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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
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Figure 1. Field emission scanning electron microscopy (FE-SEM) images of (A) pristine graphene

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
nanoplatelets (GNPs), (B) pristine zinc oxide nanorods (ZnO-NRs), and (C,D) ZnO-NRs-decorated
GNPs (ZNGs).
GNPs (ZNGs).

Figure 2A–E show the elemental analysis and typical energy-dispersive X-ray spectroscopy
(EDX) spectrum
obtained
for ZNGs.analysis
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Figure 2E. This indicates the high purity chemical composition of the ZNGs used in this study. The
(Figure 2B–D). No other signal of secondary phase or impurity was detected as shown in Figure 2E.
elemental mapping also demonstrated that the GNPs are densely decorated with ZnO-NRs.
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 5. Photographs of GNPs and ZNGs aqueous suspensions prepared at various concentrations.
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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).
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* p <performed
0.05; ** p < 0.01; one-way
*** p < 0.001ANOVA
comparedmethod
to the control).
and graphene-based materials, a FE-SEM analysis was performed to examine the interactions
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
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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

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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wall
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the ZnO-NRs
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deeply, the
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size of
killing
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to theMore
mechanical
damage
produced
bythe
thedecorated
ZnO-NRsGNPs
affecting
together with the preferred growth orientation of the ZnO-NRs over the GNP surface contributes to
the cell wall. More deeply, the large lateral size of the decorated GNPs together with the preferred
increasing the adhesion of the nanostructures to the cell wall, and enhancing the penetration of the
growth orientation of the ZnO-NRs over the GNP surface contributes to increasing the adhesion
ZnO-NRs through the cell membrane. This, in turn, may lead to a higher capability of puncturing
of theand
nanostructures
to the cell wall, and enhancing the penetration of the ZnO-NRs through the
damaging the bacterial surface. Notably, this effect is limited to bacterial cells; indeed our
cell membrane.
This,
in turn,
may lead
to a higher
of puncturing
and damaging
previous study showed
no membrane
damages
in two capability
different human
cell lines treated
with ZnO- the
bacterial
surface.
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this
effect
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limited
to
bacterial
cells;
indeed
our
previous
study
NRs. In addition, the ZnO nanorods were shown to be slightly cytotoxic only at veryshowed
high no
membrane
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in two
cell lines
withinZnO-NRs.
In addition, the ZnO
concentrations,
while
at 20different
µ g/mL nohuman
toxic effects
were treated
highlighted
those cells [33].
nanorods were shown to be slightly cytotoxic only at very high concentrations, while at 20 µg/mL no
ROSwere
Analysis
toxic 2.4.
effects
highlighted in those cells [33].
Reactive oxygen species (ROS) accumulation was evaluated in order to investigate whether

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

graphene-derived
with oxygen-containing
functional
groups
may produce
a surplus
of
Reactive
oxygen substrates
species (ROS)
accumulation was
evaluated
in order
to investigate
whether
ROS, which can contribute to the antimicrobial effect, but it could be also correlated to a higher
ZnO-NRs-decorated GNPs may cause oxidative stress in oral pathogen bacteria. Indeed, several
cytotoxicity [44,45].
graphene-derived substrates with oxygen-containing functional groups may produce a surplus of
In the case of our nanomaterial, no ROS production was pointed out in treated cells, suggesting
ROS, that
which
can contribute
to participate
the antimicrobial
effect, cell
butdeath
it could
alsobacteria
correlated
to 8).
a higher
oxidative
stress did not
to ZNG-induced
in S. be
mutans
(Figure
It
cytotoxicity
has been[44,45].
reported that non-oxidized nanoplatelets, including GNPs, did not generate ROS, even more
In
the case oftheir
ourhigh
nanomaterial,
nouse
ROS
production was
pointed
highlighting
biosafety and
as antimicrobial
agents
[20]. 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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dichlorofuorescein diacetate (H2DCFDA) probe activation through ROS generation in S. mutans cells
dichlorofuorescein diacetate (H2 DCFDA) probe activation through ROS generation in S. mutans cells
treated or not with 5 µ g/mL suspensions of ZNGs for 2 h. Data are expressed as fluorescence relative
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).
to untreated cells. Statistical analysis was performed by Student’s t-test (ns not significant).
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production of ROS, that can indirectly damage cell membranes through lipid peroxidation [46,47].
Moreover, the lower zinc content measured into solutions after incubation with bacteria can be
However, ROS generation was not detected in the case of ZNGs, as well as high amounts of released
due to Zn “retention” by both/either cells and particles present into suspensions. However, the
zinc ions,
measured
by ICP-MS
technique.
concentration
of zinc
ions obtained
in all tested suspensions were shown to be remarkably lower in
Moreover,
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cells [48,49]. Hence, it can be hypothesized that free Zn2+ do not contribute to the antimicrobial activity,
Table 1. Zn2+ concentration measured by ICP-MS in ZNG and ZnO-NRs suspensions incubated or not
which probably results from the mechanical interaction between ZNGs and the bacterial surface,
with S. mutans for 24 h.
as highlighted by the cell wall damages observed in FE-SEM analysis (Figure 7).
Nanostructure Nanostructure Concentration
Treated with S. mutans Zn2+ Concentration
2+
Type
(µg/mL)
(μg/mL) or not
Table 1. Zn concentration measured by ICP-MS in ZNG and Cells
ZnO-NRs suspensions incubated
ZnO-NRs
5
no
2.58
with S. mutans for 24 h.
ZNGs
5
no
1.24
2+
ZnO-NRs
5
yes
1.94
Nanostructure
Nanostructure Concentration
Treated with
Zn Concentration
ZNGs
5(µg/mL)
yes Cells
0.61
Type
S. mutans
(µg/mL)
ZnO-NRs
ZNGs
ZnO-NRs
ZNGs

5
5
5
5

no
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yes

2.58
1.24
1.94
0.61
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Compared to other streptococci, S. mutans is considered as a highly cariogenic pathogen. This is
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Figure 9. (A) Bacterial growth of S. mutans cells in media containing different concentrations of ZNGs

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
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
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
evaluated
after
ZNGs t-test
and normalized
to the untreated
cells set as one. Statistical
analysis
wastreatment
performed with
by Student’s
(*** p < 0.001 compared
to the control).
analysis was performed by Student’s t-test (*** p < 0.001 compared to the control).
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E. coli cells treated with ZnO nanoparticles
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2 substrates were demonstrated to inhibit the
showed a strikingly high mortality rate of the cells due to a remarkable reduction in bacterial EPS,
bacterial adhesion [52]. Recently, it has been reported that E. coli cells treated with ZnO nanoparticles
demonstrating that EPS can protect bacteria through sequestering nanoparticles [53]. Indeed, the
showed a strikingly high mortality rate of the cells due to a remarkable reduction in bacterial
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the reduction
of
safranin
binding
ascribedmay
to alead
decreased
of EPS, required
for the
by ZNGs. We can speculate
thatcan
EPSbereduction
to lack amount
of ZNG sequestering,
thereby
biofilm
formation
and, in turn, for caries
development.
This may partly account for the killing effect
enhancing
the nanostructure-specific
bactericidal
activity.

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(CH3 COO)2 ·2H2 O, Sigma-Aldrich, ACS
reagent, ≥98%, St. Louis, MO, USA), hexamine (C6 H12 N4 , Fisher Scientific, ≥99%, Leicestershire, UK),
and zinc nitrate hexahydrate (Zn(NO3 )2 ·6H2 O, 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 Na2 HPO4 ,
2 mM KH2 PO4 ) 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 (H2 DCFDA) 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 H2 DCFDA 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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