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Introduction: Dental caries is a biofilm-dependent disease that largely relies on the ability
of Streptococcus mutans to synthesize exopolysaccharide matrix. Graphene oxide-based
metal nanomaterials, as the derivatives of graphene, are potent agents against pathogens by
their impressive antibacterial and anti-biofilm biofunctions. Previously, we fabricated the
novel graphene oxide-copper nanocomposites (GO-Cu), maintaining a long-term release of
copper nanoparticles. Here, the biofunctionalization of GO-Cu nanocomposites against
cariogenic S. mutans is investigated.

Methods: Growth curve observation and colony forming units counting were applied to
detect the antibacterial effect of GO-Cu nanocomposites on S. mutans. Scanning electron
microscopy and the crystal violet assay were used to detect nanocomposite effects on biofilm
forming ability. The production and distribution of exopolysaccharides within biofilm was
analyzed and the expression of genes required for biofilm formation was explored. Moreover,
the regulatory landscape of GO-Cu nanocomposites on S. mutans pathogenicity was probed.
Results: It has been found that GO-Gu nanocomposites were antibacterial to S. mutans and
10 pg/mL GO-Cu nanocomposites could inhibit the bacteria bioactivity instead of killing
them. The biomass of S. mutans biofilm was significantly reduced when treated with 10 pg/
mL GO-Cu nanocomposites. Also, 10 pg/mL GO-Cu nanocomposites could alter the biofilm
architecture and impair exopolysaccharides production and distribution, and dysregulated the
expression of exopolysaccharide-associated genes.

Conclusion: In all, we found low-dose GO-Cu nanocomposites could disrupt exopolysac-
charide matrix assembly and further impair optimal biofilm development with minimal
cytotoxicity. Therefore, GO-Cu nanocomposites can open up a new avenue for the develop-
ment of alternative anti-caries biomaterials.

Keywords: graphene oxide-copper nanocomposites, anti-biofilm, Streptococcus mutans,
exopolysaccharides, dental caries

Introduction

Dental caries is a typical biofilm-dependent disease, which is considered as the single
most prevalent and costly oral microbial disease.' Caries-causing biofilms consist of
highly organized microbial communities that are embedded in a condensed matrix of
extracellular polymeric substances.” The matrix provides a multifunctional scaffold
for structured organization and stability of the cariogenic biofilm.** The major matrix
components in oral biofilms associated with dental caries are exopolysaccharides,
particularly Streptococcus mutans-derived glucans.’ The cariogenic S. mutans speci-
fically metabolizes dietary sucrose into insoluble exopolysaccharides, which enhance
bacterial adhesion—cohesion and accumulation on the tooth surface, promoting the
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formation of caries-causing acidogenic biofilm.*” Thus,
S. mutans has been considered as a key modulator in the
caries development due to its crucial capacity to synthesize
and distribute exopolysaccharides in dental biofilms.
Currently, more attention is focused on the development of
suitable materials targeting S. mutans and, thus, to control
the pathologic condition. However, the widely explored
biocides, such as chlorhexidine, with strong bactericidal
ability can affect the homeostasis of the oral microbiome.®
Novel approaches against S. mutans with appropriate inhibi-
tion of cell growth but enhanced efficacy inactivating exo-
polysaccharides production would be highly desirable.

Development of effective antibacterial material faces
many challenges; it should provide effective antibacterial
activity and exopolysaccharide matrix inhibition in situ,
superior biocompatibility, and property of developing no
resistance.” Nowadays, ever-growing attention has been
focused on metal nanoparticles due to their high reactivity
and little antibiotic resistance.'®'" Copper (Cu) is an essen-
tial trace element for our health as it is a cofactor of various
enzymes, but free copper is toxic to living cells.'? Copper
nanoparticles (CulNPs) have been used in many fields for its
multi-functional bioactivity.'>'* It is noteworthy that CuNPs
can degrade the genomic DNA to exert their antibacterial
effect.'> Compromising DNA in this way has a role in pre-
venting resistance mutations and inhibiting the potential
transmission of antibiotic resistance genes.'® For clinical
applications, CuNPs require coatings as uncoated nanoparti-
cles lack stability in physiological media due to their strong
tendency to self-aggregation.' Ideally, the presence of coat-
ings would improve biofilm targeting and maintain activity,
while enhancing biocompatibility, which could result in
a more practical and specific anti-biofilm treatment.
Graphene oxide (GO) is a product of the oxidation and
exfoliation of graphite.'”'® Compared with graphene, GO
has more oxygen-containing functional groups, which
advantageously allows for combination with other bioactive
molecules.'” In prior study, we fabricated graphene oxide-
copper nanocomposites (GO-Cu), which could effectively
disperse CuNPs in water by acting as a substrate to anchor
nanoparticles. Also, GO-Cu nanocomposites achieved the
prolonged release of CuNPs, thus enhancing the biofunctions
of CuNPs.?’ Based on that, we proposed GO-Cu nanocom-
posites with great potential as antibacterial material could
target S. mutans growth and pathogenicity.

In this study, we evaluated the antibacterial and anti-
biofilm properties of GO-Cu nanocomposites on cario-
genic S. mutans. The effect of GO-Cu nanocomposites

on exopolysaccharides matrix synthesis and exopolysac-
charide-related gene expression were also detected.
Moreover, the regulatory landscape of GO-Cu nanocom-
posites on S. mutans pathogenicity was probed. Together,
we aim to propose the original use of a novel hybrid
nanoparticle, the GO-Cu nanocomposites, as promising
nanomaterial against cariogenic S. mutans. Exploitation
of antibacterial nanomaterials can open up a new avenue
for development of cariostatic approach.

Materials and Methods
Materials, Bacterial Strains and Culture

Conditions

GO-Cu nanocomposites were fabricated according to the
previous reports.’® The CuSO, solution was gradually
added into prepared GO solution and the final concentra-
tion of GO-Cu nanocomposites solution was defined as
1.5 mg/mL. The S. mutans wild type (WT) strain UA159
was applied as control group. The oligonucleotide primers
are presented in Table 1. All primers designed using
MacVector 7.0 software were purchased commercially
(Sangon Biotech, Shanghai, China) and were based on
the sequence of the S. mutans UA159 (ATCC 700610)
genome.?! The strains were grown in brain heart infusion
(BHI) medium (Oxoid, Basingstoke, UK) in an atmo-
sphere of 80% N, and 20% CO, at 37°C. When needed,
the medium was supplemented with 1% sucrose (BHIS).

Growth Curve Determination

Overnight cultures of WT strains grown in BHI broth were
diluted by 1:20 in fresh BHI broth and incubated at 37°C
until the ODggg nm reached 0.3. Then, the diluted bacterial
suspension was diluted by 1:10 with BHI broth, and was
used for growth curve analysis.”> GO-Cu nanocomposites
solution was diluted with culture medium at 2.5 pg/mL as
the starting concentration. The 96-well plate was sealed
and the bacteria were cultured at 37°C. Bacterial cell
growth was monitored with a Multiskan Spectrum
(SpectraMax M5, Sunnyvale, USA), and the ODgpp nm
were measured at 1-hour intervals. All measurements and
comparisons were performed in triplicate. The representa-
tive growth curve of three independent experiments was
plotted in Figure 1A.

Colony Forming Units Counting Method
Overnight cultures of WT strains grown in BHI broth were
diluted by 1:20 in fresh BHI broth and cultivated to
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Table | List of Oligonucleotide Primers Used in This Study

Primers Nucleotide Sequences Amplification Size (bp)
qRT-PCR
gyrA-F 5" ATTGTTGCTCGGGCTCTTCCAG 3 105
gyrA-R 5" ATGCGGCTTGTCAGGAGTAACC 3
gtfB-F 5" ACACTTTCGGGTGGCTTG 3’ 127
gtfB-R 5" GCTTAGATGTCACTTCGGTTG 3’
gtfC-F 5" CCAAAATGGTATTATGGCTGTCG 3 136
gtfC-R 5" TGAGTCTCTATCAAAGTAACGCAG3’
gtfD-F 5" AATGAAATTCGCAGCGGACTTGAG 3 245
gtfD-R 5" TTAGCCTGACGCATGTCTTCATTGTA 3
gbpB-F 5" AGCAACAGAAGCACAACCATCAG 3 150
gbpB-R 5" CCACCATTACCCCAGTAGTTTCC 3’
dexA-F 5" AGGGCTGACTGCTTCTGGAGT 3’ 142
dexA-R 5" AGTGCCAAGACTGACGCTTTG ¥
rnc-F 5" CAGCCTCTTGCTCTGCTAATTTT 3 150
rnc-R 5" AAGTTGACGGGGATGTTTTGAT 3’

OD¢oo nm = 0.3. Different concentrations of GO-Cu nano-
composites solution were added into the culture and co-
incubated for 2 hours.”> Bacteria treated with isotonic
saline were used as control. Samples taken from each
group were treated by Vortex 3 (IKA, Staufen, Germany)
for cell dispersal and serially diluted, then plated onto Petri
dishes. After 24-hour cultivation, the numbers of viable
cells in each group were calculated by counting colony
forming units (CFU).

Cell Culture, Live/Dead Assay and Cell
Counting Kit-8 Assay

Human fibroblasts were purchased from Cyagen Bioscience
(HXXFB-00001, Cyagen Bioscience, Suzhou, China) and
cultured with human fibroblasts culture medium kit
(HXXFB-90011) at 37°C in a humidified atmosphere with
5% CO,. Human fibroblasts were seeded in 12-well plate at
a density of 10x10* cells/mL and cultured with different
concentration of GO-Cu (0, 2.5, 5, 10 pg/mL). After cultur-
ing for 24 hours, the cells were washed with phosphate-
buffered saline (PBS) and Calcein-AM/propidium iodide
(P) working solution (Beyotime, Shanghai, China) was
added and incubated for 30 minutes at 37°C. Then the images
were taken using a fluorescence microscope (Olympus,
Shinjuku, Japan). Human fibroblasts were seeded 1x10*
cells/well in 96-well plate. CCK-8 kit (Dojindo, Shanghai,
China) was used to access the proliferation of human fibro-
blasts cultured with GO-Cu at day 3 and day 7. At the
relevant time points, cells were washed by PBS and replaced

with 100 pL CCK-8 working (serum-free human

fibroblasts culture medium/CCK-8 = 10:1). After incubated
in 37°C for 1 hour, the solution was transferred to a new 96-
well plate and the absorbance at 450 nm was measured with
a Multiskan Spectrum (SpectraMax M5, Sunnyvale, USA).

Crystal Violet Microtiter Assay

Biofilm growth was assessed as previously described.”* The
biomass of the S. mutans biofilms was determined by crystal
violet (CV) microtiter assay. Each well of a 96-well plate
was inoculated with 2 plL exponential cultures (ODgoo nm =
0.3) of bacteria and 200 pL. BHIS and different concentra-
tions of GO-Cu nanocomposites solution. After anaerobic
incubation for 24 hours, the formed biofilms were washed 3
times with phosphate-buffered saline (pH 7.2) to remove
non-adherent cells, air dried, and stained with 0.1% (w/v)
CV for 15 mins. The bound dye was extracted from the
stained cells with 1 mL destaining solution (ethanol:acetone
8:2). Biofilm formation was then quantified by measuring
the optical density of the solution at 575 nm.

Confocal Laser Scanning Microscopy

Each well of a 24-well plate contained a round glass slide
(diameter = 8 mm) with 20 pl exponential cultures
(ODgop nm = 0.3) of bacteria and 2 mL BHIS. GO-Cu
nanocomposites solution was diluted with culture medium
to 10 pg/mL. To analyze the structure and viability of the
nanocomposite-treated and WT S. mutans biofilms, we
used confocal laser scanning microscopy (CLSM) for
live/dead staining. The biofilms were stained after 24
hours of growth using the LIVE/DEAD BacLight Kit
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(ThermoFisher, Eugene, USA). Live bacteria were stained
with SYTO 9, whereas dead bacteria were stained with
propidium iodide. Biofilm images were captured by setting
gates at 495-515 nm for SYTO 9 and 655-690 nm for
propidium iodide. Green indicated live bacteria and red
indicated dead bacteria.

For analyzing exopolysaccharide production and distri-
bution within nanocomposite-treated and control S. mutans
biofilms, we used CLSM for exopolysaccharide/bacterial
staining. Briefly, 1 uM Alexa Fluor 647 (Invitrogen,
Eugene, OR, USA) and 2.5 uM SYTO 9 (Invitrogen,
Carlsbad, USA) were used to label exopolysaccharides
and bacterial cells, respectively, in situ. The biofilms were
observed by using Ar (514/488 nm) and He-Ne (543 nm)
lasers. Green indicated bacteria and red indicated exopoly-
saccharide. A three-dimensional reconstruction of the bio-
films was analyzed using Imaris 7.0.0 software (Bitplane,
Zurich, Switzerland). The optical density values for the
exopolysaccharides and each strain of bacteria were ana-
lyzed by Image] software to obtain the exopolysaccharides/
bacteria optical density ratio. These experiments and calcu-
lations were repeated six times (N = 6).

Anthrone Method

Exopolysaccharides from 24 hours of 10 pg/mL GO-Cu
nanocomposite-treated and WT S. mutans biofilms were
extracted and purified according to previous protocols.>*
For the anthrone method, standard curves were prepared
with a dextran standard using various concentrations
Figure S1. Four milliliters of the anthrone reagent was
added to 1 mL sample solutions and heated at 95°C for 6
minutes. The absorbance of each sample at 625 nm was
monitored on a microplate spectrophotometer (Shimadzu
atm9700, Japan). The corresponding polysaccharide con-
centration was calculated according to the standard curve.

Gene Expression Assay by qRT-PCR

gRT-PCR was performed to determine the transcript levels
of exopolysaccharide-associated genes in samples of nano-
composite-treated and WT 24-hour S. mutans biofilm. Each
well of a 6-well plate was inoculated with 40 uL exponential
cultures (ODggg nm = 0.3) of bacteria and 4 mL BHIS. GO-
Cu nanocomposites solution was diluted with culture med-
ium to 10 pg/mL. After bacterial biofilms were established
for 24 hours, the biofilm samples were harvested on ice.
After scraping, cells were collected by centrifugation
(4500 rpm, 2422 x g) and RNA was immediately stabilized

using the RNAprotect Bacteria Reagent (QIAGEN,

Valencia, USA). Cells were then re-suspended in 100 mL
of lysis buffer (30 mg/mL lysozyme, [pH 8.0]) and incu-
bated at 37°C with gentle agitation for 30 minutes. RNA was
extracted and purified using the classic TRIzol-chloroform
protocol (Invitrogen, Carlsbad, USA). Total RNA reverse
transcription was performed with the RNeasy purification kit
(Qiagen, Valencia, USA). qPCR was conducted as described
by the manufacturer using a Bio-Rad CFX96 TM Real-Time
System (Bio-Rad, Hercules, CA, USA) and the QuantiTect
SYBR-Green PCR kit (Qiagen, Valencia, USA). qPCR was
performed using specific primers for the gtfB/C/D, rnc,
dexA, and gbpB genes, and gyrAd as a reference gene. All
primers for qRT-PCR were obtained commercially (Sangon
Biotech, Shanghai, China) and are listed in Table 1. We used
technical replicates for each gene tested and at least 3
biological replicates in each experiment.

RNA Sequencing and Data Analysis

Samples of 10 pg/mL nanocomposite-treated and WT
S. mutans were grown in fresh BHI until mid-exponential
phase. Total RNA was isolated as described above. After
c¢DNA libraries generation, the PCR products were used for
sequencing by Illumina technology on Novaseq-PE150
(Illumina, San Diego, USA). Raw sequences were processed
using [llumina PIPELINE software and then subjected to
a series of data filtration steps for analyses. The annotated
differential expression genes (DEGs) were found in GO-Cu
~vs WT comparison group. The Blast2 GO program was
used to assign gene ontology (GO) terms with an E-value
<10°. Annotations of S. mutans unigenes were then used to
predict biochemical pathways using the Pathway Tools.
Kyoto Encyclopedia of Genes and Genomes (KEGG) path-
ways were retrieved from KEGG web server (http://www.

genome.ip/kcgg/).

Statistical Analysis

All experiments were performed in triplicate with at least 3
biological replicates. Statistical analyses of the data were
performed using SPSS 16.0 (SPSS Inc., Chicago, USA). The
Shapiro—Wilk and Bartlett tests were used to assess whether
the data were parametric or not. For parametric testing,
Fisher tests and one-way ANOVA were used to detect sig-
nificant effects of variables. For nonparametric testing, the
Kruskal-Wallis test and least significant difference multiple
comparisons were used. Differences between means of data
were considered significant if the p value was <0.05.
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Results
Antibacterial Activity of GO-Cu

Nanocomposites on S. mutans
In order to evaluate whether this novel GO-Cu nanomaterial
could affect growth of S. mutans or not, we first pictured the
growth curves of planktonic S. mutans with different con-
centrations of GO-Cu nanocomposites, 2.5, 5, 10, 20, 40
and 80 pg/mL, respectively. Figure 1A reveals GO-Cu
nanocomposites could repress the growth of S. mutans
cells. Remarkably, the repression efficiency of this nanoma-
terial was positively correlated to the concentration. When
the concentration reached to 80 pg/mL, the growth capacity
of S. mutans was seriously impaired.

Moreover, we applied a classic CFU counting method to
evaluate antibacterial effect of GO-Cu nanocomposites on
S. mutans viability. Similar to the results of growth curve

>
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0.4+

0.3+

Bacterial growth (ODgqg ym)

0.0

detection, the exposure of tested bacteria to GO-Cu nano-
composites induced a relevant mortality rate in a dose-
dependent manner (Figure 1B). However, we found that the
CFU counting decreased sharply from 10 pg/mL group (35.1
+1.56%) to 20 pg/mL group (5.1+0.98%). In summary, it has
been found that GO-Gu nanocomposites were antibacterial to
S. mutans and low-dose GO-Gu nanocomposites could inhi-
bit the bacteria bioactivity instead of killing them.

The Reduced Cytotoxicity of GO-Cu

Nanocomposites on Fibroblasts

As shown in Figure 2A, cells exerted strong green fluor-
escence and no red stained nuclei and morphological
changes were seen, suggesting that human fibroblasts
were viable when cultured with 2.5, 5 and 10 pg/mL of
GO-Cu. Besides, CCK-8 assay was performed to detect
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Figure | Antibacterial activity of GO-Cu nanocomposites on cariogenic S. mutans. (A) The growth curves of the S. mutans wild-type strain treated with different
concentrations of GO-Cu nanocomposites for 24 hours. (B) CFU counting was applied to evaluate the actual antimicrobial effect of GO-Cu nanocomposites. With the
treatment of 2.5, 5, 10, 20, 40, and 80 ug/mL GO-Cu nanocomposites for 2 hours, after 10-fold series dilution, S. mutans bacterial suspensions were plated onto Petri dishes,
respectively. Viability was calculated by the following formula: viability % = counts of samples incubation with treatment/counts of samples without treatment. Data are

shown as mean * SD *p < 0.05, ¥*p < 0.01, ***p < 0.001 (vs control).
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Figure 2 Effect of low-dose GO-Cu on cell viability and proliferation. (A) Fluorescence and bright field images of Live/Dead assay. The viable cells appeared green and dead
cells showed red in nuclei. (B) CCK-8 was performed after 3 and 7 days of cell culture. Data are shown as mean * SD.

proliferation activity of human fibroblasts. As shown in
Figure 2B, after culturing with GO-Cu for 3 days and 7
days, the proliferation activity was increased and no sta-
tistically significant differences were seen between groups.

Characterization the Anti-Biofilm Effect
of GO-Cu Nanocomposites

We first evaluate the anti-biofilm activity of different con-
centrations of GO-Gu nanocomposites on S. mutans. The
biofilm of S. mutans were cultivated with 2.5, 5 and 10 pg/
mL GO-Cu nanocomposites for 24 hours. The biomass of
biofilms treated with 10 pg/mL significantly decreased
compared to control, while other two groups treated with
2.5 and 5 pg/mL GO-Cu nanocomposites did not
(Figure 3A). Thus, to investigate the specific anti-biofilm
activity of GO-Cu nanocomposites, 10 pg/mL were chosen
as test concentration for the subsequent experiments.

Interestingly, the biomass of 10 pg/mL GO-treated group
was similar to the control group after 24-hour cultivation,
indicating that the anti-biofilm activity of GO-Cu nanocom-
posites mainly based on the released Cu ions (Figure 3A).
Besides, the dynamic biofilm formation ability of S. mutans
treated with 10 pg/mL GO-Cu nanocomposites was checked.
Biofilms were grown on control or GO-Cu nanocomposites,
and the biomass was analyzed at various time points repre-
senting early, middle and mature-stages of development (8,
16 and 24 hours). The results showed 10 pg/mL GO-Cu
nanocomposites could repress S. mutans biofilm develop-
ment during all stages of biofilm formation (Figure 3B).

GO-Cu Nanocomposites Altered

S. mutans Biofilm Architecture
In order to compare S. mutans biofilm structure between the
group with/without 10 pg/mL GO-Cu nanocomposites,
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Figure 3 Biofilm disruption by the low-dose GO-Cu nanocomposites. (A) Biomass of 24-hour S. mutans biofilms with the treatment of low-dose GO-Cu nanocomposites,
GO particles and CuNPs, respectively. (B) Biomass measurement at different time points. Dynamics of biofilm disruption after treatments with low-dose GO-Cu
nanocomposites were calculated. (C) Representative live/dead staining images of 24-hour biofilms of S. mutans between the control group and GO-Cu nanocomposites
group (10 ug/mL). Live bacteria were stained green by SYTO 9, and dead bacteria were stained red by Pl. Data are shown as mean * SD *p < 0.05 (vs control).

Abbreviation: ns, not significant.

confocal laser scanning microscopy (CLSM) was performed.
Representative confocal images showed the WT strain
formed a tenacious, well-structured and three-dimensional
biofilm. On the contrary, the GO-Cu nanocomposites-
treated  biofilm
sparsely distributed across the surface (Figure 3C). Similar

showed small bacterial clusters
to the CFU counting, the live/dead staining assay revealed
the live bacteria (in green) in the group of GO-Cu nanocom-

posites slightly reduced when compared to the control group.

GO-Cu Nanocomposites Impaired
Exopolysaccharides Production and

Distribution
We reasoned that GO-Cu nanocomposites may impair the
synthesis of exopolysaccharides, which therefore limit the

formation of biofilm. To better illustrate this, we visualized
the production and distribution of the glucan matrix using
a dextran-conjugated cascade dye by CLSM (Figure 4).
Compared to the control group, the GO-Cu nanocomposites-
treated group showed less exopolysaccharides within the bio-
film in two-dimensional vision. Moreover, the control group
showed a three-dimensional biofilm of dense microcolonies
surrounded by compact exopolysaccharides matrix. In sharp
contrast, the GO-Cu nanocomposites-treated group showed
dispersive exopolysaccharides and sparse cell accumulation.
Specifically, the antibacterial GO-Cu nanocomposites
impaired the ability of S. mutans to form exopolysaccharides,
resulting in weak accumulation of bacteria and further influen-
cing the formation of organized bacterial clusters on the

surface.
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Figure 4 Exopolysaccharides production and distribution with in biofilm treated with low-dose GO-Cu nanocomposites. (A) Representative three-dimensional reconstruc-
tions of 24-hour biofilms of S. mutans between the control group and GO-Cu nanocomposites group. Bacterial cells were stained with SYTO 9 (in green) and
exopolysaccharides were labeled with Alexa Fluor 647 (in red), scale bars, 50 um. Images were taken at 63% magnification. (B) Exopolysachharide/bacteria biomass using
Imaris 7.0.0 and Image Pro Plus (*p < 0.05). (C) Amount of WSG and WIG measured using the anthrone method (*p < 0.05).

GO-Cu Nanocomposites
Dysregulated the Expression of

Exopolysaccharide-Associated Genes

The expression profiles of the gtf/B/C/D, rnc, dexA, and
gbpB genes in the 24-hour biofilm phase are shown in
Figure 5. Compared with the control group of WT
strain without treatment in the BHIS medium, the
expression of gtfB, gtfC and gbpB in 10 pg/mL GO-
Cu nanocomposites-treated group was decreased, and
the expression of rnc gene was up-regulated. However,
the expression of gtfB, gtfC and gbpB between GO-Cu
nanocomposites-treated and control group in BHI med-
ium were similar. The data revealed that the regulation
of GO-Cu nanocomposites on expression of gtfB, gtfC
involved in

and gbpB genes sucrose-dependent

functions.

Probing the Regulatory Landscape of

GO-Cu Nanocomposites on S. mutans

The RNA-seq was employed to illustrate the underlying
regulatory landscape of GO-Cu nanocomposites on
S. mutans pathogenicity. The samples were collected at
middle-exponential phase and treated for sequencing. The
Pearson correlation coefficients (PCCs) among every two
samples were testified among 0.8-1, indicating the
sequence data were reliable (Figure 6A). The result of
RNA-seq was attached as Table S1. After a series of data
analyses, the total of 26 DEGs were found in GO-Cu
_vs_WT comparison group. Volcano analysis showed 5
genes were up-regulated and 21 genes were down-
regulated in the 10 pg/mL GO-Cu nanocomposites-
treated group, compared to the control group WT strain
without treatment (Figure 6B). In particular, the expression
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Figure 5 Dysregulation of exopolysaccharide-associated genes by the low-dose GO-Cu nanocomposites. gtfB/C/D, rnc, dexA, and gbpB expressions of the control group and
GO-Cu nanocomposites group in the 24-hour biofilm phase measured by qRT-PCR. The results are presented as the mean + SD. *p < 0.05.

of copZ (encoding copper chaperone, SMU 427), copY
(encoding negative transcriptional regulator CopY,
SMU_424) were up-regulated by 2.69-, 2.35-folds, while
the expression of mreD (encoding cell shape-determining
protein MreD, SMU 21) was down-regulated by 0.40-
folds in GO-Cu_vs WT comparison group (Figure 6C
and D). Besides, GO analysis and KEGG pathway analysis
were both applied to functional annotation of DEGs.
According to GO functions, all DEGs were classified
into three categories: cellular component (CC), molecular
function (MF) and biological process (BP). As shown in
Figure 6E, the annotated DEGs were enriched in carbohy-
drate transport and carbohydrate transmembrane transpor-
ter activity. Similarly, the KEGG pathway enrichment
showed the fructose and mannose metabolism pathway
was dominant (Figure 6F). Collectively, the annotation
statistics for transcriptome analyses both showed 10 ug/
mL GO-Cu nanocomposites affected carbohydrate utiliza-
tion of S. mutans.

Discussion

In the present study, we provide evidence of a new hybrid
nanoparticle, graphene oxide-copper nanocomposites, can
effectively impair bioactivity of cariogenic S. mutans to
produce exopolysaccharides and further suppress biofilm
formation (Figure 7). Importantly, the antibacterial effect of
GO-Cu nanocomposites at low doses (<10 pg/mL) has been
proved to mainly rely on the intrinsic dysregulation of car-
bohydrate metabolism, instead of direct bactericidal effect.
Such properties impair glucan matrix production and thwart
cariogenic biofilm accumulation, without deleterious side

effects. It may lead to improved and efficacious formulations
to develop potential cariostatic agents.

Unlike current antimicrobial approaches, the GO-Cu
nanocomposites can exert their anti-caries ability by impair-
ment of matrix production and slight inhibition of cell
growth. Conventional antimicrobial agents mainly rely on
their effective bactericidal effects. Although antibiotics have
been reported to attack cariogenic pathogens efficiently, the
use of antibiotics can impact negatively on the bacterial flora
of oral cavity and develop resistance.'® Chlorhexidine, fluor-
ide, hydrogen peroxide, and other chemical bactericides are
capable of killing bacterial pathogens in the planktonic state,
but incapable of degrading exopolysaccharides and far less
effective against biofilms.?>*® Besides, the adverse effects of
chlorhexidine and fluoride when usage at appropriate dosage,
such as tartar formation and dental fluorosis, need to be taken
into consideration.”’*® In terms of dosage, the present study
confirmed the low-dose GO-Gu nanocomposites were suita-
ble to paralyze S. mutans to form well-structured biofilms. In
particular, the results of growth curves and CFU counting
both estimated that the antibacterial activity of GO-Cu nano-
composites were dose-dependent, and 10 pg/mL GO-Gu
nanocomposites could inhibit S. mutans growth instead of
killing them. Moreover, the biomass of mature biofilm was
significantly decreased in 10 pg/mL GO-Cu nanocompo-
sites-treated group, and the scattered microcolonies core
devoid of exopolysaccharides were captured by CLSM.
Comparatively, the control group formed a “mushroom”-
like biofilm with large amounts glucan matrix. Previous
studies reported that zinc oxide?® and silver nanoparticles
as well as iron oxide nanozymes®' have been proposed as
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Figure 6 Probing the regulatory landscape of GO-Cu nanocomposites on S. mutans. (A) The Pearson correlation coefficients analyses of each group. (B) The results of
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anti-biofilm agents due to their high peroxidase-like catalytic
activity in acidic environments. Compared to these antimi-
crobial nanomaterials, GO-Gu nanocomposites provide an

important  additional mechanism by repression of

exopolysaccharides production for caries prevention. This
application of GO-Cu nanocomposites may have broader
reach as exopolysaccharides are important components in
most biofilms.
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Figure 7 The suppression of biofilm formation of GO-Cu nanocomposites on cariogenic S. mutans.

Furthermore, we investigated the potential molecular
mechanism underlying the repression of GO-Gu nanocom-
posites on exopolysaccharides production. The expression
levels of exopolysaccharide-associated genes were checked
at 24-hour biofilm phage. The down-regulation of g#/B and
gtfC genes in 10 pg/mL GO-Cu nanocomposites-treated
group was accounted for by the decreased exopolysacchar-
ides. Briefly, the g#f gene family, known as the encoding
model glucosyltransferases (Gtfs) in S. mutans, can directly
synthesize exopolysaccharides from sucrose®>** The Gtfs
are responsible for glucan production that maintains the
integrity of the biofilm matrix and might explain the impaired
biofilms observed.”** However, as we all know, the genes
responsible for glucan matrix formation are not only the
genes directed to but also some regulator genes. In
a previous study we found rnc gene could occur and function
in biofilm formation, and it directly responded to stimulation
and regulated its target genes by posttranscriptional
repression®**™ In particular, rnc could repress the expression
of vicRKX at both mRNA and protein levels. As we have
known, the VicRK two-component system can promote the
expression of gffB/C genes and cell wall homeostasis.>*’
Consistent with the negative effect of rnc gene, the expres-
sion of rnc was significantly increased in 10 pg/mL GO-Cu
nanocomposites-treated group. Similar to our findings, GO-
AgNPs have been reported to involve in down-regulation in
gene expressions of S. mutans that regulate the biological

processes of adherence and quorum sensing.*® Moreover, as
a complement, regulatory landscape of 10 pg/mL GO-Cu
nanocomposites on S. mutans pathogenicity were probed.
Among the 26 DEGs found in GO-Cu_vs WT comparison
group, the altered expressions of copZ, copY and mreD were
dominant. The cariogenic pathogen S. mutans manages
excess copper using the copYAZ operon that encodes
a negative DNA-binding repressor (CopY), the P1-ATPase
copper exporter (CopA), and the copper chaperone (CopZ).*’
The increased expressions of copZ and copY confirmed that
GO-Cu nanocomposites could release of CuNPs to exploit
their antibacterial effect. Recent study reported in the pre-
sence of copper, transcriptional repression of gi#fs was
observed in copYAZ deletion strain biofilms relative to their
levels of transcription in the wild-type strain biofilms.** The
negative regulatory role of copper in the transcription of the
gtf genes was similar to our findings. The mreD gene has
been confirmed to encode morphogenetic protein that is
required for propagation of a uniform cell shape.*' The
decreased expression of mreD gene indicated the nanoparti-
cles might disrupt the homeostasis of cell shape synthesis.
Besides, we enriched the annotated DEGs by GO and KEGG
pathway, respectively. It is notable that both GO and KEGG
analyses showed low-dose GO-Cu nanocomposites affected
carbohydrate utilization of S. mutans. Collectively, low-dose
GO-Cu nanocomposites could dysregulate the carbohydrate
metabolism of S. mutans and led to a low amount of
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exopolysaccharides, which in part account for the collapsed
biofilm forming ability.

Conclusion

In summary, we found GO-Cu nanocomposites could dis-
rupt exopolysaccharide matrix assembly and further impair
optimal biofilm development with minimal cytotoxicity.
The nanoparticle-based therapy is indeed attractive,
which could lead to a therapeutic platform to develop
cariostatic approach. Future clinical studies to assess
whether applications of GO-Cu nanocomposites can pre-
vent dental caries are worthy of exploration.
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