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A B S T R A C T

Several studies have focused on the antimicrobial effects of cerium oxide nanoparticles (CeO2-NP) but few have
focused on their effects on bacteria under initial biofilm formation conditions. Streptococcus mutans is a prolific
biofilm former contributing to dental caries in the presence of fermentable carbohydrates and is a recognized
target for therapeutic intervention. CeO2-NP derived solely from Ce(IV) salt hydrolysis were found to reduce
adherent bacteria by approximately 40% while commercial dispersions of “bare” CeO2-NP (e.g., 3 nm, 10–20 nm,
30 nm diameter) and Ce(NO3)3·6H2O were either inactive or observed to slightly increase biofilm formation
under similar in vitro conditions. Planktonic growth and dispersal assays support a non-bactericidal mode of
biofilm inhibition active in the initial phases of S. mutans biofilm production. Human cell proliferation assays
suggest only minor effects of hydrolyzed Ce(IV) salts on cellular metabolism at concentrations up to 1 mM Ce,
with less observed toxicity compared to equimolar concentrations of AgNO3. The results presented herein have
implications in clinical dentistry.

1. Introduction

The composition of clinically relevant biofilms varies significantly
depending on the tissue, host and local environment. The oral cavity is
home to a diverse array of microorganisms with varying capacities to
form biofilms [1]. Streptococc us mutans is among the robust tooth-ad-
hering biofilm formers in the presence of fermentable carbohydrates
(e.g., sucrose). This increased capacity for biofilm production by S.
mutans is strongly associated with dental caries [2]. As such, S. mutans
has long been the target of antimicrobial therapy to limit tooth decay
and associated comorbidities [3]. Inorganic tooth-applied agents (e.g.,
AgNO3, silver diamine fluoride) are effective at arresting tooth decay,
yet they are non-selective bactericidal agents whose repeated admin-
istration has raised concerns of emerging bacterial resistance [4,5] and
deleterious effects on the oral microbiota. Although agents with selec-
tive toxicity for highly cariogenic species are welcomed, none are
currently available for clinical use. As such, tooth-applied biofilm in-
hibitors with non-lethal mechanisms of action have defined the search

in preventive dentistry with the aim of limiting the effects on the en-
tirety of the oral microbiota.

The use of nanoparticles in preventive and restorative dentistry has
received considerable interest in recent years [6,7]. Cerium oxide na-
noparticles (CeO2-NP) are an attractive option for oral application due
to their diverse range of sizes and morphologies attributed to variations
in synthetic methodology [8]. This morphological diversity may be
harnessed into differential medicinal activity [8]. Although the anti-
microbial activity of CeO2-NP has been the subject of several studies
and a recent review [9], their effects on biofilm communities have only
been reported recently [10–13]. Fewer studies have focused on the
interaction of sublethal concentrations of CeO2-NP with defined bac-
teria cultures under the initial biofilm formation conditions. Masadeh
et al. [14] recently concluded that CeO2-NP (25–50 nm) were inactive
as biofilm inhibitors and they also reduced the activity of known an-
timicrobial agents against a panel of selected bacteria. Xu et al. reported
that CeO2-NP (50 nm) accelerated in vitro biofilm formation in P. aer-
uginosa [15]. It was postulated that bacterial exposure to “bare” CeO2-
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NP of this size increased cell surface hydrophobicity, aggregation and
the production of reactive oxygen species (ROS) potentiating quorum
sensing pathways and enhancing biofilm production [15,16]. The goal
of the present study was to expand upon the literature regarding CeO2-
NP as a biofilm inhibiting agent of clinically relevant pathogens. CeO2-
NP prepared from Ce(IV) salt hydrolysis [17–20] were screened against
“bare” CeO2-NP of variable size and Ce(NO3)3·6H2O for their ability to
perturb initial in vitro biofilm formation of the clinically relevant pa-
thogen, S. mutans. The aggregation and dispersion properties of simi-
larly sized CeO2-NP obtained from different synthetic methodology
were also investigated offering insight into the variable biological ac-
tivity observed.

2. Results and discussion

2.1. In vitro adherent bacteria assays

The initial screen for S. mutans biofilm inhibition was carried out
utilizing 125 μM Ce-containing agents of varying properties on a
polystyrene (PS) plate (See Fig. 1). All Ce-containing solutions were
prepared as 5 mM (Ce ion) stock solutions (aged<30 min) at room

temperature (rt) for consistency and diluted to 125 μM in brain heart
infusion (BHI) media containing cells (and 1% sucrose) grown to mid
log phase. It should be noted that no statistical difference in inhibitory
activity was found when hydrolyzed Ce(IV) salts were allowed to age
20 h (at rt) prior to the static biofilm inhibition assays. Commercial
dispersions of “bare” CeO2-NP: 3 nm solution diameter (Strem, 20%
dispersion, pH 3.5 ± 0.75), 10–20 nm solution diameter (Alfa Aesar,
20% dispersion, pH 1.5), 30 nm (Alfa Aesar, 15% dispersion) and Ce
(NO3)3·6H2O were either inactive or slightly increased biofilm growth
of S. mutans at 20 h under the above conditions. In contrast, both hy-
drolyzed CAN (ceric ammonium nitrate) and CAS (ceric ammonium
sulfate) displayed a significant reduction in adherent cells (approxi-
mately 40%) of S. mutans (See Fig. 1). Further, dilution of a 1 N solution
of H2[Ce(NO3)6] similar to reported methods known to produce CeO2-
NP [17] was found to limit biofilm growth of S. mutans comparable to
CAN and CAS (data not shown). No inhibition was observed with either
1 mM NH4NO3 (AN) or (NH4)2SO4 (AS), the byproducts of ceric am-
monium salt hydrolysis. The addition of 4 equivalents of AS to stock
solutions containing any of the commercially prepared CeO2-NP (3 nm,
10–20 nm, 30 nm) did not result in increased biofilm inhibition. Fur-
ther, balancing both the nitrate content and acidity of a CeO2-NP (3 nm,
Strem) dispersion (with 4 M HNO3) to an equivalent amount present in
H2[Ce(NO3)6] did not result in a statistically significant increase in
biofilm inhibition at 125 μM (Ce).

2.2. Fluorescence microscopy of adherent biofilm

Light microscopy with fluorescent labeling further supported dis-
ruption of S. mutans biofilm formation by hydrolyzed Ce(IV) salts.
SYPRO™ Ruby Biofilm Matrix Stain (Invitrogen) was used to stain the
adherent biofilm post-wash according manufacturers' protocol.
Reduction in adherent biofilm was observed in the treated wells
(250 μM CAS) as compared to the positive control in Fig. 2.

2.3. Planktonic cellular growth curve analysis

The planktonic growth of S. mutans in BHI (37 °C, 5% CO2) was
measured in 30 min intervals in the presence of 500 μM CAN and CAS
over 10 h (See Fig. 3). Fig. 3 shows that 500 μM CAS had a minimal
effect on the planktonic growth of S. mutans, while CAN had a lagging
effect on the planktonic growth rate that becomes comparable with the
positive control over several h. The concentration of CAN and CAS in
this assay was 500 μM, approximately four-fold the concentration uti-
lized in the initial screening assay in the same growth media (BHI).
Thus, the significant reduction in adherent bacteria observed in the
initial screening assay (Fig. 1) is attributed to non-bactericidal me-
chanism(s).
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Fig. 1. The ratio of adherent bacteria (compared to positive control) from the
treatment of S. mutans UA159 with Ce-containing agents (125 μM Ce) [CN= Ce
(NO3)3·6H2O] and ammonium salts (AN, AS) (1 mM) BHI, 1% sucrose, 37 °C,
5% CO2 for 20 h. *p < 0.05, #p < 0.0001, Student t-test. The purple stained
wells below are indicative of varying levels of adherent bacteria.

Fig. 2. Microscopic images (10×) of adherent S. mutans UA159 grown for 20 h at 37 °C, 5% CO2 in BHI. The untreated wells (left) displayed significantly more
biofilm growth than 250 μM CAS treated wells (right).
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2.4. Dose dependent adherent bacteria reduction (IC50 determination)

A dose response curve was developed quantifying the effects of
varying concentrations (0–1 mM) of CAN on the adherent cells of S.
mutans grown under similar conditions utilized in the initial screening
assay (37 °C, 5% CO2, 1% sucrose) (See Supplemental Data, Fig. S1).
The IC50 value for reduction in adherent bacteria is 137 μM (±24 μM)
CAN. This demonstrates that the reduction in adherent cells under the
initial phase of biofilm growth is directly proportional to the con-
centration of CAN present.

2.5. Bacterial cell viability assay

The above results prompted further studies on the effects of higher
concentrations of hydrolyzed Ce(IV) salts (1 mM) on the planktonic
growth of two different and related bacteria that reside in the human
oral cavity. S. mutans and S. sobrinus 6715 were exposed to 1 mM CAN,
CAS or AgNO3 in BHI growth media and allowed to grow 20 h (See
Table 1) under similar conditions (no sucrose added) of the initial
screening assay. Visible turbidity (++) was noticeable in all wells
containing either 1 mM CAN or CAS after 20 h. In contrast, wells
containing 1 mM AgNO3 showed no visible signs (−−) of growth. The
results demonstrate that both CAN and CAS do not inhibit S. mutans or
S. sobrinus growth at 1 mM (Ce) in BHI, nearly eight times the con-
centration utilized in the initial screening assay.

2.6. Biofilm dispersal assay

Biofilm dispersal assays [21] were carried out to investigate if hy-
drolyzed Ce(IV) salts can disrupt the immature biofilm matrix produced
by S. mutans. The use of 500 μM CAS as a dispersal agent resulted in a
non-statistically significant reduction of adherent bacteria compared to
the positive control. The dispersal assay was carried out with a CAS
concentration four times that utilized in the initial screening assay de-
scribed above. Non-targeted chemical disruption of the biomolecular
components of the biofilm matrix by CAS as a mechanism of adherent

cell reduction is unlikely, as a significant dispersal rate would have
been achieved in this experiment. Instead, it is likely the hydrolyzed Ce
(IV) salts target specific cellular events or biomolecules critical to the
initial phases of biofilm formation.

2.7. Sucrose metabolism assay (acid production)

CeO2-NP exhibit enzymatic activity based upon their surface oxi-
dation state(s) and size in the media of interest [22]. Sucrose is both a
building block for the synthesis of extracellular polysaccharides and an
energy source for S. mutans. A sucrose metabolism assay was carried out
similarly to reported methods [23] to test if the hydrolyzed Ce(IV) salts
irreversibly modify sucrose in complex growth media so as to prevent
its metabolism. Phenol Red Broth Base media was chosen both to limit
media acidification due to the metabolism of other manufacturer added
carbohydrates as well as to mimic the properties of BHI. At both 5 and
20 h incubation, a similar media acidification was observed (See Sup-
plemental Data, Table S1) among the positive control and the Ce(IV)
treated media. It is unlikely that the hydrolyzed Ce(IV) salts are irre-
versibly modifying sucrose to limit its metabolism in growth media.

2.8. Human cell proliferation assays

A human cell proliferation assay (24 h) was carried out testing the
effects of hydrolyzed Ce(IV) salts and AgNO3 (0–1 mM) on the meta-
bolic activity of oral derived human cells, TIGK and HGF. AgNO3 was
used as the standard of clinical comparison, as it is utilized as a tooth-
applied dental caries arresting agent. Similar metal ion concentrations
of both CAN and CAS had less overall effect on the metabolic activity of
TIGKs and HGFs as compared to AgNO3. As shown in Fig. 4, treatment
of both human cell populations with equimolar doses of AgNO3 was
consistent with statistically more cytotoxicity as compared to equiva-
lent doses of hydrolyzed Ce(IV) salts CAN and CAS. It should be noted
that intraoral application of Ag-containing agents are often applied at
significantly higher concentrations than shown below.

2.9. Dynamic light scattering (DLS) studies

The hydrolysis of CAN or [Ce(NO3)6]2− yields an acidic solution
with six equivalents of NO3

− per one equivalent of Ce (See Eq. (1)).
Raising the pH of CeO2-NP obtained from Ce(IV) hydrolysis to remove
adsorbed NO3

− leads to aggregation and precipitation [17,19]. A 5 mM
solution of [Ce(NO3)6]2− (or CAN) produces 30 mM NO3

− upon hy-
drolysis, which must be accounted for in the DLS analysis. The com-
mercially available CeO2-NP screened for biological activity have zero
(or limited) NO3

− present in the dispersion. Thus, the commercially
supplied CeO2-NP dispersions were diluted to a concentration of 5 mM
Ce and 30 mM KNO3 to provide a consistent NO3

− containing media for
all species tested (See Supplemental Data, Fig. S2 A–E) with little
change to the existing pH found upon simple dilution.

+ +H [Ce(NO ) ] 2H O CeO 6HNO2 3 6 2 2 3 (1)

Both CAN and [Ce(NO3)6]2− (30 mM NO3
−) had average peak

hydrodynamic diameters of approximately 9–10 nm (See Supplemental
Data, Fig. S2 A–B). CeO2-NP's prepared from Ce(IV) hydrolysis (e.g. [Ce
(NO3)6]2−) had a narrowed intensity distribution compared to com-
mercially available CeO2-NP of similar size (3 nm, Strem) in 30 mM
KNO3 (See Fig. 5). Fig. 6 illustrates the effect of a more strongly co-
ordinating salt (40 mM KCl) on the hydrodynamic diameter and dis-
tribution of [Ce(NO3)6]2− vs CeO2-NP (3 nm, Strem) in acidic media
(See Fig. 6). At pH 7.4 (50 mM KH2HPO4) CeO2-NP prepared from the
hydrolysis of [Ce(NO3)6]2− aggregate to form a monodispersed dis-
tribution (Fig. 7) with limited stability over several h. Under the same
pH conditions, CeO2-NP (3 nm, Strem) fails to from an interpretable
dispersion. It should be noted the average pH of the BHI (growth media)
utilized in the cell based experiments is approximately 7.4.

Fig. 3. Planktonic growth curves of S. mutans UA159 with 500 μM CAN and
CAS treated cells in BHI at 37 °C and 5% CO2 for 10 h. Measurements were run
in triplicate. Error bars represent standard deviation of the triplicate mea-
surements.

Table 1
Planktonic cell viability assay with 1 mM metal ion.

BHI, 37 °C, 5% CO2, 20 h OD600 CAN CAS AgNO3

S. mutans 0.010 ++ ++ −−
S. sobrinus 0.010 ++ ++ −−
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2.10. Scanning transmission electron microscopy (STEM) and electron
energy-loss spectroscopy (EELS)

CeO2-NP prepared by [Ce(NO3)6]2− hydrolysis and “bare” CeO2-NP
(3 nm, Strem) were encapsulated in graphene liquid cells [24] for STEM
high-angle annular dark-field (HAADF) imaging and EELS analysis. The
low-magnification HAADF images of hydrolyzed [Ce(NO3)6]2− and
CeO2-NP (3 nm, Strem) are shown as inserts in Fig. 8a–b, respectively.
We find that compared with CeO2-NP (3 nm, Strem), CeO2-NP prepared

by [Ce(NO3)6]2− hydrolysis tend to aggregate more, even after the
samples were diluted significantly during the sample preparation pro-
cess. Atomic-resolution HAADF images of the aggregated CeO2-NP are
shown in Fig. 8a–b. The lattice fringes of the CeO2 nanoparticles can be
clearly seen, indicating that the CeO2-NP are fully crystalline. We did
not observe any amorphous surface layer in either sample tested. De-
tailed analysis of many HAADF images revealed that the particle size in
both samples is 3.5 nm on average, with a very narrow particle size
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distribution. To confirm the oxidation state of aqueous dispersed CeO2-
NP, we performed EELS on CeO2-NP encapsulated within the graphene
liquid cells. Specifically, we have used the Ce M-edges to determine the
Ce valence state. The CeM-edge splits into two prominent peaks, the M5

and the M4 edges due to spin-orbit coupling of the initial states. Pre-
vious reports of Ce valence state analysis using EELS have found that
the Ce M5/M4 ratio closely tracks with the Ce oxidation state, where the
M4 peak shows a higher intensity than the M5 peak for Ce(IV), while the
M4 peak is lower in intensity than the M5 peak in Ce(III) [24,25]. The
Ce M-edge spectra for both samples are shown in Fig. 8c) and d)
showing a higher intensity of the M4 peak, corresponding to a Ce(IV)
(i.e. fully stoichiometric CeO2). We need to point out that for CeO2-NP
not dispersed in solution, but rather exposed to the vacuum of the
transmission electron microscopy (TEM) column, we find that the va-
lence state is reduced to Ce(III), as expected for particles with an
average size of 3.5 nm [25].

2.11. CeO2-NP surface properties and biological activity

The most suitable comparison between CeO2-NP utilized in this
study is between hydrolyzed [Ce(NO3)6]2− and CeO2-NP (3 nm, Strem)
due to the equivalent size (avg 3.5 nm), predominately Ce(IV) oxidation
state and absence of ammonium ions. Hydrolyzed [Ce(NO3)6]2− are
more stable at both higher ionic strength and as an aggregate at pH 7.4
compared to CeO2-NP (3 nm, Strem). This underscores the idea that
differential surface reactivity and aggregation properties exists between
the two species of CeO2-NP. This is brought about by the different
synthetic methodology, specifically, the hydrolysis of a high valent
Lewis acid yielding strongly acidic media, excess absorbable anions and
a high surface area. [17]. It is likely the enhanced in vitro biofilm in-
hibiting capacity observed with hydrolyzed Ce(IV) salts reflects their
differential surface reactivity and/or stability towards the biomolecular

components of the growth media. This includes the potential for vari-
able release and/or reduction of Ce(IV) ions on the CeO2-NP surface
[10]. It has been previously observed that the protein (or biomolecular)
corona on the surface of metal oxide NPs has a significant influence on
the resultant biological activity [26,27]. In the present study, it was
found that rigorous mixing of hydrolyzed Ce(IV) salts in the growth
media prior to initiation of adherent bacteria assays reduced their in-
hibitory activity - supporting a significant role of both surface reactivity
and the protein corona on the observed biological activity. This study
sets forth that the mechanism(s) of biofilm inhibition by hydrolyzed Ce
(IV) salts is/are non-bactericidal at the concentrations tested. Further,
the mechanism of biofilm inhibition is not consistent with irreversible
reactivity of CeO2-NP toward sucrose or non-targeted chemical dis-
ruption of the macromolecular components of the extracellular matrix
as the predominate mode of biofilm inhibition. Current studies are
underway to investigate not only the chemical reactivity with biological
media components but also a relevant biological mechanism of activity.

3. Conclusions

CeO2-NP of variable size and synthetic methodology were screened
for the in vitro reduction of adherent S. mutans biofilm formation in
complex growth media. While commercially available “bare” CeO2-NP
were ineffective at reducing adherent cells at the concentrations tested,
hydrolyzed Ce(IV) salts prepared in strongly acidic media were active
as in vitro biofilm inhibitors (IC50 = 137 μM). The inhibition likely
takes place in the initial phases of biofilm formation utilizing one or
multiple non-bactericidal mechanisms. Differences in biofilm inhibition
between hydrolyzed Ce(IV) salts and commercially prepared CeO2-NP
of similar size (3.5 nm), distribution and oxidation state [Ce(IV)] are
not attributed solely to the solution acidity, exogenous ions present
(e.g., NH4

+, NO3−, etc.) nor cytotoxicity. Further mechanistic studies

Fig. 8. Atomic-resolution high-angle an-
nular dark field (HAADF) STEM images of
(a) hydrolyzed [Ce(NO3)6]2− and (b) CeO2-
NP (3 nm, Strem) in graphene liquid cells.
Inserts showlow magnification images of
the nanoparticles. Electron energy-loss
spectroscopy (EELS) of the Ce M-edges for
(c) hydrolyzed [Ce(NO3)6]2− and (d) CeO2-
NP (3 nm, Strem) in graphene liquid cells,
showing the M4/M5 ratio expected for a Ce
(IV) valence state.
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are underway focusing on both the chemical and biological aspects of
biofilm inhibition of S. mutans and related species.

4. Materials and methods

All chemical reagents were purchased commercially and utilized
without further purification. Ultrapure Milli-Q® water was used to
prepare all samples for Dynamic Light Scattering (DLS), TEM data
collection and UV–Vis Spectroscopy. Ceric ammonium nitrate hexahy-
drate (99.9%) (CAN) was purchased from Sigma-Aldrich, ceric ammo-
nium sulfate dihydrate (98%) (CAS) was purchased from Acros and Ce
(NO3)3·6H2O (99.5%) was purchased from Alfa Aesar. Ceric nitrate
(1.0 N aqueous solution) was purchased from GFS Chemicals
(Columbus, Ohio). Commercially available “bare” cerium oxide nano-
particles (CeO2-NP) were purchased and stored as the following col-
loidal dispersions: (1) Strem Chemicals (Newbury MA), 3 nm diameter
CeO2-NP, stored as an acidic dispersion at pH 3.5 ± 0.75, (2) Alfa
Aesar (Ward Hill, MA) 10–20 nm diameter CeO2-NP (20%), stored as an
acidic dispersion at pH 1.5 with 0.2 mol NO3

- per mole CeO2-NP, and
(3) Alfa Aesar, 30 nm diameter CeO2-NP (15%). AgNO3 and NH4NO3

were purchased from Ward's Science and KNO3, KCl and (NH4)2SO4

were purchased from Fisher Scientific. Disposable BrandTech PMMA
cuvettes (Cole-Parmer, Vernon Hills, IL) were used for DLS measure-
ments. Bacterial cultures were prepared from frozen glycerol stocks of
Streptococcus mutans (UA159) or Streptococcus sobrinus (6715) in either
sterilized Brain Heart Infusion (BHI) growth media (Criterion) or
Phenol Red Broth Base (Sigma-Aldrich). All pH measurements were
carried out on a Mettler Toledo FE20 benchtop pH meter following
acidic and neutral pH calibration.

4.1. Hydrolysis/dilution of Ce(IV) salts

CeO2-NP from Ceric Ammonium Nitrate. Following a similar pre-
paration reported by Pettinger et al. [19], ceric ammonium nitrate
hexahydrate (Aldrich, 13.7 mg) (CAN) was dissolved in 5.0 mL of
deionized water at room temperature (rt) with gentle mixing for 20 s to
afford a 5 mM (Ce) stock solution. The faint-orange colored solution
faded within min to yield a clear dispersion. The UV–Vis absorption
spectrum of CAN (NanoDrop™ 2000/2000c, Thermo Fisher) in H2O
(150 μM Ce) was in agreement with the literature, with a well-defined
shoulder peak at 290 nm that intensifies significantly upon standing in
solution over several h and an intense peak at approximately 230 nm is
attributed to the absorption of NO3

− [19]. (See Supplemental Data, Fig.
S3).

CeO2-NP from Ceric Ammonium Sulfate. A 5 mM (Ce) stock solution
of ceric ammonium sulfate dihydrate (CAS) was prepared by dissolving
CAS (15.8 mg) in 5.0 mL of deionized (DI) water at rt with gentle
mixing for 20 s to produce an acidic dispersion of CeO2-NP. The yellow
tinted color faded within s to produce a clear dispersion. The UV–Vis
absorption spectrum of CAS in H2O (150 μM Ce) lacked a well-defined
peak at 290 nm (and 230 nm) previously observed with CAN. Instead, a
broadened peak with an absorption maximum at 275 nm was observed.
(See Supplemental Data, Fig. S3).

CeO2-NP from Ceric Nitrate. A 5 mM (Ce) stock solution of ceric
nitrate (H2[Ce(NO3)6]) was prepared by diluting a 1.0 N solution of
H2[Ce(NO3)6] (25 μL) to 5.0 mL with 4.975 mL of DI water at rt with
gentle mixing to produce an acidic dispersion of CeO2-NP [17]. The
deep yellow color faded over several min to produce a clear, acidic
dispersion of CeO2-NP.

4.2. Dynamic light scattering (DLS)

All size vs intensity data was collected at the UIC Nanotechnology
Core Facility (NCF) utilizing a Malvern Zetasizer ZSP. The hydro-
dynamic diameter of each Ce-containing sample was collected as a
function of intensity weighted distribution in a 30 mM NO3

− buffer

prepared in Milli-Q® water (18.2 MΩ). CAN and H2[Ce(NO3)6] were
dissolved in Milli-Q® water to yield solutions containing 5 mM Ce and
30 mM NO3

−. Commercially “bare” dispersions of CeO2-NP were di-
luted with 30 mM KNO3 solutions. This step was carried out to provide
a consistent level of NO3

− in each Ce-containing sample for DLS ana-
lysis. Both CAN and H2[Ce(NO3)6] yield six moles of NO3

− present per
each mole of Ce(IV) present, while commercially available, “bare”
CeO2-NP (Strem, Alfa Aesar) have zero (or small amounts of) NO3

-

present. Following standing at rt for 30–40 min, each Ce-containing
sample was then vortexed for 2 min before being transferred into a
polymethylmethacrylate (PMMA) disposable cuvette for an initial
analysis (Supplemental Data, Fig. S2A–E). Additionally, a solution of
KCl was added to stock solutions of H2[Ce(NO3)6] and CeO2-NP (3 nm,
Strem) in 30 mM NO3

− to afford a higher ionic strength buffer with a
stronger coordinating ligand (Cl-) (Fig. 6). All size measurements were
carried out with a minimum of 12 replicates and reported as an average
intensity weighted distribution utilizing a 633 nm laser and a back-
scattering angle of 173°.

4.3. High resolution transmission electron microscopy (HR-TEM), STEM
and EELS

HR-TEM images were recorded by a JEOL JEM-3010 microscope
(operating at 300 kV) equipped with a Gatan Orius CCD camera for
imaging and a Thermal-Noran XEDS detector. Solutions of CAN and
CAS (5 mM) were dissolved in Ultrapure Milli-Q water, vortexed gently
and allowed to stand approximately 20 h at rt prior to recording
images. Dispersions were then further diluted 5-fold and to a con-
centration of approximately 1 mM Ce and pipetted (3–5 μL) onto a 400
Cu square mesh holey carbon TEM grid [21,22]. Excess water from the
grid was wicked away and then dried in a vacuum desiccator for a
minimum of 30 min prior to HR-TEM image collection (See Supple-
mental Data, Figs. S4–S5). The atomic resolution Z-contrast images and
EELS maps were collected using the JEOL ARM200CF aberration cor-
rected STEM with a cold-field emission gun operated at an acceleration
voltage of 80 kV. The HAADF images were acquired using an annular
dark-field detector with a collection angle ranging from 90 to 175 mrad.
The probe convergence semi-angle was set to 29 mrad, which yields a
probe size of 1 Å at 80 kV and a probe current of 62 pA. EELS char-
acterization was conducted using the post-column Gatan Continuum
GIF spectrometers. Samples were encapsulated in graphene liquid cells
with aqueous media as previously reported [28–31]. H2[Ce(NO3)6] and
CeO2-NP (3 nm, Strem) samples were diluted to 5 mM (Ce) in Ultrapure
Milli-Q water and stored at cold temperature prior to encapsulation.

4.4. In vitro adherent bacteria assay

An overnight culture of S. mutans UA159 was diluted and grown to
mid exponential growth phase (OD600 = 0.5–0.6) in BHIgrowth
media. The cells were diluted 40-fold into a BHI/1% sucrose solution
and transferred to a 96-well, tissue cultured, PS microtiter plate. The
wells of the microtiter plate were inoculated with freshly diluted BHI
containing S. mutans and 1% sucrose and each appropriate stock solu-
tion to afford either 125 μM Ce containing agents or 1 mM NH4NO3/
(NH4)2SO4 to a total volume of 200 μL in each well. All stock solutions
were prepared (hydrolyzed or diluted) within 30 min of addition to
each microtiter plate. The wells were mixed gently with a microchannel
pipette following addition of each agent. Both experimental and control
wells were set up with six replicates. The microtiter plate was then
placed in an incubator under the following conditions: 37 °C, 5% CO2

for 20 h in the absence of light. Following the 20 h incubation time, the
plates were gently submerged in a water bath 3–4 times to remove
excess non-adherent cells and cellular debris. Each well was then
stained with 200 μL of 0.1% crystal violet (CV) stain for approximately
30 min at 37 °C. The microtiter plate was then gently re-submerged
(washed) in a deionized water bath, to remove excess dye and dry for a
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minimum of 24 h. The dyed contents of each well were re-dissolved in
33% acetic acid with repeated mixing and diluted with DI water. The
absorbance of each well at 570 nm (ABS570) was then recorded with a
Victor3v plate reader, and the average absorbance of the six replicates
were recorded. The ratio of the adherent bacteria present in the test
wells vs. the positive control was determined by Eq. (2) and plotted in
Fig. 1 as the mean ± SD. Note negative control absorbances at 570 nm
were subtracted from each positive control and test well value.

= +Adherent Bacteria Ratio [(ABS570 )/(ABS570 )]test well control (2)

4.5. Fluorescence microscopy of adherent biofilm

Lab-Tek® Chamber slide (8-well Permacol® Slide) was inoculated
with S. mutans (BHI, 1% sucrose) in a manner similar as described
above. The wells were run in duplicate, incorporating positive and
negative controls, as well as 125 μM and 250 μM CAS treated wells at a
volume of 400 μL. After 20 h of incubation at 37 °C, 5% CO2, the
chamber slide was rinsed gently with sterilized, deionized water to
remove nonadherent cellular debris. Each well was then stained with
400 μL FilmTracer ™ SYPRO® Ruby Biofilm matrix stain according to
the manufacturer's protocol. The chamber slide was then rinsed gently,
and the chamber components were removed to allow visualization of
the microscopic slide. 30 μL of sterilized water was added to each well
and then a coverslip was placed. The slide was then viewed under a
Nikon Eclipse E600 microscope at 10× magnification utilizing a TRITC
emission filter.

4.6. Dose dependent reduction in adherent bacteria (IC50 determination)

The same protocol for culturing S. mutans UA159, dilutions and
inoculation of a 96-well microtiter PS plate was followed as described
above. A 5 mM stock solution of CAN was freshly prepared within
30 min of addition to the PS plate. The final volume of each well (test
and controls) was 200 μL. Both test wells and controls were run with six
replicates. The loaded microtiter plate was placed in an incubator at
37 °C, 5% CO2 for 20 h in the absence of light. The same workup de-
scribed above for removing non-adherent cells/debris, staining with
0.1% CV, quantification of retained CV stain on the Victor3v plate
(ABS570) was followed. The adherent bacteria reduction was de-
termined by Eq. (3) and plotted in Fig. S1 as the mean ± SD. The
positive control was taken as the zero value for adherent bacteria re-
duction. Note negative control absorbances at 570 nm were subtracted
from each positive control and test well value.

= + +Adherent Bacteria Reduction [(ABS570 ABS570 )/(ABS570 )]control test well control

(3)

4.7. Bacterial cell viability assay

A similar protocol for overnight culturing of S. mutans UA159 was
also employed for S. sobrinus 6715. Each culture was separately grown
to mid log phase and diluted 40-fold similarly to above (the initial
OD600 is reported in Table I). S. mutans and S. sobrinus and were then
exposed to 1 mM CAN, CAS or AgNO3 from pre-dissolved 5 mM (metal
ion) solutions and diluted accordingly into a 24 well PS plate. The plate
was allowed to stand for 20 h at 37 °C, 5% CO2. Well turbidity was
judged visually and designated with a positive sign (++).

4.8. Sucrose metabolism assay

A similar protocol for culturing of S. mutans UA159 in BHI and
growing to mid log phase was followed as described earlier. A 4 mL
culture was centrifuged down to a pellet at 4000g (10 min). To the
pellet was added 4 mL of PBS solution, vortexed for 30 s, and re-cen-
trifuged for 10 min (4000g). The wash cycle was repeated 3× to rid the

sample of additional carbohydrates from BHI. Following the washing
steps, the cell pellet was re-suspended in PBS to a final OD600 of 0.4. To
45 mL of sterilized Phenol Red Broth Base media was added a portion of
the above PBS stock culture of S. mutans (40 fold dilution). Each au-
toclaved borosilicate glass tube (13 × 100 mm) was loaded with
2.85 mL of Phenol Red Broth Base media (with or without 1% sucrose),
0.150 mL CAN, 0.150 mL CAS or 0.150 mL of DI water for the positive
control to total a 5.0 mL solutions in each tube. The media was allowed
to grow for 20 h at 37 °C and 5% CO2. Media acidity measurements
were taken at 5 and 20 h. At each measurement, 1 mL of media broth
was removed, diluted with 1 mL of DI water and the pH was recorded
with a Mettler Toledo FE20 benchtop pH meter. The average pH of the
triplicate measurement are reported in Table S1 (See Supplemental
Data).

4.9. Biofilm dispersal assay

The same protocol for culturing S. mutans UA159, dilution(s) and
inoculation of a 96-well microtiter PS plate was followed as described
above. The positive control and test wells were prepared with a final
volume of 200 μL (BHI + cells) and the negative control was prepared
with only 200 μL BHI. The loaded microtiter plate was placed in an
incubator at 37 °C, 5% CO2 for 6 h in the absence of light. After 6 h, the
planktonic cells were removed, the adherent biofilm rinsed (0.9% NaCl)
and replaced with fresh 200 μL BHI (controls) or BHI/500 μM CAS (test
wells). The same workup described above was used for removing non-
adherent cells/debris, staining with 0.1% CV, quantification of retained
CV on the Victor3v plate reader (ABS570) and calculation of adherent
bacteria reduction (Eq. (3)). Note negative control absorbances at
570 nm were subtracted from each positive control and test well value.

4.10. Bacterial cell growth curve

A similar protocol for culturing S. mutans UA159, dilution(s) and
inoculation of a 96-well microtiter PS plate was followed as described
above. Test agents included 500 μM CAN and CAS and all test wells,
positive and negative controls were run in triplicate. The OD600 of each
well was recorded every 30 min for 10 h on a Victor3v plate reader. The
average OD600 for each of the three triplicate runs (with standard
deviation) was reported.

4.11. Human cell proliferation assays

3000 human telomerase immortalized gingival keratinocytes (TIGK,
ATCC, Manassas, VA)/well were seeded in a 96-well plate in a culture
medium (DermaLife K Medium Complete Kit, Lifeline Cell Technology)
without the use of antibiotics. Two hours later, 10 mM stock solutions
of CAN, CAS and AgNO3 filtered through a 0.450 μM filter were used to
deliver concentrations ranging from 125 to 1000 μM in the wells con-
taining the cells were incubated for further 24 h. Cells were cultured in
an incubator at 37 °C in 5% CO2 environment. Cells without the addi-
tion of metal ions was used as the baseline control. Each treatment
condition had three replicates. A cell proliferation assay was performed
using CellTiter 96® Aqueous Non-Radioactive Cell Proliferation Assay
kit (Promega, Madison, WI) per manufacturer's instructions. OD490
was read using a spectrophotometer (SPECTRAmax Plus, Molecular
Devices, San Jose, CA). A similar human cell proliferation assay uti-
lizing the same metal containing solutions was carried out with primary
human gingival fibroblasts (HGF, ATCC, Manassas, VA) cultured in a
DMEM (ThermoFisher, Scientific, Catalog No. 11965) with 10% FBS.

5. Data analysis

DLS, planktonic growth and dose dependent adherent bacteria re-
duction curves (IC50) were plotted on SigmaPlot (Systat Software Inc.,
San Jose, CA). All data utilizing bacteria were expressed as the
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mean ± SD. The curve generated from the dose dependent adherent
bacteria reduction assay was fit to the Hill equation (3-parameter) to
arrive at the reported IC50 value. Adherent bacteria and human cell
proliferation data are expressed as means ± SD and plotted on
GraphPad (GraphPad Software Inc., San Diego, CA). The Student t-test
(two way) analysis of all test substances were performed using
GraphPad Prism software where p values < 0.05 were considered
statistically significant.
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CAS ceric ammonium sulfate
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