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Abstract

Severe tooth decay has been associated with iron deficiency anemia that disproportionally burdens
susceptible populations. Current modalities are insufficient in severe cases where pathogenic
dental biofilms rapidly accumulate, requiring new antibiofilm approaches. Here, we show that
ferumoxytol, a Food and Drug Administration-approved nanoparticle formulation for treating

iron deficiency, exerts an alternative therapeutic activity via the catalytic activation of hydrogen
peroxide, which targets bacterial pathogens in biofilms and suppresses tooth enamel decay in an
intraoral human disease model. Data reveal the potent antimicrobial specificity of ferumoxytol
iron oxide nanoparticles (FerlONP) against biofilms harboring Streptococcus mutans via
preferential binding that promotes bacterial killing through /7n situ free-radical generation. Further
analysis indicates that the targeting mechanism involves interactions of FerlONP with pathogen-
specific glucan-binding proteins, which have a minimal effect on commensal streptococci. In
addition, we demonstrate that FerlONP can detect pathogenic biofilms on natural teeth via a
facile colorimetric reaction. Our findings provide clinical evidence and the theranostic potential of
catalytic nanoparticles as a targeted anti-infective nanomedicine.
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INTRODUCTION

Dental caries (tooth decay) is an unresolved public health problem that affects more

than 2.3 billion people worldwide, particularly impoverished and medically compromised
populations.1=3 In particular, iron deficiency anemia is strongly associated with severe dental
caries.*-8 Current approaches are insufficient for susceptible populations, particularly in
severe cases where pathogenic biofilms rapidly accumulate due to sugar-rich diets and

poor oral hygiene and lead to the onset of caries that cannot be effectively controlled.® In
caries-inducing (cariogenic) biofilms, microorganisms form highly organized and protected
biostructures that create localized acidic pH microenvironments, promoting cariogenic
bacteria growth and acid dissolution of the tooth enamel.1911 Available antimicrobial
modalities are restricted to broad-spectrum agents that lack efficacy and targeting specificity
against cariogenic biofilms and have limited effects against dental caries.1213 To overcome
these challenges, new antibiofilm strategies are needed to target acidogenic properties

under high cariogenic (sugar exposure and poor oral hygiene) conditions found in high-risk
individuals.

Bioactive nanoparticles have shown remarkable versatility for targeting microbes in biofilms
through multiple functionalities, ranging from enhanced penetration and drug delivery to
on-demand activation in response to environmental stimuli.14-17 Among them, catalytic

iron oxide nanoparticles with enzyme-like properties (also termed nanozymes) are rapidly
emerging due to their promising therapeutic activity in animal models.1819 We have
reported that an iron oxide nanoparticle formulation known as ferumoxytol (FerlONP),
which was approved by the Food and Drug Administration (FDA) for systemic use to treat
iron deficiency, can disrupt cariogenic biofilms through acidic pH activation of hydrogen
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peroxide via catalytic (peroxidase-like) activity when used topically in a rodent model.2°
However, its biological actions against biofilms formed in the human mouth are unknown,
which would be critical to assess the targeting efficacy and clinical translatability of the
FerlONP-based approach.

Here, we conducted a randomized crossover study whereby FerlONP treatments were
performed on human subjects using a wearable intraoral appliance with implanted natural
tooth enamel under severe conditions conducive of dental caries. We found that FerlONP
displayed a potent antimicrobial specificity against biofilms harboring Streptococcus mutans
(a cariogenic pathogen) but not against other oral bacteria, which resulted in the significant
reduction of enamel demineralization. Further analyses revealed that FerlONP preferentially
bound to S. mutans through a glucan-binding mechanism and selectively killed the pathogen
through the localized generation of reactive oxygen species (ROS) /n situ. In addition, we
showed the possibility of using FerlONP for cariogenic biofilm detection using the catalytic
mechanism. This dual functionality is summarized in Figure 1A. Together, we present the
first human study demonstrating the potential therapeutic application of catalytic iron oxide
nanoparticles (nanozymes) as a targeted nanomedicine against an oral infectious disease.

RESULTS AND DISCUSSION

FerlONP As an Antibiofilm and Caries Preventive Therapy.

To mimic the high-risk caries conditions in susceptible populations (high sugar intake and
poor oral hygiene), we designed an intraoral model (Figure 1B) that allowed natural biofilm
formation on the tooth enamel surface under frequent sucrose exposure without mechanical
biofilm removal (brushing). In this model, treatments can be applied directly onto biofilm-
covered enamel specimens and the entire intact samples can be recovered with minimal
disturbance (Figure 1C), allowing the simultaneous evaluation of the localized (/n situ)
effects on biofilm accumulation and enamel demineralization. Furthermore, the specimens
were exposed to a sugar (20% sucrose, v/v) solution four times a day with no mechanical
cleaning (brushing) to mimic high-risk caries conditions (Figure 1C). We analyzed and
compared the biological activity of the topical applications of FerlONP/H,0, (twice daily;
after breakfast and before bedtime) with a vehicle control and with H,O, alone. The topical
FerlONP dosage (1.5 mg per day) was based on previous /7 vivo and preliminary studies and
was 340x less than the FDA-approved dose for systemic use (intravenous injection). The low
amounts of FerlONP used here efficiently catalyze hydrogen peroxide (H,O,) at an acidic
pH via peroxidase-like activity (Figure 1A and Figure S1). FerlONP alone was not included
because it is inactive, as determined in both laboratory and rodent models.20 The subjects
wore the custom-fit appliances with enamel specimens in place for three treatment periods
(Figure 1D, Figure S2A) and were monitored for adverse effects and compliance at each
visit (Figure S2B). There were no reported complications or adverse events associated with
the treatment (Figure S3).

At the end of each study period, the intraoral appliances were removed, and the biofilms
were subjected to microbiological (viable cells) and confocal imaging (spatial organization)
analyses.2%:21 We found no effect on the number of total viable cells in the biofilms treated
with FerlONP/H,05 (Figure 2A). Our previous study showed potent killing activity toward
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cariogenic species 7 vitro, particularly S. mutans,?? suggesting selective antimicrobial
activity. To explore this possibility, we analyzed a subset of the data from subjects who had
S. mutans detected at the baseline. Remarkably, we observed that S. mutans was completely
eradicated from biofilms treated with FerlONP/H,0, (Figure 2B). Confocal images also
confirmed the microbiological data showing that biofilms harboring S. mutans cells (in
green) were effectively inhibited (Figures 2C) after FerlONP/H,05 treatment, suggesting the
targeting specificity against this organism.

Next, we evaluated the effect of FerlONP/H,05 on tooth enamel demineralization (decay)
using the surface microhardness (SMH) analysis. Only FerlONP/H,0, significantly reduced
the level of demineralization compared to the vehicle control (Figure 2D) despite the

high cariogenic challenge induced by daily sucrose exposure. The therapeutic effect

was more pronounced in individuals with S. mutans carriage (Figure 2E). This is
particularly noteworthy because individuals with S. mutans displayed higher levels of
enamel demineralization. Altogether, the data show antibiofilm and anticaries properties

of FerlONP/H,0, under severe cariogenic conditions in humans. Moreover, FerlONP/H,04
displays a more targeted therapeutic effect on subjects harboring S. mutans, a cariogenic
pathogen commonly found in severe cases of dental caries.23:24

FerlONP Binds and Preferentially Kills S. mutans via In Situ H,O, Catalysis.

Given the potential targeting effect of FerlONP/H,05, we hypothesized that (1) FerlONP
could preferentially bind to S. mutans compared to other species and (2) thereby produce
ROS in close proximity to more effectively kill this organism at an acidic pH. To probe
these questions, we incubated FerlONP (1 mg/mL) with S. mutans or other oral commensal
streptococci, including Streptococcus oralis, Streptococcus gordonii, and Streptococcus
sanguinis, and assessed their binding profiles. As seen in Figure 3A, FerlONP bound
significantly more to S. mutans compared to other strains, indicating a higher binding
affinity to S. mutans. We also tested Actinomyces naeslundii (a nonstreptococcal species)
and found a similar outcome (Figure S4). Cell viability was also assessed with the addition
of H,0, after the incubation of FerlONP. The data showed that enhanced binding resulted
in more effective bacterial killing of S. mutans after exposure to H,O, (>4-log reduction
in viable counts compared to the control, Figure 3B), while the other species were not
substantially affected.

The differences in FerlONP binding and subsequent killing may be due to the interactions
between FerlONP and S. mutans’ surface proteins. FerlONP is a nanoparticle comprised
of an iron oxide core coated with carboxymethyl-dextran, which could bind specifically
to S. mutans as this organism expresses several cell membrane-associated glucan-binding
proteins.2%:26 At least two glucan-binding proteins (Gbps; GbpA and GbpC) other than
glucosyltransferases (Gtfs, particularly GtfB and GtfC) with a glucan-binding domain
are uniquely expressed in high levels by S. mutans, which can directly mediate binding
interactions with dextran or dextran-coated surfaces.2>27:28 To assess this hypothesis, we
used Gbp and Gtf mutant strains of S. mutansto examine the FerlONP binding capacity.
We found that the bacterial binding of FerlONP was significantly reduced, with much
lower amounts of iron bound to either the Gbp or Gtf mutant strains compared to the
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wild types (Figure 3C). Interestingly, the deletion of either GbpA or GbpC significantly
impaired FerlONP binding to S. mutans. GbpA is a secreted protein associated with the
cell surface, while GbpC appears to be anchored to the cell wall.2> GbpA contains a high
percentage of S-sheets in the carboxyl-terminal region, which may provide optimal folding
and facilitate binding to glucans.2®> Conversely, GbpC shares structural similarities with the
V region of antigen I/Il and harbors unique loop regions in the lectin-like S-supersandwich
fold that allow specific dextran binding with a high affinity.2% Thus, the dextran binding
interactions mediated by GbpA and GbpC may be distinctive but equally effective. Whether
the deletion of GbpC can affect GbpA protein synthesis and secretion or the glucan binding
affinity and vice versa remains to be elucidated, which may provide further insights on the
FerlONP binding mechanism. Nevertheless, our findings can partially explain the enhanced
pathogen killing by FerlONP/H,05 since its preferential binding to S. mutans would result
in localized ROS generation in close proximity to the bacterial cell, especially given that
ROS has a brief lifespan30:31 and does not diffuse over long distances.32

To further elucidate the selective bacterial killing, we employed high-resolution fluorescence
imaging with the simultaneous analysis of cell viability and ROS generation /7 situ. To
visualize the distribution of live and dead bacteria, intact bacteria were labeled with SYTO
60, and propidium iodide (PI) was used to determine nonviable cells. For ROS, we used a
fluorescent probe, hydroxyphenyl fluorescein (HPF), to detect hydroxyl radicals.22 FerlONP
(1 mg/mL) was added to an actively growing bacterial cells (S. mutans or S. oralis),

which were exposed to H,O, and then observed using confocal microscopy. We found

that most S. mutans cells were killed (in red) after treatment with FerlONP/H,05, which
was accompanied by the generation of large amounts of ROS (in purple) /n situ (Figure 3D).
In contrast, only a small proportion of S. oralis cells were affected, and much fewer ROS
were observed. Interestingly, the spatial distribution of ROS signals matched the position of
the dead cells, indicating that bacterial killing mainly originated from the oxidative damage.
Consistent with our confocal findings, quantitative analysis confirmed that most of the S.
mutans cells were killed (Figure 3E) with a large amount of ROS (Figure 3F) compared

to S. oralis. These findings indicate that FerlONP displays a two-prong mode of action.

(1) FerlONP binds with a higher specificity to S. mutansthan to other species, which (2)
allows H,0, catalysis on-site (directly on the bacterial surface) to produce antimicrobial free
radicals /n situ. This mechanism is important for the targeting specificity as the poor binding
of FerlONP to commensal streptococci (which can produce H,0O5) would also protect them
against self-killing. Hence, a key concept is the “selective binding and enhanced S. mutans
killing” via the peroxidase-like activity of FerlONP, which targets the pathogen while
sparing the commensals in the presence of H,0o.

FerlONP Detects Pathogenic Biofilms.

Given the preferential binding to S. mutans and H,0, catalysis at an acidic pH, FerlONP
could be used for cariogenic biofilm detection. To test this possibility, we employed a
biofilm model using S. mutansand S. oralis grown on saliva-coated hydroxyapatite discs
as single or mixed-species biofilms. For the mixed-species system, the microorganisms
were grown under high- or low-sugar conditions, which generated acidic or nonacidic
biofilms, respectively.33 Single and mixed-species biofilms were treated with FerlONP (1
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mg/mL) and washed to removed unbound material, which was immediately followed by

a colorimetric assay using 3,3",5,5"-tetramethyl-benzidine (TMB). FerlONP can oxidize
colorless TMB (via free-radical generation from H,0O, catalysis) to blue colored reaction
products that can be quantified by measuring the absorbance at 652 nm.20 We found that

S. mutans biofilms exhibit readily visible blue staining with significantly higher absorbance
levels (Figure 4A) than those of the biofilms harboring S. oralis. This observation was
further confirmed in mixed-species biofilms grown in high-sugar (acidogenic) conditions
and enriched with S. mutans (versus low-sugar conditions with a high proportion of S. oralis,
Figure 4B). Using a human tooth model (Figure 4C), we observed similar blue staining of S.
mutans biofilms formed on natural teeth under cariogenic conditions (high-sugar and acidic
pH), indicating the diagnostic potential of FerlONP.

Previous investigations have shown that catalytic iron oxide nanoparticles (also termed
nanozymes) display antimicrobial and antibiofilm properties /n vitro and in animal
models.19:34 However, to the best of our knowledge nanozymes have yet to be tested in
humans, which can further elucidate their bioactivity and targeting properties. Here, we
show that FerlONP operates at low dose through a selective binding-activation mechanism
to disrupt pathogenic biofilms and suppress tooth enamel demineralization under severe
conditions in the human mouth. Importantly, neither adverse signs in the oral cavity nor
systemic reactions were observed during the treatment periods. These findings can motivate
its path to clinical translation for caries prevention, which is particularly relevant given that
current approaches are insufficient for susceptible populations where cariogenic biofilms
cannot be effectively controlled.

Despite promising findings, we emphasize the limitations of this study but also the
opportunities for future research. Limitations include the short clinical duration, the

limited characterization of the microbial composition, and the end-point data analysis. Long-
term clinical studies with a larger number of samples collected longitudinally combined
with multilabeling and multiomics approaches may reveal how topical FerlONP affects
biofilm development at various spatial, temporal, and phylogenetic scales. Such in-depth
analyses could further elucidate its antimicrobial specificity mechanisms and identify
additional therapeutic targets. Furthermore, the flexibility of FerlONP chemistry provides
interesting possibilities for improvement, such as chemically doping the iron oxide core with
remineralizing agents like calcium fluoride or exploiting the dextran coating to conjugate
biologics (enzymes or antimicrobial peptides) for enhanced catalytic and therapeutic
performance as shown recently.22

An immediate application of FerlONP is related to the association of iron deficiency anemia
with aggressive dental caries.#-6:35:36 The common risk factors linked with severe childhood
caries and iron deficiency include a high dietary sugar intake, malnutrition, and poor oral
hygiene.8:9:37.38 High sucrose consumption and poor oral care promotes the accumulation
of acidogenic biofilms often enriched with S. mutans132 The preferential binding of
FerlONP to S. mutans and its catalytic activation at an acidic pH are advantageous in severe
cariogenic conditions without affecting commensals, which can provide a more targeted
approach. As FerlONP has been used in children and adults,3240 it opens the possibility to
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employ these FDA-approved nanoparticles for caries prevention tailored to high-risk patients
with iron deficiency anemia.

Interestingly, optimal levels of iron in saliva may also provide protective effects against
dental caries.#! Iron ions can precipitate on the enamel surface as thin acid-resistant
coatings and promote calcium and phosphate adsorption, reducing enamel demineralization.
However, FerlONP releases negligible amounts of free iron, even under acidic pH (pH

4.5) conditions, both in solution and within biofilms.20 Conversely, effective biofilm
inhibition can potentiate the anticaries effects of fluoride on enamel remineralization.33
Whether topical FerlONP with iron or fluoride supplementation can synergistically enhance
protective effects in susceptible individuals awaits further investigation. Given this oral-
systemic relationship, clinical trials could explore whether repeated topical oral applications
of FerlONP in conjunction with its systemic use can help reduce iron deficiency and prevent
severe childhood caries, two major unresolved global health problems.42:43

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Intraoral human biofilm disease model and treatment regimen. (A) Schematic depiction

of the selective catalytic-therapeutic-diagnostic mechanism of FerlONP. (B) Tooth enamel
specimen placed in a custom-fit holder assembly that can be implanted in a wearable and
personalized partial denture. (C) Treatment regimen. The subjects were instructed to drip
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utilizing 16 subjects. At each study period, subjects received different treatment products,
followed by a one-week washout period. All the data were collected from 15 participants
since one subject lost the partial denture.
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15) and (B) S. mutans (n= 6; subset of S. mutans positive at the baseline) recovered from
the /in situ biofilms. (C) Confocal images of representative intact biofilms on enamel surfaces
following the treatments. FISH oligonucleotide probes were used for S. mutans (MUT590,
5-ACTCCAGACTTTCCTGAC-3" with Alexa Fluor 488), as shown in green, and for all
bacteria (EUB338, 5"-GCTGCTCCCGTAGGATG-3" with Cy3), as indicated in blue. The
scale bar is 50 um. (D) Surface microhardness change (% SMHC) for the enamel specimens
(n=15); % SMH change = [(D1 - B)/(B)]*100, where B is the microhardness indentation
length (1m) of a sound enamel specimen at the baseline and D1 is the microhardness
indentation length (4m) after demineralization. (E) Graph of the % SHMC for the subset
with S. mutans at the baseline (7= 6). The analysis was performed with a one-way analysis
of variance (ANOVA,) followed by either Tukey’s posthoc test or the Kruskal-Wallis test for
multiple comparison. All values are reported as mean + SD, *£ < 0.05; NS stands for not

significant, and ND stands for not detectable.
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Preferential pathogen-binding and killing by FerlONP. (A) FerlONP binding to different oral
streptococci (/7= 6). (B) Killing efficacy of FerlONP/H»05 against S. mutans and other
commensals (7= 6). (C) FerlONP binding to S. mutans wild type (UA159 or UA130) and
Gbp or Gtf mutant strains (r7= 6). (D) /n situ ROS generation and killing effect of S.
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hydroxyphenyl fluorescein. The scale bar is 10 um. (E) Quantitative analysis of dead cells
and (F) ROS generation (7= 4). The analysis was performed with a one-way analysis of
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stands for not significant.
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Figure 4.

FerlONP detects pathogenic biofilms. (A) S. mutans biofilms were stained in blue by

the FerlONP (vs S. oralis biofilms) catalysis of H,O, via a colorimetric reaction using
3,3’,5,5 -tetramethylbenzidine (TMB). For the colorimetric assay, 1% H,0, was used,
which provided an optimal quantitative measurement at an absorbance of 652 nm (as well as
clear visualization) within the 5 min reaction time. (B) Similar blue staining was observed in
mixed-species biofilms formed with high-sucrose (1%) and a high proportion of S. mutans
(>90%) compared to low-sucrose (0.1%) and a low proportion of S. mutans (<10%) (n=

4). Differences between groups were assessed by Student’s #test. All values are reported as
mean + SD, *P< 0.0001. (C) FerlONP can detect biofilms formed on natural teeth.
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