical damage produced by the ZnO-NRs affecting
the cell wall. More deeply, the large lateral size of the decorated GNPs together with the preferred
growth orientation of the ZnO-NRs over the GNP surface contributes to increasing the adhesion
of the nanostructures to the cell wall, and enhancing the penetration of the ZnO-NRs through the
cell membrane. This, in turn, may lead to a higher capability of puncturing and damaging the
bacterial surface. Notably, this effect is limited to bacterial cells; indeed our previous study showed no
membrane damages in two different human cell lines treated with ZnO-NRs. In addition, the ZnO
nanorods were shown to be slightly cytotoxic only at very high concentrations, while at 20 µg/mL no
toxic effects were highlighted in those cells [33].

2.4. ROS Analysis

Reactive oxygen species (ROS) accumulation was evaluated in order to investigate whether
ZnO-NRs-decorated GNPs may cause oxidative stress in oral pathogen bacteria. Indeed, several
graphene-derived substrates with oxygen-containing functional groups may produce a surplus of
ROS, which can contribute to the antimicrobial effect, but it could be also correlated to a higher
cytotoxicity [44,45].

In the case of our nanomaterial, no ROS production was pointed out in treated cells, suggesting
that oxidative stress did not participate to ZNG-induced cell death in S. mutans bacteria (Figure 8).
It has been reported that non-oxidized nanoplatelets, including GNPs, did not generate ROS, even
more highlighting their high biosafety and use as antimicrobial agents [20].
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Figure 8. Cytoplasmic reactive oxygen species (ROS) content was evaluated by measuring the
dichlorofuorescein diacetate (H2DCFDA) probe activation through ROS generation in S. mutans cells
treated or not with 5 µg/mL suspensions of ZNGs for 2 h. Data are expressed as fluorescence relative
to untreated cells. Statistical analysis was performed by Student’s t-test (ns not significant).

2.5. Inductively Coupled Plasma Mass Spectrometry Analysis

In order to assess if the antimicrobial properties could be due to the presence of zinc ions
(Zn2+) released in the suspension by GNP-ZnO nanomaterial, we took advantage of the inductively
coupled plasma mass spectrometry (ICP-MS) technique. The measurement of the Zn2+ release was
thus performed in the supernatants derived from centrifugation of the ZNGs suspensions. The Zn2+

released by ZNGs was very low (i.e., 3.45 µg/mL) for the concentration corresponding to the maximum
bactericidal action (50 µg/mL), and even became undetectable for the lowest one (0.1 µg/mL).
Furthermore, we observed that the amount of zinc ions released by ZNGs was lower than pristine
ZnO-NRs (i.e., 1.24 µg/mL vs. 2.58 µg/mL, respectively), when comparing suspensions having
the same concentration of nanomaterial (5 µg/mL) (Table 1). Notably, upon incubation for 24 h
with S. mutans cells, the suspensions of both ZNGs and ZnO-NRs showed lower levels of Zn2+ in
comparison with cell-free suspensions (Table 1). Previous studies suggested that toxicity mechanisms
of metal oxide-derived materials might be related to zinc ions release from nanoparticles as well as
production of ROS, that can indirectly damage cell membranes through lipid peroxidation [46,47].
However, ROS generation was not detected in the case of ZNGs, as well as high amounts of released
zinc ions, measured by ICP-MS technique.

Moreover, the lower zinc content measured into solutions after incubation with bacteria can
be due to Zn “retention” by both/either cells and particles present into suspensions. However,
the concentration of zinc ions obtained in all tested suspensions were shown to be remarkably lower in
comparison with the minimum inhibitory concentration (MIC) reported for free Zn2+ against S. mutans
cells [48,49]. Hence, it can be hypothesized that free Zn2+ do not contribute to the antimicrobial activity,
which probably results from the mechanical interaction between ZNGs and the bacterial surface,
as highlighted by the cell wall damages observed in FE-SEM analysis (Figure 7).

Table 1. Zn2+ concentration measured by ICP-MS in ZNG and ZnO-NRs suspensions incubated or not
with S. mutans for 24 h.

Nanostructure
Type

Nanostructure Concentration
(µg/mL)

Treated with
S. mutans Cells

Zn2+ Concentration
(µg/mL)

ZnO-NRs 5 no 2.58
ZNGs 5 no 1.24

ZnO-NRs 5 yes 1.94
ZNGs 5 yes 0.61
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2.6. Bacterial Growth Inhibition by ZnO-NRs-decorated GNPs

Compared to other streptococci, S. mutans is considered as a highly cariogenic pathogen. This is
mainly due to the fact that carbohydrates can ferment to lactic acid, formate, ethanol, and acetate [50].
S. mutans is generally acquired in oral cavity at the time of tooth eruption. However, as S. mutans has
been detected in oral cavity of predentate children, the eruption of teeth seems not to be a necessary
prerequisite, suggesting that this species may not be confined to dental plaque. In fact, it has been
reported that S. mutans in planktonic lifestyle is able to adhere, invade, and survive within human
gingival fibroblast cells [51].

In order to evaluate the effect on the bacterial growth, S. mutans cells were allowed to grow
in media containing different concentrations of ZNGs under conditions inducing also biofilm
formation, required for development of dental caries. Overall, GNP-ZnO nanocomposite affected the
bacterial growth, as reported in Figure 9A, even if its effect is more marked at high concentrations;
a 30% reduction was observed after 8 h. Indeed, biofilm formation of S. mutans in the presence of
ZnO-NRs-decorated GNPs was also analyzed by evaluating biomass and exopolysaccharide (EPS)
production, which are prerequisites for the formation and maintenance of bacterial biofilms. To this
aim, the Safranin assay was performed and an almost 30% reduction of biofilm production was
highlighted when challenging S. mutans with 100 µg/mL concentration of ZNGs with respect to
the control (Figure 9B). This is in line with the notion that microorganisms in biofilms are more
resistant to antibacterial agents than the planktonic form and much more concentrated biocide may
be required for effective treatment [51]. In this case, the GNPs allow a more extended area that
increases the nano-needles distribution, resulting in more efficient damage of a complex structure such
as the biofilm.
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Figure 9. (A) Bacterial growth of S. mutans cells in media containing different concentrations of ZNGs
is expressed as absorbance and OD600 was measured at the indicated time points; (B) Biofilm matrix
was quantified by safranin binding assay. The production of EPS and biomass of S. mutans cells were
evaluated after treatment with ZNGs and normalized to the untreated cells set as one. Statistical
analysis was performed by Student’s t-test (*** p < 0.001 compared to the control).

Single and few-layer graphene coatings on SiO2 substrates were demonstrated to inhibit the
bacterial adhesion [52]. Recently, it has been reported that E. coli cells treated with ZnO nanoparticles
showed a strikingly high mortality rate of the cells due to a remarkable reduction in bacterial
EPS, demonstrating that EPS can protect bacteria through sequestering nanoparticles [53]. Indeed,
the reduction of safranin binding can be ascribed to a decreased amount of EPS, required for the
biofilm formation and, in turn, for caries development. This may partly account for the killing effect
exerted by ZNGs. We can speculate that EPS reduction may lead to lack of ZNG sequestering, thereby
enhancing the nanostructure-specific bactericidal activity.
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3. Materials and Methods

3.1. Materials

All chemicals were of reagent grade and used as received without further purification: graphite
intercalation compound (GIC), zinc acetate dihydrate (Zn(CH3COO)2·2H2O, Sigma-Aldrich, ACS
reagent, ≥98%, St. Louis, MO, USA), hexamine (C6H12N4, Fisher Scientific, ≥99%, Leicestershire, UK),
and zinc nitrate hexahydrate (Zn(NO3)2·6H2O, Acros Organics, 98%, Geel, Belgium). The water used
in all experiments was deionized (DI) and autoclave sterilized.

3.2. Production of Nanostructures and Suspensions

GNPs were produced by thermal expansion at 1050 ◦C for 30 s of commercially available
Graphite Intercalation Compound (GIC), and successive liquid-phase exfoliation by probe sonication
as described in Rago et al. (2015) [21]. Pristine ZnO-NRs were produced through the thermal
decomposition of zinc acetate di-hydrate and successive probe sonication as described in our earlier
works [32,34]. ZNGs were produced by directly growing ZnO-NRs onto unsupported GNPs in aqueous
suspensions through a facile hydrothermal method [35].

Aqueous colloidal suspensions of either GNPs or ZnO-NRs or a mixing of GNPs and ZnO-NRs or
ZNGs were prepared to evaluate the antibacterial activity through the dispersion of a defined amount
of the powder like nanostructures in ultrapure and sterilized deionized water using probe sonication.
The homogenous suspensions were then readily transferred to 50 mL sterilized centrifuge tubes.

Four different types of colloidal suspensions were prepared, with weight concentrations of the
nanostructures ranging from 0.1 µg/mL up to 100 µg/mL, namely:

• suspensions of GNPs;
• suspensions of pristine ZnO-NRs;
• suspensions of mixture of both pristine GNPs and pristine ZnO-NRs;
• suspensions of ZnO-NRs-decorated GNPs (ZNGs).

3.3. Characterization of ZNGs

Samples for FE-SEM and EDX were prepared by drop-casting the suspensions containing the
nanostructures onto cleaned silicon substrates, with subsequent drying in oven at 120 ◦C for 30 min.

Morphology and cell interaction investigations were carried out using a Zeiss Auriga FE-SEM
available at SNN-Lab, operated at different accelerating voltages (varying between 2 and 5 keV)
depending on the sample type.

The chemical elemental composition was investigated by EDX analysis equipped together with
FE-SEM (Auriga, Zeiss, Oberkochen, Germany), and operated at 17 keV.

The crystalline structure and phase purity analysis was performed by X-ray diffraction using
a Bruker (AXS D8-Advance) X-ray powder diffractometer equipped with incident-beam focusing
X-ray mirrors and a position sensitive detector (Bruker AXS GmbH, Karlsruhe, Germany). Data were
measured at room temperature, in transmission mode, using Cu Kα radiation (λ = 1.5418 Å, 40 kV at
40 mA), in a 2θ angular range ranging from 20◦ to 140◦ with a step size of 0.022◦ and 1 s of counting
time. Samples were prepared as capillary mounts. Data were evaluated by the Rietveld method using
Topas software [54].

3.4. Strains and Growth Culture

The strain utilized in this work was Streptococcus mutans ATCC 25175 and was grown in brain
heart infusion broth (BHI) (Becton, Dickinson and Company, Franklin Lakes, NJ, USA) at 37 ◦C.
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3.5. Cells Viability Test

About 5 × 107 cells/mL were incubated in PBS (137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4,
2 mM KH2PO4) at 37 ◦C with nanomaterials at the indicated concentrations under shaking for 24 h.
Aliquots of samples were withdrawn, diluted, and then spread onto BHI agar plates (Becton, Dickinson
and Company, Franklin Lakes, NJ, USA). After incubation at 37 ◦C, the capacity of the bacteria to form
colonies was measured by counting the number of Colony Forming Units (CFU). Controls were run
without nanomaterials suspensions.

3.6. FE-SEM Microscopy Imaging of Bacterial Cells

Scanning Electron Microscope investigation was carried out as aforementioned. Biological samples
were prepared according to the procedures described earlier [20].

3.7. ROS Estimation

Dichlorofuorescein diacetate (H2DCFDA) dye (Thermo Fisher Scientific, Waltham, MA, USA)
was used to assess the production of free intracellular radicals. Briefly, 5 × 107 microbial cells treated
or not for 2 h with ZnO-NRs or ZNGs suspensions, were washed with PBS and then incubated with
25 µM H2DCFDA for 30 min. The bacterial cells were washed with PBS twice and suspended in 500 µL
di PBS. Afterwards, 200 µL of such suspensions were used to inoculate a 96-well microtiter plate.
The amount of dichlorofluorescein (DCF) was measured as RFU by the microplate reader at 528 nm
using an excitation at 485 nm.

3.8. Zn2+ Release

Zn-ion release in suspensions with different concentrations of ZNGs or with 5 µg/mL ZnO-NRs
was measured by ICP-MS using a Perkin-Elmer SCIEX-ELAN 6100 equipped with a cross-flow
nebulizer (Perkin-Elmer, Waltham, MA, USA). To this purpose, after sonication colloidal suspensions
were allowed to settle for 24 h or incubated with S. mutans for 24 h at 37 ◦C. Then, the nanomaterials
and/or cells were removed by two centrifugation steps (for 30 min at 1740× g). A blank procedure was
always evaluated. Supernatants were analyzed after proper dilutions in 1% HNO3. A Zn ICP standard
solution (MERCK, Darmstadt, Germany) of 1000 mg·L−1 in nitric acid was employed to prepare
the calibrating solutions used to obtain the calibration curves, and a Rh ICP–MS standard solution
(Aristar, BDH, Radnor, PA, USA) was used as the internal standard to correct matrix interferences in
ICP-MS analysis.

3.9. Bacterial Growth Analysis

Bacterial growth (planktonic and biofilm bacteria) was evaluated by inoculating 10 µL of an
overnight growth culture of S. mutans in a 96-well microtiter plate prepared as follows: each well was
filled with 200 µL of Tryptic Soy Broth (TSB) (Becton, Dickinson and Company, Franklin Lakes, NJ,
USA) with 5% sucrose containing, or not containing, different concentrations of ZNGs (in triplicate).
Next, plates were incubated at 37 ◦C without agitation and the absorbance at 600 nm of each well was
measured every 30 min.

3.10. Estimation of Biofilm Production

The safranin assay was used to evaluate biofilm mass and EPS production. Briefly, a suspension of
overnight growth culture of S. mutans was diluted to 5 × 106 cells/mL into fresh BHI with 5% sucrose
containing, or not containing, different concentrations of ZNGs. Next, 200 µL of those solutions were
used to inoculate 96-well microtiter plates. After incubation for 4 h at 37 ◦C, the medium was removed
and biofilms were washed with PBS. Wells were stained with 0.1% safranin (Sigma-Aldrich, St. Louis,
MO, USA) for 15 min, washed with PBS, and air-dried. Afterwards, 100 µL of 70% ethanol was added
to dissolve biofilm and absorbance at 492 nm was then measured.
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3.11. Statistical Analysis

Data are presented as mean ± SD, and Student’s t-test or one-way ANOVA analysis coupled with
a Bonferroni post test (GraphPad Prism 5.0 software, GraphPad Software Inc., La Jolla, CA, USA) was
used to determine the statistical significance between experimental groups. Statistical significance was
defined as * p < 0.05, ** p < 0.01, and *** p < 0.001.

4. Conclusions

Our results indicated that ZNGs represent a powerful tool to kill both the planktonic and biofilm
forms of S. mutans. The results reported in this paper lead us to consider that ZnO-NRs-decorated
GNPs may be highly effective for controlling S. mutans growth and therefore caries development.

Our data open new avenues for the improvement of resin composites and the associated dental
adhesives utilizing graphene-derived material with promising antimicrobial properties.
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1. Krzyściak, W.; Jurczak, A.; Kościelniak, D.; Bystrowska, B.; Skalniak, A. The virulence of Streptococcus mutans
and the ability to form biofilms. Eur. J. Clin. Microbiol. Infect. Dis. 2014, 33, 499–515. [CrossRef] [PubMed]

2. Jarvinen, H.; Tenovuo, J.; Huovinen, P. In vitro susceptibility of Streptococcus mutans to chlorhexidine and six
other antimicrobial agents. Antimicrob. Agents Chemother. 1993, 37, 1158–1159. [CrossRef] [PubMed]

3. Daglia, M.; Papetti, A.; Grisoli, P.; Aceti, C.; Dacarro, C.; Gazzani, G. Antibacterial activity of red and white
wine against oral streptococci. J. Agric. Food Chem. 2007, 55, 5038–5042. [CrossRef] [PubMed]

4. Walsh, C. Molecular mechanisms that confer antibacterial drug resistance. Nature 2000, 406, 775–781.
[CrossRef] [PubMed]

5. Khan, S.T.; Musarrat, J.; Al-Khedhairy, A.A. Countering drug resistance, infectious diseases, and sepsis using
metal and metal oxides nanoparticles: Current status. Colloids Surf. B 2016, 146, 70–83. [CrossRef] [PubMed]

6. Park, H.J.; Soomin, P.; Jinkyu, R.; Sujin, K.; Kyunghee, C.; Jongheop, Y.; Younghun, K.; Jeyong, Y.
Biofilm-inactivating activity of silver nanoparticles: A comparison with silver ions. J. Ind. Eng. Chem.
2013, 19, 614–619. [CrossRef]

7. Olivi, M.; Zanni, E.; De Bellis, G.; Talora, C.; Sarto, M.S.; Palleschi, C.; Flahaut, E.; Monthioux, M.; Rapino, S.;
Uccelletti, D.; et al. Inhibition of microbial growth by carbon nanotube networks. Nanoscale 2013, 5, 9023–9029.
[CrossRef] [PubMed]

8. Akhavan, O.; Ghaderi, E. Photocatalytic Reduction of Graphene Oxide Nanosheets on TiO2 Thin Film for
Photoinactivation of Bacteria in Solar Light Irradiation. J. Phys. Chem. C 2009, 113, 20214–20220. [CrossRef]

9. Liu, J.; Liu, L.; Bai, H.; Wang, Y.; Sun, D.D. Gram-scale production of graphene oxide-TiO2 nanorod
composites: Towards high-activity photocatalytic materials. Appl. Catal. B. Environ. 2011, 106, 76–82.
[CrossRef]

10. Stankovich, S.; Dikin, D.A.; Dommett, G.H.; Kohlhaas, K.M.; Zimney, E.J.; Stach, E.A.; Piner, R.D.;
Nguyen, S.T.; Ruoff, R.S. Graphene-based composite materials. Nature 2006, 442, 282–286. [CrossRef]
[PubMed]

11. Geim, A.K. Graphene: Status and Prospects. Science 2009, 324, 1530–1534. [CrossRef] [PubMed]
12. De Bellis, G.; Tamburrano, A.; Dinescu, A.; Santarelli, M.L.; Sarto, M.S. Electromagnetic properties of

composites containing graphite nanoplatelets at radio frequency. Carbon 2011, 49, 4291–4300. [CrossRef]
13. Zhu, Y.; Murali, S.; Cai, W.; Li, X.; Suk, J.W.; Potts, J.R.; Ruoff, R.S. Graphene and Graphene Oxide: Synthesis,

Properties, and Applications. Adv. Mater. 2010, 22, 3906–3924. [CrossRef] [PubMed]

http://dx.doi.org/10.1007/s10096-013-1993-7
http://www.ncbi.nlm.nih.gov/pubmed/24154653
http://dx.doi.org/10.1128/AAC.37.5.1158
http://www.ncbi.nlm.nih.gov/pubmed/8517706
http://dx.doi.org/10.1021/jf070352q
http://www.ncbi.nlm.nih.gov/pubmed/17547418
http://dx.doi.org/10.1038/35021219
http://www.ncbi.nlm.nih.gov/pubmed/10963607
http://dx.doi.org/10.1016/j.colsurfb.2016.05.046
http://www.ncbi.nlm.nih.gov/pubmed/27259161
http://dx.doi.org/10.1016/j.jiec.2012.09.013
http://dx.doi.org/10.1039/c3nr02091f
http://www.ncbi.nlm.nih.gov/pubmed/23934344
http://dx.doi.org/10.1021/jp906325q
http://dx.doi.org/10.1016/j.apcatb.2011.05.007
http://dx.doi.org/10.1038/nature04969
http://www.ncbi.nlm.nih.gov/pubmed/16855586
http://dx.doi.org/10.1126/science.1158877
http://www.ncbi.nlm.nih.gov/pubmed/19541989
http://dx.doi.org/10.1016/j.carbon.2011.06.008
http://dx.doi.org/10.1002/adma.201001068
http://www.ncbi.nlm.nih.gov/pubmed/20706983


Nanomaterials 2016, 6, 179 13 of 14

14. Huang, X.; Yin, Z.; Wu, S.; Qi, X.; He, Q.; Zhang, Q.; Yan, Q.; Boey, F.; Zhang, H. Graphene-Based Materials:
Synthesis, Characterization, Properties, and Applications. Small 2011, 7, 1876–1902. [CrossRef] [PubMed]

15. Jiang, H.J. Chemical Preparation of Graphene-Based Nanomaterials and Their Applications in Chemical and
Biological Sensors. Small 2011, 7, 2413–2427. [CrossRef] [PubMed]

16. Guo, S.J.; Dong, S.J. Graphene nanosheet: Synthesis, molecular engineering, thin film, hybrids, and energy
and analytical applications. Chem. Soc. Rev. 2011, 40, 2644–2672. [CrossRef] [PubMed]

17. Sun, X.; Liu, Z.; Welsher, K.; Robinson, J.T.; Goodwin, A.; Zaric, S.; Dai, H. Nano-graphene oxide for cellular
imaging and drug delivery. Nano Res. 2008, 1, 203–212. [CrossRef] [PubMed]

18. Hu, W.; Peng, C.; Luo, W.; Lv, M.; Li, X.; Li, D.; Huang, Q.; Fan, C. Graphene-Based Antibacterial Paper.
ACS Nano 2010, 4, 4317–4323. [CrossRef] [PubMed]

19. Yang, K.; Zhang, S.; Zhang, G.; Sun, X.; Lee, S.T.; Liu, Z. Graphene in Mice: Ultrahigh In Vivo Tumor Uptake
and Efficient Photothermal Therapy. Nano Lett. 2010, 10, 3318–3323. [CrossRef] [PubMed]

20. Zanni, E.; De Bellis, G.; Bracciale, M.P.; Broggi, A.; Santarelli, M.L.; Sarto, M.S.; Palleschi, C.; Uccelletti, D.
Graphite Nanoplatelets and Caenorhabditis elegans: Insights from an in Vivo Model. Nanoletters 2012, 12,
2740–2744. [CrossRef] [PubMed]

21. Rago, I.; Bregnocchi, A.; Zanni, E.; D’Aloia, A.G.; de Angelis, F.; Bossu, M.; De Bellis, G.; Polimeni, A.;
Uccelletti, D.; Sarto, M.S. Antimicrobial activity of graphene nanoplatelets against Streptococcus mutans.
Proc. IEEE NANO 2015. [CrossRef]

22. Wellings, J.S.; Chaure, N.B.; Heavens, S.N.; Dharmadasa, I.M. Growth and characterisation of
electrodeposited ZnO thin films. Thin Solid Films 2008, 516, 3893–3898. [CrossRef]

23. Ma, M.G.; Zhu, Y.J.; Cheng, G.F.; Huang, Y.H. Microwave synthesis and characterization of ZnO with various
morphologies. Mater. Lett. 2008, 62, 507–510. [CrossRef]

24. Huang, M.H.; Wu, Y.; Feick, H.; Tran, N.; Weber, E.; Yang, P. Catalytic growth of zinc oxide nanowires by
vapor transport. Adv. Mater. 2001, 13, 113–116. [CrossRef]

25. Yang, P.; Yan, H.; Mao, S.; Russo, R.; Johnson, J.; Saykally, R.; Morris, N.; Pham, J.; He, R.; Choi, H.J. Controlled
Growth of ZnO Nanowires and Their Optical Properties. Adv. Funct. Mater. 2002, 12, 323–331. [CrossRef]

26. Li, S.Y.; Lee, C.Y.; Tseng, T.Y. Copper-catalyzed ZnO nanowires on silicon (100) grown by vapor-liquid-solid
process. J. Cryst. Growth 2003, 247, 357–362. [CrossRef]

27. Park, W.I.; Kim, D.H.; Jung, S.W.; Yi, G.C. Metalorganic vapor-phase epitaxial growth of vertically
well-aligned ZnO nanorods. Appl. Phys. Lett. 2002, 80, 4232–4234. [CrossRef]

28. Park, W.I.; Yi, G.C.; Kim, M.; Pennycook, S.J. ZnO nanoneedles grown vertically on Si substrates by
non-catalytic vapor-phase epitaxy. Adv. Mater. 2002, 14, 1841–1843. [CrossRef]

29. Liu, B.; Zeng, H.C. Hydrothermal synthesis of ZnO nanorods in the diameter regime of 50 nm. J. Am. Chem. Soc.
2003, 125, 4430–4431. [CrossRef] [PubMed]

30. Li, Z.Q.; Xie, Y.; Xiong, Y.J.; Zhang, R.; He, W. Reverse micelle-assisted route to control diameters of ZnO
nanorods by selecting different precursors. Chem. Lett. 2003, 32, 760–761. [CrossRef]

31. Vayssieres, L. Growth of arrayed nanorods and nanowires of ZnO from aqueous solutions. Adv. Mater. 2003,
15, 464–466. [CrossRef]

32. Chandraiahgari, C.R.; De Bellis, G.; Ballirano, P.; Balijepalli, S.K.; Kaciulis, S.; Caneve, L.; Sarto, F.; Sarto, M.S.
Synthesis and characterization of ZnO nanorods with a narrow size distribution. RSC Adv. 2015, 5, 49861–49870.
[CrossRef]

33. Zanni, E.; De Palma, S.; Chandraiahgari, C.R.; De Bellis, G.; Cialfi, S.; Talora, C.; Palleschi, C.; Sarto, M.S.;
Uccelletti, D.; Mancini, P. In vitro toxicity studies of zinc oxide nano- and micro rods on mammalian cells:
A comparative analysis. Mater. Lett. 2016, 179, 90–94. [CrossRef]

34. Rago, I.; Chandraiahgari, C.R.; Bracciale, M.P.; De Bellis, G.; Zanni, E.; Guidi, M.C.; Sali, D.; Broggi, A.;
Palleschi, C.; Sarto, M.S.; et al. Zinc oxide microrods and nanorods: Different antibacterial activity and their
mode of action against Gram-positive bacteria. RSC Adv. 2014, 4, 56031–56040. [CrossRef]

35. Chandraiahgari, C.R.; De Bellis, G.; Balijepallic, S.K.; Kaciulisc, S.; Ballirano, P.; Migliori, A.; Morandi, V.;
Caneve, L.; Sarto, F.; Sarto, M.S. Control of the size and density of ZnO-nanorods grown onto graphene
nanoplatelets in aqueous suspensions. RSC Adv. 2016, 6, 83217–83225. [CrossRef]

36. Shin, D.M.; Tsege, E.L.; Kang, S.H.; Seung, W.; Kim, S.W.; Kim, H.K.; Hong, S.W.; Hwang, Y.H. Freestanding
ZnO nanorod/graphene/ZnO nanorod epitaxial double heterostructure for improved piezoelectric
nanogenerators. Nano Energy 2015, 12, 268–277. [CrossRef]

http://dx.doi.org/10.1002/smll.201002009
http://www.ncbi.nlm.nih.gov/pubmed/21630440
http://dx.doi.org/10.1002/smll.201002352
http://www.ncbi.nlm.nih.gov/pubmed/21638780
http://dx.doi.org/10.1039/c0cs00079e
http://www.ncbi.nlm.nih.gov/pubmed/21283849
http://dx.doi.org/10.1007/s12274-008-8021-8
http://www.ncbi.nlm.nih.gov/pubmed/20216934
http://dx.doi.org/10.1021/nn101097v
http://www.ncbi.nlm.nih.gov/pubmed/20593851
http://dx.doi.org/10.1021/nl100996u
http://www.ncbi.nlm.nih.gov/pubmed/20684528
http://dx.doi.org/10.1021/nl204388p
http://www.ncbi.nlm.nih.gov/pubmed/22612766
http://dx.doi.org/10.1109/NANO.2015.7388945
http://dx.doi.org/10.1016/j.tsf.2007.07.156
http://dx.doi.org/10.1016/j.matlet.2007.05.072
http://dx.doi.org/10.1002/1521-4095(200101)13:2&lt;113::AID-ADMA113&gt;3.0.CO;2-H
http://dx.doi.org/10.1002/1616-3028(20020517)12:5&lt;323::AID-ADFM323&gt;3.0.CO;2-G
http://dx.doi.org/10.1016/S0022-0248(02)01918-8
http://dx.doi.org/10.1063/1.1482800
http://dx.doi.org/10.1002/adma.200290015
http://dx.doi.org/10.1021/ja0299452
http://www.ncbi.nlm.nih.gov/pubmed/12683807
http://dx.doi.org/10.1246/cl.2003.760
http://dx.doi.org/10.1002/adma.200390108
http://dx.doi.org/10.1039/C5RA02631H
http://dx.doi.org/10.1016/j.matlet.2016.05.067
http://dx.doi.org/10.1039/C4RA08462D
http://dx.doi.org/10.1039/C6RA18317D
http://dx.doi.org/10.1016/j.nanoen.2014.12.040


Nanomaterials 2016, 6, 179 14 of 14

37. Bratthall, D. Serological Studies on Streptococcus mutans. Odontol. Revy. Suppl. 1972, 23, 401–410.
38. Nyvad, B.; Kilian, M. Comparison of the initial streptococcal microflora on dental enamel in caries-active

and in caries-inactive individuals. Caries Res. 1990, 24, 267–272. [CrossRef] [PubMed]
39. Balakrishnan, M.; Simmonds, R.S.; Tagg, J.R. Dental caries is a preventable infectious disease. Aust. Dent. J.

2000, 45, 235–245. [CrossRef] [PubMed]
40. Liu, S.; Zeng, T.H.; Hofmann, M.; Burcombe, E.; Wei, J.; Jiang, R.; Kong, J.; Chen, Y. Antibacterial Activity

of Graphite, Graphite Oxide, Graphene Oxide, and Reduced Graphene Oxide: Membrane, and Oxidative
Stress. ACS Nano 2011, 5, 6971–6980. [CrossRef] [PubMed]

41. Espinosa-Cristobal, L.F.; Martínez-Castañón, G.A.; Martínez-Martínez, R.E.; Loyola-Rodríguez, J.P.;
Patiño-Marín, N.; Reyes-Macías, J.F.; Ruiz, F. Antibacterial effect of silver nanoparticles against
Streptococcus mutans. Mater. Lett. 2009, 63, 2603–2606. [CrossRef]

42. Besinis, A.; De Peralta, T.; Handy, R.D. The antibacterial effects of silver, titanium dioxide and silica dioxide
nanoparticles compared to the dental disinfectant chlorhexidine on Streptococcus mutans using a suite of
bioassays. Nanotoxicology 2014, 8, 1–16. [CrossRef] [PubMed]

43. Eshed, M.; Lellouche, J.; Matalon, S.; Gedanken, A.; Banin, E. Sonochemical coatings of ZnO and CuO
nanoparticles inhibit Streptococcus mutans biofilm formation on teeth model. Langmuir 2012, 28, 12288–12295.
[CrossRef] [PubMed]

44. Mangadlao, J.D.; Santos, C.M.; Felipe, M.J.; De Leon, A.C.; Rodrigues, D.F.; Advincula, R.C. On the
antibacterial mechanism of graphene oxide (GO) Langmuir-Blodgett films. Chem. Commun. 2015, 51,
2886–2889. [CrossRef] [PubMed]

45. Perreault, F.; De Faria, A.F.; Nejati, S.; Elimelech, M. Antimicrobial properties of graphene oxide nanosheets:
why size matters. ACS Nano 2015, 9, 7226–7236. [CrossRef] [PubMed]

46. Stoimenov, P.K.; Klinger, R.L.; Marchin, G.L.; Klabunde, K.J. Metal Oxide Nanoparticles as Bactericidal
Agents. Langmuir 2002, 18, 6679–6686. [CrossRef]

47. Brayner, R.; Ferrari-Iliou, R.; Brivois, N.; Djediat, S.; Benedetti, M.F.; Fiévet, F. Toxicological impact studies
based on Escherichia coli bacteria in ultrafine ZnO nanoparticles colloidal medium. Nano Lett. 2006,
6, 866–870. [CrossRef] [PubMed]

48. Dashper, S.G.; O’Brien-Simpson, N.M.; Cross, K.J.; Paolini, R.A.; Hoffmann, B.; Catmull, D.V.; Malkoski, M.;
Reynolds, E.C. Divalent metal cations increase the activity of the antimicrobial Peptide kappacin.
Antimicrob. Agents Chemother. 2005, 49, 2322–2328. [CrossRef] [PubMed]

49. Watsson, G.K.; Cummins, D.; van der Ouderaa, F.J. Inhibition of acid production by Streptococcus mutans
NCTC 10449 by zinc and the effect of metal speciation. Caries Res. 1991, 25, 431–437. [CrossRef]

50. Shaw, J.H. Causes and control of dental caries. N. Engl. J. Med. 1987, 317, 996–1004. [CrossRef] [PubMed]
51. Berlutti, F.; Catizone, A.; Ricci, G.; Frioni, A.; Natalizi, T.; Valenti, P.; Polimeni, A. Streptococcus mutans

and Streptococcus sobrinus are able to adhere and invade human gingival fibroblast cell line. Int. J.
Immunopathol. Pharmacol. 2010, 23, 1253–1260. [PubMed]

52. Parra, C.; Montero-Silva, F.; Henríquez, R.; Flores, M.; Garín, C.; Ramírez, C.; Moreno, M.; Correa, J.;
Seeger, M.; Häberle, P. Suppressing Bacterial Interaction with Copper Surfaces through Graphene and
Hexagonal-Boron Nitride Coatings. ACS Appl. Mater. Interfaces 2015, 7, 6430–6437. [CrossRef] [PubMed]

53. Wang, Q.; Kang, F.; Gao, Y.; Mao, X.; Hu, X. Sequestration of nanoparticles by an EPS matrix reduces the
particle-specific bactericidal activity. Sci. Rep. 2016, 6, 21379. [CrossRef] [PubMed]

54. Topas, V. 4.2 General Profile and Structure Analysis Software for Powder Diffraction Data; Bruker AXS: Karlsruhe,
Germany, 2009.

© 2016 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC-BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1159/000261281
http://www.ncbi.nlm.nih.gov/pubmed/2276164
http://dx.doi.org/10.1111/j.1834-7819.2000.tb00257.x
http://www.ncbi.nlm.nih.gov/pubmed/11225524
http://dx.doi.org/10.1021/nn202451x
http://www.ncbi.nlm.nih.gov/pubmed/21851105
http://dx.doi.org/10.1016/j.matlet.2009.09.018
http://dx.doi.org/10.3109/17435390.2012.742935
http://www.ncbi.nlm.nih.gov/pubmed/23092443
http://dx.doi.org/10.1021/la301432a
http://www.ncbi.nlm.nih.gov/pubmed/22830392
http://dx.doi.org/10.1039/C4CC07836E
http://www.ncbi.nlm.nih.gov/pubmed/25582092
http://dx.doi.org/10.1021/acsnano.5b02067
http://www.ncbi.nlm.nih.gov/pubmed/26091689
http://dx.doi.org/10.1021/la0202374
http://dx.doi.org/10.1021/nl052326h
http://www.ncbi.nlm.nih.gov/pubmed/16608300
http://dx.doi.org/10.1128/AAC.49.6.2322-2328.2005
http://www.ncbi.nlm.nih.gov/pubmed/15917528
http://dx.doi.org/10.1159/000261406
http://dx.doi.org/10.1056/NEJM198710153171605
http://www.ncbi.nlm.nih.gov/pubmed/3309652
http://www.ncbi.nlm.nih.gov/pubmed/21244775
http://dx.doi.org/10.1021/acsami.5b01248
http://www.ncbi.nlm.nih.gov/pubmed/25774864
http://dx.doi.org/10.1038/srep21379
http://www.ncbi.nlm.nih.gov/pubmed/26856606
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results and Discussion 
	Morphological and Structural Properties 
	Antimicrobial Activity 
	Field Emission Scanning Electron Microscopy Analysis of Cells Interaction with Zinc Oxide Nanorods-Decorated Graphene Nanoplatelets 
	ROS Analysis 
	Inductively Coupled Plasma Mass Spectrometry Analysis 
	Bacterial Growth Inhibition by ZnO-NRs-decorated GNPs 

	Materials and Methods 
	Materials 
	Production of Nanostructures and Suspensions 
	Characterization of ZNGs 
	Strains and Growth Culture 
	Cells Viability Test 
	FE-SEM Microscopy Imaging of Bacterial Cells 
	ROS Estimation 
	Zn2+ Release 
	Bacterial Growth Analysis 
	Estimation of Biofilm Production 
	Statistical Analysis 

	Conclusions 

