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Abstract

Biofilms are surface-attached bacterial communities embedded within an extracellular matrix that
create localized and protected microenvironments. Acidogenic oral biofilms can demineralize the
enamel-apatite on teeth, causing dental caries (tooth decay). Current antimicrobials have low
efficacy and do not target the protective matrix and acidic pH within the biofilm. Recently,
catalytic nanoparticles were shown to disrupt biofilms but lacked a stabilizing coating required for
clinical applications. Here, we report dextran-coated iron oxide nanoparticles termed nanozymes
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(Dex-NZM) that display strong catalytic (peroxidase-like) activity at acidic pH values, target
biofilms with high specificity, and prevent severe caries without impacting surrounding oral tissues
in vivo. Nanoparticle formulations were synthesized with dextran coatings (molecular weights
from 1.5 to 40 kDa were used), and their catalytic performance and bioactivity were assessed. We
found that 10 kDa dextran coating provided maximal catalytic activity, biofilm uptake, and
antibiofilm properties. Mechanistic studies indicated that iron oxide cores are the source of
catalytic activity, whereas dextran on the nanoparticle surface provided stability without blocking
catalysis. Dextran-coating facilitated NZM incorporation into exopolysaccharides (EPS) structure
and binding within biofilms, which activated hydrogen peroxide (H,05) for localized bacterial
killing and EPS-matrix breakdown. Surprisingly, dextran coating enhanced selectivity toward
biofilms while avoiding binding to gingival cells. Furthermore, Dex-NZM/H,0, treatment
significantly reduced the onset and severity of caries lesions (vs control or either Dex-NZM or
H,0, alone) without adverse effects on gingival tissues or oral microbiota diversity /in vivo.
Therefore, dextran-coated nanozymes have potential as an alternative treatment to control tooth
decay and possibly other biofilm-associated diseases.
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Biofilms are composed of bacterial cell clusters enmeshed within highly structured
extracellular matrices of macromolecules such as exopolysaccharides (EPS),12 which
provide protection for the resident microorganisms.2 Many diseases in humans are caused by
biofilms, including dental caries (known as tooth decay). Dental caries is a significant threat
to public health and is a costly oral infectious disease. More than 30% of children (2-11
years old) and 91% of adults (20-60 years old) are affected by the disease worldwide, with
costs for treatment exceeding $120 billion in the US alone.3-8 Dental caries is a classic
biofilm-induced disease that causes the destruction of mineralized tooth tissue and is
dependent on the host diet. When dietary sugars are available, oral pathogens such as
Streptococcus mutans (S. mutans), a primary EPS producer and acidogenic bacteria,
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assemble an EPS-rich matrix and create a protective and acidic biofilm microenvironment.”
These adherent and acidic biofilms are difficult to treat and capable of demineralizing the
enamel-apatite, leading to the onset of dental caries.:8 Conventional antimicrobials,
including chlorhexidine, are ineffective in part due to limited efficacy against cariogenic
biofilms.2%-11 The EPS-rich matrix and the acidic microenvironment created by oral
pathogens reduce the antimicrobial activity in the biofilm.? Therefore, there is a need for
more effective antibiofilm treatments for caries prevention.

Recently, nanotechnology has gained attention for dental applications.12-1° Zinc oxide2° and
silver20-23 nanoparticles as well as iron oxide nanozymes (NZM)12 have been proposed as
antibiofilm agents. In particular, uncoated NZM displayed potent antibiofilm actions due to
their high peroxidase-like catalytic activity in acidic environments,2 which can disrupt
caries development in the presence of low concentrations of H,0,.12:24 However, for clinical
applications, NZM require coatings as uncoated nanoparticles lack stability in physiological
media and in solutions suitable for therapeutic formulations and can bind to biological
tissues indiscriminately, which could lead to adverse effects to healthy tissues.2>:26 Ideally,
the presence of coatings would improve biofilm targeting and maintain catalytic activity,
while enhancing biocompatibility, which could result in a more practical and specific
antibiofilm treatment.

Dextran is a polysaccharide derived from microorganisms and, when added to a growing
biofilm, can be incorporated into the matrix by bacterial exoenzymes (e.g., S. mutans-
derived glucosyltransferases) that use dextran as an acceptor molecule to synthesize EPS
glucans.2728 |mportantly, dextran is a FDA-approved polymer, and dextran-coated iron
oxide nanoparticles, such as Feridex, have been FDA approved for systemic use as MRI
contrast agents.29 Therefore, we hypothesized that dextran-coated NZM (Dex-NZM) could
be incorporated into biofilms while maintaining its intrinsic catalytic activity to break down
the EPS structure and kill bacteria upon exposure to H,O, at cariogenic (acidic) pH values.
In addition, dextran coating would also result in stability in aqueous formulations and
provide biocompatibility to the host soft tissue in the oral cavity. Here, we have developed
Dex-NZM using dextran with a range of molecular weights (from 1.5 kDa to 40 kDa). We
examined their catalytic properties, cytotoxicity, biofilm uptake, and antibiofilm activity to
determine optimal coating characteristics. For a selected, mostly bioactive formulation (10
kDa), we probed its catalytic activity, biofilm targeting, and cellular interactions in detail
using spectroscopic and high-resolution imaging with biochemical methods. Furthermore,
the selected Dex-NZM was tested for its efficacy to control the onset and severity of dental
caries using a rodent model of the disease. Histological and microbiome analyses were
performed on the soft-tissues, oral microbiota diversity, and composition to confirm the
safety of the agent.

RESULTS AND DISCUSSION

In this study, we developed Dex-NZM for the treatment of biofilms associated with dental
caries. Since Feridex is FDA-approved and has been used for tumor and atherosclerotic
plaque imaging,29-30 we hypothesized that the presence of a dextran coating on the
nanoparticle surface could enhance biofilm targeting specificity and biocompatibility
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without significantly impacting the catalytic activity of the iron oxide core.31-33 We tested
several different formulations that were synthesized using different dextran molecular
weights and found that 10 kDa dextran-coated NZM provided an optimal balance of
catalytic activity, biofilm uptake, and when exposed to low H,O, concentration, resulted in
marked bacterial killing and biofilm reduction, preventing caries severity without adverse
effects in vivo.

Dextran-Coated NZM Maintain Catalytic Activity.

Dex-NZM formulations were synthesized using a range of dextran molecular weights since
we sought to understand the effect of the molecular weight of the coating on catalytic
activity, biofilm incorporation, and antibiofilm effects. TEM of Dex-NZM formulations
(Figure 1A) revealed that nanoparticles were formed in each case. The core sizes of Dex-
NZM coated with 1.5, 5, 10, 25, and 40 kDa dextran are 32.5 + 14.2, 14.7 £ 3,11.4 £ 1.8,
15.6 £ 3.6, and 32.2 + 9.6 nm, respectively. The iron oxide cores formed with 5, 10, and 25
kDa dextran were similar in morphology, whereas very heterogeneous iron oxide cores were
formed when 1.5 and 40 kDa dextran was used. Seemingly 5-25 kDa is a range in which the
dextran molecular weight is better suited for iron oxide core nucleation. The hydrodynamic
diameters of these Dex-NZM formulations range from 30 to 60 nm, without a clear
correlation with dextran molecular weight (Figure 1B). Unsurprisingly, their zeta potentials
were similar, all being slightly negative, consistent with other reports for dextran-coated iron
oxide nanoparticles (Figure 1B and Table S1).34 The peroxidase-like activities of Dex-NZM
were measured using the colorimetric TMB (3,3’,5,5’-tetramethylbenzidine) assay. This
assay is a well-established method for peroxidase-like activity determination, where optical
absorbance can be used to measure the oxidation of the TMB substrate by hydrogen
peroxide and the catalyst.32:3% These experiments were done at pH 4.5, 5.5, and 6.5 to span
the range of pHs expected to exert catalytic activity. Stronger catalytic activities were
observed at more acidic pH, /.e., 4.5 (found in cariogenic biofilms!:8) compared to pH 6.5
(noncariogenic) for all formulations, indicating that damage caused by reduction of
hydrogen peroxide and consequent generation of reactive oxygen species would be higher
against pathological biofilms (Figure 1C). Interestingly, the highest catalytic activity was
observed for the 10 kDa dextran formulation, which is likely due to its smallest core size,
resulting in the highest surface area.

Dex-NZM Incorporation into Biofilms and Bioactivity Assessment.

To determine whether Dex-NZM were taken up in biofilms, we performed topical treatments
using an established saliva-coated hydroxyapatite (pellicle-coated tooth mimetics) biofilm
model under cariogenic conditions using the oral pathogen S. mutans grown in the presence
of sucrose (Figure S1). We found that these nanoparticles were retained within biofilms
when applied topically and that 10 kDa Dex-NZM was taken up to the greatest extent as
determined by ICP-OES (Figure 2A). The bioactivity of Dex-NZM formulations in terms of
bacterial killing and biomass reduction efficacy were assessed with S. mutans biofilms with
or without H,0, exposure. A significantly greater bactericidal effect was observed with all
Dex-NZM/H,0, compared to H,0, alone or control (Figure 2B). When treated with Dex-
NZM alone (without H,0,), some antibacterial activity was observed (Figure S2A),
although to a much lesser extent than for the combination of Dex-NZM and H,0,. The
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bactericidal effects of the 1.5, 5, and 10 kDa dextran formulations were similar, reducing the
number of viable bacteria by 6-log colony forming units (CFU). On the other hand, 25 and
40 kDa dextran formulations were less effective, albeit still capable of reducing bacterial
viability by 4-5 log CFU. Furthermore, biofilm biomass disruption is an important
parameter for determining antibiofilm efficacy.1’ The 10, 25, and 40 kDa dextran
formulations reduced bacterial biomass (dry weight) significantly more than H,O, alone
(Figure 2C). However, we did not observe significant biomass reductions with the 1.5 and 5
kDa dextran formulations compared with H,O, alone (Figure 2C). Interestingly, a similar
biomass reduction effect was observed for Dex-NZM incubations, regardless of H,O»
(Figure S2B).

Next, the biocompatibilities of Dex-NZM formulations were tested with human primary oral
gingival cells and human fibroblast cells. We found that none of the Dex-NZM formulations
inhibited the viability of either cell type when incubated at a concentration of 0.5 mg of
iron/mL (Figure 2D,E). When selecting which formulation to pursue for further in-depth
studies, /.e., analysis of catalytic activity, binding specificity, imaging of bacterial killing,
EPS degradation /n situ, and in vivo testing, we focused on antibacterial activity and biomass
reduction. We chose the 10 kDa dextran formulation since it was the only one that had both
high bacterial killing and significant biomass disruption. Moreover, the FDA-approved
dextran coated iron oxide nanoparticle uses 10 kDa dextran,2® further motivating more
detailed study of this formulation and its use for /in vivo efficacy evaluation.

Dextran Coating Influences on Catalytic Activity, Stability, and NZM Biofilm Binding.

To further understand the behavior of Dex-NZM, we performed additional studies to assess
catalytic performance and bioactivity in detail, including the role of dextran (vs uncoated
NZM) and biofilm uptake and incorporation into biofilm structure via EPS. The catalytic
reaction mechanism was explored by evaluating its kinetics with the TMB assay under
different reagent concentrations, using horseradish peroxidase (HRP) as a control. The data
were a good fit for the Michaelis-Menten equation, which permitted the derivation of the
reaction constants (Kp,). The Ky, values for H,O, were found to be 27 M and 2.5 mM for
Dex-NZM and HRP, respectively (Figure 3A). The data revealed that this Dex-NZM
formulation has high affinity for the hydrogen peroxide substrate as indicated by lower Ky,
values.3®

Our data show that Dex-NZM has high catalytic activity in acidic environments. However,
IONP can release iron ions in such acidic environments.12:36 Therefore, we sought to
determine whether these released ions could contribute to the catalytic activity v/athe
Fenton reaction. To answer this question, we performed iron ion release experiments at pH
4.5 and determined the catalytic activity of the released iron ions (Figure S3A and B). Low
percentages of the iron ions were released and the released iron ions account for a relatively
small fraction of the overall catalytic activity. Therefore, the iron cores themselves were the
main contributor of the catalytic activity. In addition, we examined the role of the dextran
coating on catalytic activity. We compared the catalytic activity of Dex-NZM and uncoated
NZM (Figure S4) of similar core size to Dex-NZM and found that the dextran coating
reduced activity somewhat, in line with results found by others3! (Figure 3B). Furthermore,
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the activity of dextran alone was very low, and when dextran was mixed with uncoated NZM
at the concentration found in Dex-NZM (5.4:1 dextran to iron mass ratio), there was not a
statistically significant difference in activity compared with uncoated NZM alone. Therefore,
dextran coatings do not contribute to catalytic activity, but allow reagents to access iron
oxide cores so that catalytic activity occurs. Furthermore, we found that Dex-NZM was
catalytically active within a cariogenic biofilm (Figure 3C).

Given that dextran coating could enhance dispersibility and exogenous dextran can be
incorporated into EPS matrix,27:28:37 we hypothesized that Dex-NZM could display
improved formulation stability and binding specificity toward biofilms rather than
mammalian tissues or uncolonized tooth surfaces. In order to probe this question, we used
the aforementioned uncoated NZM as a comparator. The Dex-NZM was stable and did not
settle in any of the media tested, underscoring the potential clinical utility and commercial
potential of this agent (settling in storage could result in uneven dosing to the subject). We
found that Dex-NZM is well suspended in water, PBS, and saliva (Figure 3D and S5), but
uncoated NZM are not stable in PBS and saliva as evidenced by settling to the bottom of the
vial when suspended in PBS or saliva (at 1 h) and even in DI water (at 24 h). Next, we tested
the selectivity of uncoated and dextran-coated NZM. Excitingly, we found that Dex-NZM
was unable to bind to mammalian cells (both oral gingival and fibroblast cells), whereas
uncoated NZM bound very strongly and in high amounts, as evidenced by ICP-OES
measurements (Figure 3E), and could also be observed by visual inspection of the cells
(Figure S6). On the other hand, Dex-NZM and uncoated NZM were both taken up in
biofilms significantly (Figure 3F). We also examined the effect of uncoated NZM binding to
mammalian cells by assessing the viability of human gingival epithelial cells. We found that
uncoated NZM resulted in significant reductions in cell viability at 24 h (Figure S7), which
emphasized the adverse effects of their nonspecificity.

We further examined the uptake of these nanoparticles in biofilms by testing their
incorporation into EPS formed on hydroxyapatite surfaces via the action of GftB. Dex-NZM
were incorporated into EPS to a much greater extent than uncoated NZM (Figure 3G), likely
due to Dex-NZM'’s chemical similarity to dextran, which can be incorporated into the EPS
structure during glucan synthesis by S. mutans-derived GtfB exoenzymes via acceptor
reaction.38 This result was supported by confocal microscopy of glucans formed by GtfB in
the presence of Alexa-488 labeled Dex-NZM, where we observed strong colocalization of
the EPS and Dex-NZM fluorescence (Figure S8). Moreover, we examined the binding of
these nanoparticles to saliva coated hydroxyapatite (SHA) as a tooth surface mimetic and
observed that Dex-NZM had much lower binding to the apatitic surface than uncoated NZM
(Figure 3H). Thus, we unexpectedly found that while Dex-NZM were taken up by biofilms,
they were unable to bind to mammalian cells and less avidly to sHA, while uncoated iron
oxides were bound to all tested surfaces, highlighting the selectivity of Dex-NZM toward
biofilms.

Bacterial Killing and EPS Degradation within Bio-films.

To further assess the Dex-NZM binding and antibiofilm activity, we employed high-
resolution confocal fluorescence imaging combined with quantitative computational
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analysis. Alexa-488 conjugated Dex-NZM was employed to visualize the nanoparticle
distribution within biofilm architecture. Representative confocal images show Dex-NZM
(labeled in green) associated with the entire bacterial cluster (in gray) and also incorporated
throughout the EPS matrix (in purple) structure (Figure 4A-D). We found that approximately
49% of Dex-NZM were colocalized with bacteria and 51% with the EPS. In addition, we
found that Dex-NZM penetrated into the biofilm (up to 40 4m penetration vs 56 4m average
biofilm height) with a fairly even distribution (Figure S9). We next examined localized
bacterial killing and EPS breakdown on selected areas (white and yellow squares; Figure
4E). Under addition of H,O5, the numbers of dead bacteria (in red) markedly increased
(Figure 4F,H), and concurrently, the EPS matrix (in purple) was degraded (Figure 4G,I),
indicating antibiofilm effects /n situ via the catalytic activity of Dex-NZM. The antibacterial
and EPS degradation activities of Dex-NZM/H,0, were confirmed as determined by
fluorescence intensity changes over time (Figure 4J,K), consistent with microbiological and
biomass data (Figure 2B,C) and confocal imaging (Figure 4F,H/G,I). Peroxidase-like
activity can result in the production of free radicals, which can kill bacterial cell and degrade
the EPS, as noted by others.3940 Moreover, we studied the effects of Dex-NZM on EPS
alone using a time- lapsed confocal microscopy experiment (Figure S10) and found that only
the combination of Dex-NZM and hydrogen peroxide resulted in significant degradation of
the EPS. Given our positive results using Dex-NZM as an antibiofilm agent, it is conceivable
that a peroxidase conjugated to dextran might also prove to be efficacious and would be
interesting to test. However, Dex-NZM will likely have advantages over such a construct,
being lower cost and easier to mass produce, possessing longer lasting activity as natural
enzymes suffer from proteolytic degradation in biological settings and avoiding issues of
immunogenicity.31:4748 Furthermore, we tested the antibiofilm activity of horseradish
peroxidase combined with hydrogen peroxide and found it to minimally improve bacterial
killing (data not shown), compared with hydrogen peroxide alone.4®

Altogether, the /n vitro data demonstrate biofilm targeting specificity by Dex-NZM, which
in turn can effectively kill bacterial cells and degrade EPS matrix in pathogenic acidic
biofilms when activated by H,0O,. These results indicated that Dex-NZM, when used as a
topical oral treatment, would be selective for biofilms over the host tissues in the oral cavity,
impacting caries development while sparing mammalian host cells /n vivo.

Dex-NZM Suppress Biofilm Associated Dental Caries in Vivo.

The /n vivo efficacy of Dex-NZM as an anticaries treatment was evaluated in a well-
established rodent model of dental caries.?! In addition to mineralized tooth tissue, both the
effects on soft tissue and on the oral microbiota composition/diversity were examined. In
this model, tooth enamel progressively develops caries lesions (analogous to those observed
in humans), proceeding from initial areas of demineralization to moderate lesions and on to
extensive (severe) lesions characterized by enamel structure damage and cavitation. We
simulated the treatment conditions that might be experienced clinically in humans by
applying the test agent solutions topically twice daily with a brief, 1 min exposure time. We
found that Dex-NZM/H,0, treatment was highly effective in reducing caries development in
both smooth and sulcal surfaces (Figure 5A and B), resulting in significantly less overall
caries lesions compared to vehicle control and Dex-NZM or H,0, alone. Importantly, the
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severity of caries lesions was progressively blocked and completely prevented extensive
lesions and cavitation on smooth dental surface. Furthermore, the efficacy of Dex-
NZM/H,0, was significantly higher than H,0, or Dex-NZM alone (Figure 5A,B),
supporting the catalytic—therapeutic mechanism of Dex-NZM/H,0, viaits intrinsic catalytic
activity.

In vivo data provided further validation of biocompatibility after 21 days of topical treatment
vig analysis conducted on the gingival tissues and the oral microbiota. Histopathological
analysis on gingival tissues revealed no visible signs of adverse effects, such as proliferative
changes, inflammatory responses, or necrosis, of treatment with Dex-NZM, or H,O5 or the
Dex-NZM/H,0, (Figure 5C). This result supports our /n vitro findings showing that Dex-
NZM lacks cytotoxic effects and more selectively binds to bacterial biofilms rather than
gingival epithelial cells. The effects of Dex-NZM/H>0, on oral microbiota were also
evaluated, and no statistically significant changes of oral microbial composition and
diversity were found between the treatment groups (Figure S11). Therefore, our treatment
strategy did not disrupt the ecological balance of the oral microbiota and did not adversely
affect the adjacent tissues in the oral cavity, while being highly effective in reducing dental
caries. The lack of effect on the oral microbial composition is likely because the Dex-NZM
have increased catalytic and bactericidal activity at low pH values found in cariogenic
biofilms arising from acidogenic bacteria such as S. mutans. These in vivo results support
our /n vitro data of specificity against acidic biofilms.

The observation of catalytic activity arising from coated iron oxide nanoparticles is also
important. Surface coating of nanozymes can affect their enzyme-like activity, since binding
of the coating to the nanoparticle reduces the surface available to interact with substrates.
3145 In biological applications of nanozymes, it is often necessary to find coatings that
provide both stability in physiological fluids as well as allow access of substrates to the
nanoparticle surface.1®

We found that dextran coating did not silence the peroxidase-like activity of iron oxide
nanoparticles. This finding agrees with a previous report,3 although the iron oxide
nanoparticles were more than 10-fold larger than in this study. It also agrees with previous
reports of dextran coating of iron oxide nanoparticles leaving gaps on their surfaces.*® This
property may play a role in other bioactivities that have been observed to arise from iron
oxide nanoparticles.4243 |t may be the case that this catalytic activity could be used against
biofilms in other settings such as joint replacements or catheters. The efficacy of the Dex-
NZM/H,0, combination may indicate that other peroxidase mimics, such as graphene,3®
will have similar antibiofilm effects. In addition, the biofilm targeting effect that we found
with dextran could potentially be used with other materials such as gold nanoparticles.** The
advantages of Dex-NZM are further highlighted by their comparison with uncoated NZM.
We found that uncoated NZM bind indiscriminately to biofilms and tissues in the mouth
(i.e., they bound to mammalian cells and hydroxyapatite), whereas Dex-NZM bound
selectively to biofilms. Moreover, we found that Dex-NZM were well suspended in different
solutions tested, while the uncoated NZM settled rapidly in each fluid. The settling of a
formulation is a significant drawback for practical consumer product development since the
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dose might be dispensed unevenly, leading to reduced effectiveness in addition to possible
adverse effects due to unspecific binding.

Dex-NZM might have applications for other oral diseases and against additional bacterial
strains; however, this technology may have limitations when the local pH environment is not
acidic (e.g., periodontal diseases) or with microoganisms that can degrade H,O,. Another
potential drawback is the possibility of iron staining of enamel. We found that Dex-NZM to
bound poorly to saliva-coated hydroxyapatite /n vitro (Figure 3H) and minimally leached
free irons even at acidic pH, and we did not observe any discoloration over the 21 day period
of the /n vivo experiment. Nevertheless, more extensive testing will be required to establish
that Dex-NZM does not stain teeth in humans. Lastly, lack of visualization of biofilms on
the teeth from the animal experiments and unavailability of appropriate uncoated NZM
control due its aforementioned issues are experimental limitations of this study. Further
detailed analysis of the /n vivo biofilms following treatment and inclusion of NZM control
with inert nondextran coatings in addition to dosage and treatment duration optimization
shall reveal important mechanistic insights as well as advance this catalytic nano-therapeutic
approach.

In summary, Dex-NZM is very stable in saliva or physiological buffers, biocompatible, does
not bind to mammalian cells, is retained within bacterial biofilms, and is effective in
reducing dental caries. In addition, Dex-NZM/H,0, does not adversely affect oral
microbiota diversity and composition. The translation of this treatment to use in humans is
likely practical, since the costs of the various reagents, such as iron salts and hydrogen
peroxide, are quite low and readily available. The treatment could be supplied as a
mouthwash with a bottle containing two chambers or in toothpaste form where the
nanoparticles and hydrogen peroxide are kept separate until the toothpaste is dispensed. It
might be possible to develop a formulation that self- generates hydrogen peroxide, thereby
circumventing the need for two chambers in the container, although such an agent may be
more complex and expensive. Additional dosing and safety studies would have to be done
before testing in humans; however, the prior FDA-approval of similar iron oxide
nanoparticles for systemic use (at several hundred-fold higher dosage) and the limited
exposure received via topical applications in the oral cavity provide reasons to be optimistic
about the safety of this approach. We also envision this therapeutic approach to be
particularly useful for patients with or at high risk of developing severe childhood caries, an
aggressive form of disease characterized by rampant tooth decay, that is often associated
with iron deficiency.

CONCLUSIONS

We report herein that dextran-coated iron oxide nanozymes are an effective antibiofilm agent
for an oral disease. Despite the dextran coating, these nanozymes possess peroxidase-like
catalytic activity and have additional attractive attributes such as stability and targeting
specificity. Dex-NZM display peroxidase-like activity at pathological acidic pH values,
efficiently target biofilm cells, and degrade EPS matrix via catalytic activation of H,O».
Further analyses revealed that the catalytic activity arises from the iron cores of these
nanoparticles and that their dextran coating provides selective binding to bacterial cells over
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oral epithelial cells while facilitating incorporation into biofilm matrix. /n7 vivo results
showed that Dex-NZM mediated H,0, catalysis potently disrupted the onset of a costly and
highly prevalent oral biofilm-associated infection (dental caries or tooth decay). The
nanozyme-based topical therapy markedly reduced the number and severity of caries lesions
compared to controls. Histological and microbiome analyses revealed no adverse effects on
the surrounding host tissues and oral microbiota diversity in vivo, consistent with lack of
cytotoxicity and biofilm-targeting specificity observed /n vitro. Altogether, Dex-NZM is a
potent and biocompatible antibiofilm agent. There are limitations of this technology, such as
when the local pH environment is not acidic or against bacterial strains that can degrade
H»0,, while the potential of tooth staining and in-depth safety studies need to be conducted
and assessed. Nevertheless, given the prior FDA-approval of similar agents, this nanozyme-
based approach could provide an excellent therapeutic platform for alternative product
development to prevent the burdensome disease of dental caries. At the same time, the
availability and low cost of the materials and chemical flexibility of iron oxide nanoparticles
could galvanize a wider investigation of this approach for clinical applications to treat other
biofilm-related maladies.

MATERIALS AND METHODS
Synthesis of Dextran-Coated NZM (Dex-NZM).

A range of Dex-NZM formulations were synthesized based on a protocol published
elsewhere,36 using varying dextran molecular weights (from 1.5 to 40 kDa). In brief, 12.5 g
of dextran (Pharmacosmos, Holbaek, Denmark) of the selected molecular weight was
dissolved in 25 mL of deionized (DI) water. Once the dextran completely dissolved in DI
water, the solution was placed in an ice bath and purged with nitrogen gas to remove oxygen
from the flask. A 0.985 g portion of ferric chloride hexahydrate and 0.366 g of ferrous
chloride tetrahydrate (Sigma-Aldrich, St. Louis, MO) were each dissolved in 6.25 mL of DI
water separately and then added to the dextran solution. The reaction mixture was allowed to
stir for 45 min at 4 °C for complete mixing of iron salts with dextran solution.

Next, 15 mL of ammonium hydroxide (28-30%, Sigma-Aldrich) was added to the reaction
mixture using a syringe pump. The ammonium hydroxide was added to the reaction mixture
at different rates, i.e., 0.3 £L/min for the first 2.5 h and then 0.6, 0.9, and 1.2 gA /min for 1 h
each consecutively. The remainder of the ammonium hydroxide was added to the reaction
mixture at a rate of 4 £/min. After the addition of ammonium hydroxide was completed,
the reaction mixture was heated to 90 °C for 1 h and then stirred overnight at room
temperature. The nanoparticle suspension was then spun at 20000 rcf for 30 min at 4 °C,
after which the supernatant was collected and concentrated using ultrafiltration tubes
(molecular weight cut off 100 kDa, Sartorius Stedim Biotech, Germany). The concentrated
Dex-NZM was purified with citrate buffer via diafiltration columns (100 kDa, Spectrum
Labs, CA). After purification, Dex-NZM was stored at 4 °C. Conjugation with Alexa 488
NHS Ester (ThermoFisher Scientific) was achieved by introducing amine groups to the
dextran coating, as previously described, and then following the manufacturer’s instructions.
These fluorescent nanoparticles were further purified using ultrafiltration tubes (molecular
weight cut off 100 kDa, Sartorius Stedim Biotech). UV—uvis (Evolution 201 UV—vis
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spectrophotometer, ThermoFisher Scientific) and fluorescence spectra (SpectraMax, M5,
Molecular Devices) proved that Alexa-488 was conjugated successfully to the nanoparticle
surface (Figure S12). Uncoated NZM were synthesized by first dissolving 1.1 g of ferric
chloride hexahydrate and 0.4 g of ferrous chloride tetrahydrate (Sigma-Aldrich) in 15 mL of
DI water each and then transferring these solutions to a three-necked flask. The reaction
mixture was stirred under an inert nitrogen atmosphere. The reaction mixture was heated to
85 °C, and then 20 mL of diluted ammonium hydroxide solution (2.5 mL of 28%
ammonium hydroxide diluted to 20 mL with DI water) was added dropwise to the reaction
mixture. After addition of ammonium hydroxide, the reaction mixture was stirred at 85 °C
for 1 h. Next, the nanoparticles were collected magnetically and were purified with DI water
using diafiltration columns (100 kDa).>!

Characterization of Dex-NZM.

Hydrodynamic Diameter and Zeta Potential.—The hydrodynamic diameter and zeta
potential of each Dex-NZM were measured using a Nano-ZS 90 (Malvern Instrument,
Malvern, UK). Then 1.5 and 1 mL of diluted Dex-NZM (12.5 L Dex-NZM stock solution
to 1 mL of DI water) were used for the hydrodynamic diameter and zeta potential
measurements, respectively.

Transmission Electron Microscopy.—Transmission electron microscopy (TEM) of
each Dex-NZM was performed using a JEOL 1010 microscope operating at 80 kV. Then 5
L of nanoparticle suspension was dropped onto the TEM grid (FCF-200-Cu, Electron
Microscopy Sciences, Hatfield, PA), and the liquid was allowed to dry before microscopy
was performed.

Inductively Coupled Plasma Optical Emission Spectroscopy.—The iron
concentration in each Dex-NZM formulation was measured using inductively coupled
plasma optical emission spectroscopy (ICP-OES).52 Then 5, 10, or 25 /L of Dex-NZM was
dissolved in 1 mL of aqua regia. After complete dissolution of Dex-NZM, the final volume
in each tube was adjusted to 10 mL with DI water. The iron concentration was measured
using ICP-OES (Spectro Genesis ICP). The concentration obtained from the ICP-OES was
adjusted by the dilution factor for each sample and then averaged to determine the iron
concentration in the stock solution.

The total amount of iron within intact biofilms (7.e., bacterial cells and EPS combined) was
also measured using ICP-OES. Biofilms treated with Dex-NZM formulations were
transferred to glass tubes and digested with 1 mL of aqua regia overnight at room
temperature. Then the volume was adjusted to 10 mL with DI water prior to analysis with
ICP-OES. Three independent experiments were performed for each Dex-NZM formulation,
and the data are presented as mean + SD.

Catalytic Activity (TMB) Assay.—The peroxidase-like catalytic activities of the Dex-
NZM formulations were investigated v/aa colorimetric assay using 3,3",5,5’-
tetramethylbenzidine (TMB, Sigma-Aldrich) and hydrogen peroxide (H,05) following a
previously published protocol, with a slight modification. This assay is well-established as
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an assessment of peroxidase-like activity,3235 where hydrogen peroxide and the TMB
substrate are converted to water and an oxidized form of TMB that is blue in color. UV/vis
measurements at 652 nm allow the oxidation of TMB to be monitored and catalytic activity
to be compared. The catalytic activity of each Dex-NZM was measured at three different pH
values, 7.e., 4.5, 5.5, and 6.5. The assay was performed in 96-well plates. A 300 L portion
of 0.1 M sodium acetate (NaAc) buffer at the appropriate pH was added to each well of a 96-
well plate. Then, 1.2 zL of Dex-NZM (5 mg Fe/mL) was added to the wells. After the
addition of Dex-NZM, 3 xL TMB (10 mg/mL) and 15 /L of Hy05 (0.5% v/v) were added to
each well and mixed vigorously. After addition of hydrogen peroxide, the 96 well plate was
immediately placed into a plate reader, and the absorbance was recorded at 652 nm at 1 min
intervals for 30 min. Three independent experiments were performed for each Dex-NZM
formulation. The slope of the line was calculated and averaged, and the data are presented as
mean + SD.

Kinetics of Peroxidase-like Activity.—The reaction Kinetic assay was carried out using
a UV-vis spectrophotometer (Beckman Coulter DU 800). These experiments are based on
the same reaction as above, but varying the reaction conditions allows more detailed
catalytic parameters to be derived. Briefly, 10 4L of 2 mg/mL of Dex-NZM and 10 /i of 10
mg/mL TMB were added to several NaAc buffer samples (970 zL, pH 4.5). Next, 10 4 of
different concentrations of H,O (7€, 2.5, 5, 10, 25, 50, 75 mM) were added to the above
solutions and mixed via pipetting. The absorbance of all samples was recorded at 652 nm
immediately after addition of H,O,. For the TMB reaction kinetics, 10 gL of different
concentrations of TMB stock solution (i.e., 2, 5, 10, 20, 50 mg/mL) and 10 /L of H,0,
(0.5%, w/w) were used for determination of the K, value. Absorption data were used to
calculate the concentration of the TMB oxidation product using the Beer-Lambert law using
a molar absorption coefficient of 39000 M~1 cm™1 . The reaction velocity was measured
based on the slope of the absorption versus time curve during the first 5 min.

Iron Release and Catalytic Activity of Released Iron lons.—The effect of iron ion
release from 10 kDa Dex-NZM was studied in 0.1 M NaAc buffer (pH 4.5). A 1 mL portion
of Dex-NZM (5 mg Fe/ml) was diluted with 9 mL of 0.1 M NaAc buffer. After mixing,
samples were incubated at 37 °C for 5, 30, 60, and 120 min (/7= 3 per time point). After the
desired incubation time, the free iron ions and nanoparticles were separated using
ultrafiltration tubes (10 kDa MWCO). The iron content in the filtrate and the nanoparticle
pellet from each incubation time point were measured using ICP-OES. The catalytic activity
of the released iron in the supernatant and nanoparticle pellet from each incubation time
point was analyzed using the TMB assay, as described above. Three independent
experiments were performed per incubation time point, and the data are presented as mean *
SD.

Dex-NZM Incorporation into EPS by Glucosyltransferase B (GtfB).—To assess
the incorporation of Dex-NZM into EPS, the purified GtfB enzyme was adsorbed on
hydroxyapatite (HA) beads (Macro-Prep Ceramic Hydroxyapatite Type 1, 80 4m, Bio-Rad),
which had been coated with clarified whole saliva as described previously.>® Following
adsorption of GtfB, the beads were washed three times with adsorption buffer and exposed
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to Dex-NZM in sucrose substrate at a concentration of 0.5 mg/mL for 4 h with rocking at 37
°C. The amounts of Dex-NZM incorporated into glucans were determined by ICP-OES.
Moreover, EPS glucans were produced by purified S. mutans-derived GtfB immobilized on
poly-L-lysine coated MatTek dishes and incubated with 0.25 mg/mL of Alexa Fluor 488
labeled Dex-NZM for 2 h. Then confocal imaging (Zeiss LSM 800 upright laser scanning
microscope) was performed using a 20x (numerical aperture = 1.0) water immersion
objective. The glucans were visualized by inherent reflection optical property using a 405
nm laser and a 445/50 nm emission filter. Dex-NZM were imaged using 488 nm excitation
and a 520/40 nm emission filter.

Dex-NZM Binding to Saliva-Coated Hydroxyapatite Beads.—In this binding assay,
10 mg of saliva-coated HA beads was incubated in 500 L of Dex-NZM solution at a
concentration of 0.2 mg/mL for 30 min with rocking at 37 °C. Then the supernatant was
removed, and the beads were washed three times with water to remove unbound
nanoparticles. The beads were dissolved with 1 mL of 70% HNO3, and the iron was
analyzed via ICP-OES.

Oral Biofilm Model.—Biofilms were formed on saliva-coated hydroxyapatite (sSHA) disks
(surface area, 2.7 = 0.2 cm?, Clarkson Chromatography Products Inc., South Williamsport,
PA), as described elsewhere,38:54 that were vertically suspended in 24-well plates.
Streptococcus mutans UA159 (ATCC 700610) was grown in . ultrafiltered (10 kDa
molecular-mass cutoff) tryptone-yeast extract broth (UFTYE; 2.5% tryptone and 1.5% yeast
extract) containing 1% (wt/vol) glucose at 37 °C and 5% CO5 to midexponential phase.
Each HA disk was coated with filter-sterilized saliva for 1 h at 37 °C (the saliva was
prepared as described previously).38:54 These SHA disks were each inoculated with ~2 x 10°
colony forming units (CFU) of S. mutans per milliliter in UFTYE culture medium (pH 7.0)
containing 1% (wt/vol) sucrose at 37 °C. The culture medium was changed twice daily (at
19 and 29 h) until the end of the experimental period (43 h). The biofilms were collected and
analyzed for Dex-NZM binding and catalytic activity as well as bioactivity as described
below.

Bacterial Killing and Biomass Reduction by Dex-NZM with H,O,.—To assess the
antibiofilm effect of Dex-NZM bound within biofilms, the sHA disks and biofilms were
topically treated twice daily by placing them in 2.8 mL of Dex-NZM (0.5 mg/mL) in 0.1 M
NaAc (pH 4.5) or vehicle control (buffer only) for 10 min at room temperature at specific
time points (Figure S1). At the end of the experiment (43 h), the Dex-NZM- and vehicle-
treated biofilms were placed in 2.8 mL of H,05 (1%, v/v or buffer) for 5 min. After H,0,
exposure, the biofilms were washed with sterile saline solution (0.89% NaCl) three times.
The biofilms were then removed by a spatula from sHA discs and homogenized v7a bath
sonication followed by probe sonication.12:54:55 Samples of these biofilm suspensions were
serially diluted and plated onto blood agar plates using an automated EddyJet Spiral Plater
(IUL, SA, Barcelona, Spain). The numbers of viable cells in each biofilm were calculated by
counting CFU. The remaining suspension was centrifuged at 55009 for 10 min, the resulting
cell pellets were washed twice with water, oven-dried for 2 h, and weighed.12:55
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Catalytic Activity within Intact Biofilm.—The catalytic activity of 10 kDa Dex-NZM
within intact biofilms was measured after incubations similar to those described above.
Biofilms grown on sHA disks were treated twice daily by placing them in 2.8 mL of Dex-
NZM (0.5 mg/mL) in 0.1 M NaAc (pH 4.5) or vehicle control (buffer only) for 10 min at
room temperature at specific time points (Figure S1).12 At the end of the experimental
period (43 h), all the biofilms were washed with 0.1 M NaAc buffer (pH 4.5) three times and
transferred to the reaction buffer (500 xL 0.1 M NaAc, pH 4.5 containing 1% H,0, and 100
g TMB). The reaction was allowed to proceed for 30 min at room temperature without
shaking. After the reaction, still images of intact biofilms were acquired, and subsequently,
the biofilms were removed using a spatula from the disk surfaces and centrifuged at 55009
for 10 min. Then the absorbance from the supernatant was recorded at 652 nm. Three
independent experiments were performed, and the data are presented as mean + SD.

Distribution of Dex-NZM within Biofilm Architecture.—Confocal fluorescence
imaging was performed using an upright microscope (LSM 800, Zeiss) with a 20x
(numerical aperture, 1.0) water immersion objective to assess the distribution of Dex-NZM,
dynamics of bacterial killing, and EPS degradation within biofilm. Dex-NZM conjugated
with Alexa Fluor 488, prepared as described above, was used. SYTO 82 (541/560 nm;
Molecular Probes) was used for labeling bacteria, and Alexa Fluor 647-dextran conjugate
(647/668 nm; Molecular Probes) was used for labeling insoluble EPS. Each component was
illuminated sequentially to minimize cross-talk as follows: Alexa Fluor 488(Dex-NZM) was
excited at 488 nm and was collected by a 480/40 nm emission filter; SYTO 82 (bacterial
cells) was excited at 560 nm, and was collected by a 560/40 nm emission filter; Alexa Fluor
647 (EPS) was excited at 640 nm and was collected by a 670/40 nm emission filter. To
assess colocalization of Dex-NZM with bacteria or EPS, each channel was processed with
Otsu’s thresholding method using ImageJ. Then, a mathematical function of ImageJ
“Process/Image Calculator/And” was applied on thresholded Dex-NZM and bacteria
channels (or Dex-NZM and EPS). Finally, the raw integrated densities of each combination
were measured.

In addition, we also tested Dex-NZM penetration into the biofilm. Briefly, preformed 19 h S.
mutans biofilms using UFTYE culture medium (pH 7.0) containing 1% (wt/vol) sucrose at
37 °C were topically treated by placing them in 2.8 mL of Dex-NZM conjugated with Alexa
Fluor 488 (0.5 mg/mL) in 0.1 M NaAc (pH 4.5) for 10 min at room temperature. Then the
Dex-NZM treated biofilms were placed in 2.8 mL of H,0, (1%, v/v) for 5 min. After H,0,
exposure, the biofilms were washed with sterile saline solution (0.89% NacCl), and confocal
imaging was performed using a 20x (numerical aperture = 1.0) water immersion objective.
SYTO 82 (541/560 nm; Molecular Probes) was used for labeling bacterial cells. Bacteria
and Dex-NZM fluorescence images were processed using Otsu’s thresholding method. The
biofilm thickness was assessed by measuring the height of the microcolonies. Regions of
interest (ROI) were set to the center of the microcolony (9 zm? size) to assess the
penetration of Dex- NZM into the structure, and raw integrated densities of Dex-NZM
within ROl were measured. Images were visualized using Amira 5.4.1 software (Visage
Imaging, San Diego, CA).
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Cell Viability.—The cytotoxicity of each Dex-NZM formulation was evaluated in primary
human gingival epithelial cells (HGECs) and human fibroblast (BJ-5ta) cells using the MTS
[(3-(4,5-dimethylthiazol-2-yI)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2 H-tetra-
zolium)] assay (CellTiter 96 cell proliferation assay kit; Promega, WI, USA).5® HGECs
were a gift from Dr. Manju Benakanakere (School of Dental Medicine, University of
Pennsylvania), and BJ-5ta cells were purchased from ATCC (Manassas, VA, USA). HGECs
were cultured in keratinocyte serum-free medium (Invitrogen, NY).>’ BJ-5ta cells were
cultured in a 4:1 mixture of Dulbecco’s Modified Eagle’s Medium (DMEM) and medium
199, supplemented with 10% fetal bovine serum (Gibco, NY) and 0.01 mg/mL of
hygromycin B (Sigma-Aldrich). The assay was performed in 96-well plates; 10000 cells in
100 L of cell culture media were added to each well, and then the plates were incubated at
37 °C in a 5% CO, atmosphere for 24 h. After this time, the cells were washed gently with
sterile phosphate buffered saline (PBS) before 100 w4 of Dex-NZM or uncoated NZM (0.5
mg Fe/ml) in cell culture medium was added to the wells. The plates were then incubated at
37 °C in 5% CO2 atmosphere for 10 min. After this incubation, the media was removed, the
cells were washed with PBS, and then 20 gL MTS reagent and 100 L cell culture medium
were added to each well. The plates were then incubated at 37 °C in a 5% CO, atmosphere
for 1 h, after which time the absorbance was recorded at 490 nm using a plate reader. For the
24 h cell viability experiment, the cell culture medium with Dex-NZM was removed from
each well after 10 min of incubation. Then the cells were washed with PBS, 100 L of fresh
cell culture medium was added to each well, and the plates incubated for a further 24 h. The
MTS reagents were then added and the absorbance was recorded at 490 nm (as described
above). Three independent experiments were performed for each Dex-NZM formulation.
The percentage of cell viability was calculated and the results were presented as mean + SD.

Dynamics of Bacterial Killing and EPS Degradation within Intact Biofilm.—For
bacterial killing and EPS degradation, SYTO 9 (485/498 nm; Molecular Probes) and
propidium iodide (PI, 535/617 nm; Molecular Probes) were used for labeling all and dead
cells, and Alexa Fluor 647-dextran conjugate (647/668 nm; Molecular Probes) was used for
labeling EPS. The preformed fluorescently labeled biofilm incubated with Dex-NZM was
exposed to 1% H,0, (in 0.1 M NaAc buffer at pH 4.5), and time-lapsed confocal imaging
was performed in the same field of view at every 20 min (up to 100 min) using a Zeiss LSM
800 upright confocal laser scanning microscope with a 20X (humerical aperture, 1.0) water
immersion objective. Each component was illuminated sequentially to minimize cross-talk
as follows: SYTO 9 (all bacteria) was excited at 488 nm and collected by a 520/40 nm
emission filter; Pl (dead bacteria) was excited at 560 nm and was collected by a 600/40 nm
emission filter; Alexa Fluor 647 (EPS) was excited at 640 nm and was collected by a 670/40
nm emission filter. Images were analyzed by ImageJ to further quantify the bacterial killing
and EPS degradation.

EPS Degradation.—Assessment of EPS degradation was done as described previously.>®
Insoluble EPS glucans were produced by purified S. mutans-derived exoenzyme
glucosyltransferase B (GtfB) immobilized on a poly-L-lysine-coated MatTek dish and
labeled with Alexa Fluor 647-dextran conjugate (Molecular Probes). These fluorescently
labeled glucans were then incubated with either vehicle, Dex-NZM (1 mg/mL) alone, 1%
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H»0, alone, or Dex-NZM/H,02 combination (each in 0.1 M NaOAc buffer at pH 4.5).
Time-lapsed confocal imaging was performed in the same field of view every 15 min (up to
90 min), and the images were analyzed with ImageJ.

In Vivo Efficacy of Dex-NZM.—/n vivo experiments were performed using a rodent
model of dental caries.#1:55:59 Briefly, 15 day-old female Sprague—Dawley rat pups were
purchased with their dams from Harlan Laboratories (Madison, WI). Upon arrival, animals
were screened for S, mutans by plating oral swabs on selective media: Mitis Salivarius Agar
plus Bacitracin (MSB). Animals that were already infected with S. mutanswere excluded
from the study. The remaining animals were infected by mouth with an actively growing
(midlogarithmic) culture of S. mutans UA159, and oral swabbing was used to assess the
success of this procedure. These animals were given the NIH cariogenic diet 2000 (TestDiet,
St. Louis, MO) and 5% sucrose water ad /ibitum. \We used a treatment similar to a clinical
scenario, which consisted of 1 min topical application of Dex-NZM (at 1 mg/mL)
immediately followed by H,05 (at 1%, v/v) exposure (Dex-NZM/H,05). The animals were
randomized into four treatment groups, and their teeth were treated twice daily for 21 days.
The treatment groups were: (1) control (0.1 M NaAc buffer, pH 4.5), (2) Dex-NZM only (1
mg/mL), (3) 1% H,0, only, and (4) Dex-NZM/ H,0, (1 mg/mL Dex-NZM with 1% H,05).
The animals were weighed once a week, and their physical appearances were noted each
day. After 21 days of treatment, the animals were sacrificed and their jaws were surgically
removed and aseptically dissected. The plague— biofilm samples were removed and
dispersed v/a sonication and subjected to microbiological and microbiome analyses as
described previously.5® All the jaws were defleshed, and the teeth were prepared for caries
scoring according to Larson’s modification of Keyes’ system.#1.60 Determination of caries
score of the codified jaws was performed by one calibrated examiner. The gingival and
palatal tissues were collected and processed for hematoxylin and eosin (HE) staining for
assessment by an oral pathologist (Dr. Faizan Alawi, Penn Oral Pathology).

Statistical Analysis.

At least three independent experiments were performed for each experiment mentioned
above. Statistical analysis was carried out using GraphPad Prism 5 software v/a unpaired ¢
tests, with the exception of the microbiome data, which were analyzed using R (version
3.5.0) with the pairwise Wilcoxon test.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

(A) Schematic and TEM of Dex-NZM formulations (scale bar for all images is the same,
1.e., 100 nm). (B) Hydrodynamic diameters and zeta potentials of Dex-NZM measured in DI
water. (C) Catalytic activity of different Dex-NZM formulations at three different pHs, as
determined from the colorimetric TMB assay. *, **, and *** indicate statistically significant
differences of p< 0.05, p<0.01, and p < 0.001, respectively. Error bars are standard
deviations.
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Figure2.
(A) ICP-OES of biofilm samples (cells and EPS combined) incubated with different Dex-

NZM. (B) Effect of different Dex-NZM formulations on bacterial viability with H,0. (C)
Effect of Dex-NZM formulations on the mass of biofilms with H,O,. Effect of Dex-NZM
formulations on the viability of (D) primary human gingival epithelial cells and (E) human
fibroblast cells. *, **, and *** indicate statistically significant differences at p< 0.05, p<
0.01, and p < 0.001, respectively, while “ns” stands for nonsignificant difference. Error bars
are standard deviations.
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Figure 3.

(A) Reaction Kinetics of Dex-NZM and horseradish peroxidase (HRP). (B) Catalytic activity
of the formulations noted. (C) Catalytic activity of Dex-NZM within intact biofilms (control
is an untreated biofilm). (D) Photographs of uncoated NZM and Dex-NZM in saliva at the
time points noted. (E) Binding of NZM to human fibroblasts (BJ-5ta) and human gingival
epithelial cells (HGECS). (F) Uptake of NZM in biofilms (incubation concentration: 0.5 mg
Fe/mL). (G) Incorporation of NZM in EPS formed by GtfB on hydroxyapatite beads. (H)
Binding of NZM to saliva-coated hydroxyapatite beads. ** and *** indicate statistically
significant differences from 0 min at p< 0.01 and p < 0.001, respectively, while “ns” stands
for nonsignificant; “nd” stands for nondetected. Error bars are standard deviations.
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Figure 4.

Antibiofilm properties of topical Dex-NZM + H,0, treatments. (A-D) Distribution of Dex-
NZM within a biofilm (gray: bacteria, green: Dex-NZM, magenta: EPS; scale bar: 10 um).
(A) Bacterial and Dex-NZM merged image, (B) Dex-NZM image only. (C) EPS and Dex-
NZM merged image. (D) Dex-NZM image only. Representative image of a Dex-NZM
treated S. mutans biofilm (E) before addition of H,0,; dashed white and yellow boxed
indicate selected areas for localized antibiofilm effects of Dex-NZM. Close-up views of
bacteria and EPS images before H,O, exposure (panels F and G, respectively) and 100 min
after H,O, exposure (panels H and I). Comparison of (F) and (H) highlights the bacterial
killing, while comparison of (G) and (l) indicates EPS-matrix degradation. All bacteria are
displayed in gray, and the EPS-matrix is displayed in magenta in (E). Dead bacteria are
displayed in red in (F) and (H). The EPS matrix is displayed in magenta in (G) and (1). Scale
bar: 50 zm. F—I are higher magnification images from boxed areas in E. (J) Fold intensity
of dead bacteria and (K) % intensity of EPS in Dex-NZM treated biofilm over time. ** and
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*** indicate statistically significant differences from 0 min at p< 0.01 and p < 0.001,
respectively, while “ns” stands for nonsignificant. Error bars are standard deviations.
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Figureb.
Effect of Dex-NZM on a biofilm-associated oral disease /n vivo. (A) Caries scores recorded

from sulcal surface. (B) Caries scores recorded from smooth surface. The caries scores were
recorded according to Larson’s modification of Keyes’ scoring system, and the data are
presented as mean + SD (7= 10). * indicates significant differences (o < 0.05) from control,
H,0,, or Dex-NZM. (C) Histology of the gingival tissue with the treatments noted. Error
bars are standard deviations.
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