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ARTICLE INFO ABSTRACT
Keywords: Objectives: The goal of this study is to develop a novel drug delivery platform for the pH-responsive delivery of
Dental caries biofilm inhibitors as a potential avenue to prevent and treat dental caries.
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Methods: Biofilm and growth inhibition assays were performed in polystyrene microtiter 96-well plates. Docking
analysis was performed using the reported GtfB + HAS co-crystal structure (PDB code: 8fg8) in SeeSAR 13.0.1
software. Polymersome vesicles were assembled from poly(N-vinylpyrrolidone)g-block-poly(dimethylsiloxane)e4-
block-poly(N-vinylpyrrolidone)s (PVPONg-PDMS¢4-PVPONg) triblock copolymer using a nanoprecipitation
method. Microbiome analysis of biofilm inhibitors and the in vivo drug release and antivirulence activities of
polymersome encapsulated inhibitors have been carried out in a S. mutans induced rat caries model.

Resuits: Biofilm inhibitors for HA5 and HA6 have shown species-specific selectivity towards S. mutans and the
ability to preserve the oral microbiome in a S. mutans induced dental caries model. The inhibitors were
encapsulated into pH-responsive block copolymer vesicles to generate polymersome-encapsulated biofilm in-
hibitors, and their biofilm and growth inhibitory activities against S. mutans and representative strains of oral
commensal streptococci have been assessed. A 4-week treatment of S. mutans UA159 infected gnotobiotic rats
with 100 uM of polymersome-encapsulated biofilm inhibitor, PEHAS5 showed significant reductions in buccal,
sulcal, and proximal caries scores compared to an untreated control group.

Significance: Taken together, our data suggests that the biofilm-selective therapy using the polymersome-
encapsulated biofilm inhibitors is a viable approach for the prevention and treatment of dental caries while
preserving the oral microbiome.

Abbreviations: ANOVA, Analysis of variance; BTB, Bis-Tris; BAP, Blood agar plate; CDM, Chemically defined medium; CFU, Colony forming unit; DNA, Deoxy-
ribonucleic acid; DMSO, Dimethyl sulfoxide; EPS, Extracellular polysaccharide; Gtf, Glucosyltransferases; HPLC, High performance liquid chromatography; IC50,
Half maximal inhibitory concentration; KD, Dissociation constant; MS, Mitis-Salivarius agar; OTU, Operational taxonomic unit; PCR, Polymerase chain reaction; ppm,
Parts per million; qPCR, Quantitative polymerase chain reaction; RNA, Ribonucleic acid; SEM, Standard error of the mean; SDS-PAGE, Sodium dodecyl sulfate-
polyacrylamide gel electrophoresis; S. gordonii, Streptococcus gordonii; S. mutans, Streptococcus mutans; S. sanguinis, Streptococcus sanguinis; THB, Todd Hewitt Broth.
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P. Ahirwar et al.
1. Introduction

Dental caries, commonly known as tooth decay, is a ubiquitous
bacterial infectious disease that causes demineralization of enamel and
dentin [1]. A recent Lancet study of global burden of 328 major diseases
recognizes dental caries as the most prevalent disease worldwide [2].
Although dental plaque contains more than 700 bacterial species living
in complex bacterial communities called biofilms, the gram-positive
bacterium Streptococcus mutans, characterized by its ability to form
tenacious biofilms is considered to be the primary etiological agent for
this disease [3,4]. Biofilm formation is initiated by the attachment of
commensal streptococci such as Streptococcus sanguinis and Streptococcus
gordonii to the tooth surface and the subsequent intra- and inter-species
microbial interactions [5-7]. Low numbers of cariogenic bacteria often
live together with their benign commensal counterparts in the oral
cavity as multispecies biofilm communities [8-10]. Under the disease
conditions, pathogenic bacteria overgrow the commensals disturbing
the delicate balance between them [11,12]. Current antimicrobial
treatments for dental caries such as oral rinses affect both pathogenic
and commensal bacteria alike. Therefore, it would be beneficial if the
studies aimed at developing new caries treatments focus on identifying
antibiofilm agents that have no adverse impact on the growth of oral
commensal species. One of the strategies to accomplish this goal is by
developing inhibitors of S. mutans virulence factors such as extracellular
glucosyl transferases (Gtfs) [13]. S. mutans’ secreted enzymes GtfB and
GtfC are primarily responsible for the synthesis of water-insoluble glu-
cans [14,15] and GtfD is responsible for the synthesis of water-soluble
glucans [16,17]. Functions of S. mutans Gtfs are essential for glucan
synthesis, biofilm formation and the resulting cariogenesis [13].
Therefore, inhibiting S. mutans Gtfs is an excellent strategy to specif-
ically inhibit its biofilm without affecting its viability and the viability of
oral commensal bacterial species. Two such Gtf inhibitors reported from
our lab are compounds HA5 and HA6 [18].

The goal of the present study is to encapsulate HA5 or HA6 in pH-
responsive polymer nanoplatforms and explore their on-demand pH-
responsive delivery in the oral cavity to prevent or treat dental caries.
The pH-responsive delivery of antibacterial agents is a desirable
approach to treat dental caries as the pH level in oral cavity is one of the
critical factors contributing to the demineralization process of tooth
enamel. The human salivary system maintains a healthy non-harmful pH
of 6.0 — 7.5 in the oral cavity [19,20] under physiological conditions
controlled by three buffer systems: 1) bicarbonate, 2) phosphate and 3)
salivary proteins [21,22]. Under pathogenic oral conditions, biofilm
ferments the dietary carbohydrates to produce acidic byproducts such as
lactic acid leading to a drop in salivary pH to < 5.5, which is harmful to
the tooth enamel and dentin [21-24]. Therefore, dental caries treatment
would tremendously benefit from an antibiofilm agent that is delivered
on the tooth surface as the pH drops below 5.5.

Given the challenges of poor solubility of small molecule antibacte-
rial agents, difficulty of penetration into biofilms, and lack of retention
of the drugs within biofilm, the use of nanomaterials for the localized
delivery of antibacterial agents is a prudent approach to treat dental
caries [25-29]. Examples of such studies are the delivery of farnesol and
myricetin using nanoparticle carriers to inhibit biofilm [30], delivery of
farnesol using pH-responsive micelles (PPi-Far-PM) [31] and the use of
nano systems such as mesoporous silica nanoparticle (MSN) [32,33],
liposome [34], halloysite nanotube (HNT) [35], and polyamidoamine
(PAMAM) [36] for controlled release of anticaries drugs. However, none
of these approaches have been translated to clinical use so far as their in
vivo efficacies are either modest or unproven.

Our interest is focused on developing a novel polymersome drug
delivery system with built-in pH-sensitivity for the delivery of biofilm
inhibitors. Polymersomes are hollow polymeric spheres with an aqueous
core and a polymer membrane that has close similarity to the membrane
of liposomes [37,38]. Polymersomes are ideal delivery platforms for
small-molecule biofilm inhibitors as their amphiphilicity makes them
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capable of encapsulating both hydrophilic and hydrophobic molecules
in their core and polymer shell, respectively [39]. Polymersomes are
mechanically robust with efficient drug loading capacity and ability to
respond to environmental stimuli such as pH or temperature [40-42].
Such polymer vesicles made from block copolymers of
polybutadiene-b-poly(L-glutamic acid) and polyethyloxide-
B-polycaprolactam have been shown to release their cargo through the
vesicle disassembly due to the presence of the degradable bonds within
their structure [42]. We specifically designed spherical block copolymer
vesicles to encapsulate our biofilm inhibitors. These hollow vesicles
were self-assembled from poly(N-vinylpyrrolidone)g-block-poly(dime-
thylsiloxane)e4-block-poly(N-vinyl-pyrrolidone)s (PVPONg-PDMSg4-PV-
PONg) block copolymer into ~30-nm spherical hollow nanovesicles via a
nanoprecipitation method. The synthesis of these nanovesicles was
carried out by the reversible addition-fragmentation chain transfer
(RAFT) polymerization we have reported previously [43]. Due to the
presence of acid-labile ester (-COO-) linkages between PDMS and
PVPON blocks, the assembled polymersome vesicles are degraded at pH
< 4 and release the cargo [43].

2. Materials and methods
2.1. General considerations

All bacterial strains (S. mutans UA159, S. gordonii DL1, and
S. sanguinis SK36) were inoculated statically at 37 °C under 5 % CO»
environment in Todd Hewitt Broth (THB) for 24 h [44]. The cultures
were then diluted with fresh THB (1:5) and reinoculated until the optical
density at 470 nm reaches 1. The optical density was read using BioTek
800 TS absorbance reader at 470 nm for bacterial growth and 562 nm for
biofilm stained with crystal violet. Data was plotted in Prism 10.0.2.
TEM images of polymersome vesicles assembled from
PVPONg-PDMSg4-PVPONg were obtained using a FEI Tecnai T12 Spirit
TWIN TEM microscope operating at 80 kV. For imaging, 7 uL of the
vesicle solution was deposited onto an argon plasma-treated Formvar/
carbon-coated copper grid (400 mesh, Electron Microscopy Sciences).
After 30 s the excess vesicle solution was blotted, and the adsorbed
vesicles were then stained with 1 wt% uranyl acetate. The excess
staining solution was immediately blotted prior to imaging.

2.2. Biofilm inhibition assays

Biofilm inhibition assays were performed in polystyrene microtiter
96-well plates. Stock solutions were prepared in chemically defined
medium (CDM) with 1 % sucrose, 1 % bacteria cultures and various
concentrations of the small molecule inhibitors to examine their activity
against biofilm formation as described [45,46]. These stocks were
assayed in 96 well plates in triplicate and incubated at 37 °C and 5 %
CO4, for 16 h. After reading optical density for bacterial growth, the plate
was washed, dried, and stained with 0.1 % crystal violet which was
again rinsed well with deionized water leaving the stained biofilm at the
bottoms of the wells. This biofilm was dissolved in 200 pL of 30 % acetic
acid and absorbance at 562 nm was read to determine amount of biofilm
formation. Each assay was carried out at least in triplicate. Biofilm in-
hibitor concentration (ICs() of the compounds was determined by serial
dilutions from 0 uM - 50 uM (1 % DMSO).

2.3. S. mutans, S. gordonii, and S. sanguinis growth assays

Effects of PEHAS, PEHA6, HAS and HA6 on S. mutans and commensal
bacterial growth were evaluated using the growth assay as described
[45]. S. mutans UA159, S. gordonii DL1, S. sanguinis SK36, cultures were
grown for 24 h under 5 % CO5 at 37 °C. These cultures were then
reinoculated with fresh THB (1:5) until OD47¢9 = 1 when the bacteria
were ready to be used. Different concentrations of the PEHAS, PEHAG6,
HAS and HA6 were assayed in CDM with 1 % of the bacteria, 1 % sucrose
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and 1 % DMSO in 96 well plates. The 96 well plates were incubated
under 5 % CO; at 37 °C for 16 h. Growth of the bacteria was read after
16 h at OD4y(. Each assay was carried out at least in triplicate.

2.4. Gtf inhibition is determined by glucan quantification assays

Gtf inhibition assays were performed to assess the ability of HA6 to
inhibit the Gtfs and glucan production using a reported procedure and
ICsp value was calculated [47,48]. Overnight cultures of S. mutans
UA159 were centrifuged (6500 rpm, 4 °C, 10 min) to remove the cells.
Supernatant was mixed with ethanol (1:1) and incubated at —80°C for 1
h. The precipitated Gtfs were palleted using centrifugation and resus-
pended in CDM (1 mL). 10 pL of Gtfs suspension in CDM was assayed on
Ibidi slides with varying concentrations of HA6, 1 % sucrose, 1 % DMSO
and 1 uM Cascade blue dextran conjugated dye in CDM. The slides were
then incubated at 37 °C with 5 % CO; for 16 h after which, the wells of
Ibidi slides were gently rinsed with 1x PBS and imaged using fluores-
cence microscopy. The images obtained were processed in ImageJ to
quantify glucans and graphed in GraphPad Prism 10.0.2.

2.5. Docking analysis

The reported GtfB + HAS co-crystal structure (PDB code: 8fg8) was
downloaded from protein databank [18]. Chain B of the protein was
selected for the docking, water molecules and sulfate ions were removed
using PyMol [49]. Bis-Tris (BTB) molecule and calcium ions that are
close to the binding site and contribute significantly to the free energy of
binding (AGpuypg) of the inhibitor HAS toward GtfB were kept. The
protein was loaded into SeeSAR 13.0.1 [50] and all residues within a 6.5
A radius around the ligand, HA5 were automatically selected to use as a
binding site for the docking study. The ligand HA5 was exported to
SeeSAR docking mode and the compound HA6 in sdf format was
uploaded to SeeSAR using a templated docking mode. The docking was
carried out using FlexX 6.0.0 integrated in SeeSAR 13.0.1[51,52]. The
estimated affinities, torsions, and clashes were calculated for all poses in
SeeSAR analyzer mode. The pose of HA6 which has the least torsion, no
intra and inter molecular clashes was selected as the primary docking
mode of the molecule within the GtfB active stie.

2.6. Encapsulation of HA5 into polymer vesicles

HAS loaded polymersomes were prepared using a nanoprecipitation
method. For that, 1.0 mL of the PVPONg-PDMSg4-PVPONg triblock-
copolymer solution in ethanol (5.0 mg/mL) was added dropwise to
4.0 mL of the 2.5 mg HA5 (or HA6) solution in DI water at room tem-
perature and left under stirring for 2 h. Then, the obtained solution was
dialysed in DI water for 48 h using a Float-a-Lyzer (MWCO 1000 Da,
Fisher Scientific) to remove ethanol, followed by dialysis in DI water for
72 h using a Float-a-Lyzer (MWCO 100 kDa, Fisher Scientific) to remove
an excess of the drug. The hydrodynamic size of empty and encapsulated
polymersomes was measured using a Nano-ZS Zetasizer (Malvern Pan-
analytical) equipped with a He-Ne laser (663 nm) at 25 °C. Drug con-
centration was calculated using a NanoDrop One Microvolume UV-Vis
spectrophotometer (Thermo Fisher).

2.7. Impact of HA5 and HA6 on the rat oral microbiome

We used Fischer 344 rats that were bred and maintained in trexler
isolators for this experiment. Male and female rat pups were removed
from isolators at 20 days of age and randomly assigned into treatment
groups of 5 rats / group in cages with filter tops. Rats were then infected
with S. mutans UA159 strain by oral swabbing daily for four consecutive
days with a fresh overnight culture of S. mutans UA159. Rats were
provided with caries promoting Teklad Diet 305 containing 5 % sucrose
(Harlan Laboratories, Inc., Indianapolis, IN) and sterile drinking water
ad libitum. Oral swabs were taken 5 days post-infection and plated on
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Todd Hewitt (TH) agar plates and incubated at 37 °C in an environment
of 5 % COx in the air to confirm colonization. Rats were weighed at
weaning and then weekly throughout the experiment. One-week post-
infection, the molars of the rats were brushed twice daily for 4 weeks
with the test compounds using camel-hair brushes. Four treatment
groups used in this study were: 1) HA5 (100 uM); 2) HA6 (100 uM); 3)
NaF (250 ppm); and 4) infected untreated rats. Drinking water was
withheld for 60 min following each treatment with the compound. An-
imals were weighed at weaning and at the termination of the experi-
ment. On day 60, the rats were sacrificed using CO5 followed by cervical
dislocation or bilateral thoracotomy. The mandibles were surgically
removed and cleaned of excess tissue to assess the level of bacteria
present and the extent of caries formation. The right mandible from each
rat was placed in a tube containing phosphate buffer (3 mL), placed on
ice and sonicated (10 s) to release bacteria from the molars. Each sample
was serially diluted, plated on blood (BAP) and mitis-salivarius (MS)
agar plates and incubated in an environment of 5 % COs in air at 37 °C to
quantify the level of total bacteria and S. mutans present in the plaque.
The right and left mandibles from each rat were then placed in 95 %
ethanol for 24 h. The mandibles were cleaned and stained overnight
with murexide solution. After drying, the mandibles were sectioned and
scored for caries activity using the Keyes method [53]. Caries scores
were recorded for the buccal, sulcal and proximal molar surfaces indi-
vidually so that differences among the surfaces can be distinguished.
Statistical significance in the mean caries scores, colony-forming units
(CFU)/mandible and body weights between groups of rats were deter-
mined by one-way analysis of variance (ANOVA) with the Tukey-Kramer
multiple comparison test using the InStat program (GraphPad Prism
10.0.2.). When determining the statistical significance between the two
groups, an unpaired t-test was applied. Differences between groups were
considered significant at a P-value < 0.05.

In addition to recording buccal, sulcal and proximal molar surface
caries scores and colony-forming units (CFU)/mandible and body
weights between groups of rats as described above, plaque samples from
rats treated or untreated were collected and DNA was extracted from
each sample and used for PCR amplification of ~430 bp amplicons of
16S ribosomal DNA hypervariable regions V3 and V4, Illumina adaptors,
and molecular barcodes as described [54]. Barcoded PCR samples were
sequenced at UAB Microbiome Research Core. The Ribosomal Database
Project classifier was used to assign a taxonomic classification to each
read in the representative set and a phylogenetic tree will be constructed
from the representative sequences. The relative abundance of each OTU
was examined at phylum, class, order, family, genus, and species levels.
Alpha and beta diversity analysis of the oral microbial community was
performed using MicrobiomeAnalyst 2.0 [55]. The ASV table containing
the raw counts was filtered to remove low abundance features that were
less than 10 % prevalence in samples, and data scaling was performed
using Total sum scaling (TSS) prior to the diversity analysis. Alpha di-
versity indices generated were used in GraphPad Prism 10.0.2 to
generate the bar plots. All experimental protocols were approved by the
University of Alabama at Birmingham Institutional Animal Care and Use
Committee. The methods were carried out in accordance with the rele-
vant guidelines and regulations.

3. Results
3.1. Biofilm inhibitors HA5 and HA6

Biofilm inhibitors HA5 and HA6 (Fig. 1) are excellent candidates for
polymersome encapsulation as they inhibited S. mutans biofilm with
ICsp values of 6.42 pM and 18.92 pM, respectively without affecting the
growth of commensal species S. gordonii and S. sanguinis at their biofilm
inhibiting doses. They were also found to have solubilities of 120.09 pg /
mL and 90.77 pg / mlL, suitable for encapsulation into polymersome
vesicles. Both inhibitors HA5 and HA6 were synthesized in large scale
using the synthetic protocols reported from our lab recently [18].
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HA6 o o

HAS yd  OowH

Biofilm inhibition IC5y = 6.42 £ 0.6 UM
Gtf inhibition IC50 = 10.56 + 1.17 uM
Solubility = 120.09 + 1.73 pg/uL

Biofilm inhibition IC5 = 18.92 £ 0.39 uM
Gtf inhibition IC5q = 8.90 + 0.22 uM
Solubility = 90.77 + 0.48 pg/uL

Fig. 1. Inhibitors of S. mutans glucosyl transferases and biofilm.

Detailed evaluation of Gtf inhibition, biofilm inhibition and growth
inhibition activities of compound HAS5 has already been reported in our
prior publication [18]. Additional in vitro and in vivo evaluations were
conducted for compound HA6 to ensure its suitability for encapsulation
as described in the following sections.

3.2. Biofilm and growth inhibition by HA6

Compound HA6 inhibited S. mutans biofilm in a dose dependent
manner with an ICsy value of 18.92 + 0.39 uM (Fig. 2A). Staining of
bacterial cells within biofilms with Syto-9 showed significant reduction
in biofilms at 15 pM and a complete inhibition at 30 uM of HA6 (Fig. 2E-
D). The presence of glucans, which were stained with Cascade Blue-
dextran conjugated dye, was significantly reduced at 15 uM and no
glucan formation was evident at 30 uM of HAG6 (Fig. 2E-II). In addition,
propidium iodide was used to determine the presence of extracellular
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DNA (eDNA) in S. mutans biofilms. Again, there was a noticeable
reduction of eDNA at 15 uM and almost complete absence of eDNA at
30 uM of HA6 (Fig. 2E-III). These findings reaffirm that compound HA6
inhibited S. mutans biofilms by preventing the synthesis of glucans and
minimizing the presence of eDNA, two integral biofilm matrix elements
crucial for S. mutans biofilm formation.

To determine if HA6 only selectively inhibits S. mutans biofilms
without affecting the planktonic growth of S. mutans and oral
commensal species, the effects of HA6 on the viability of two repre-
sentative oral commensal streptococci, S. gordonii and S. sanguinis, along
with S. mutans at 25 uM and 50 pM doses were evaluated. As shown in
Fig. 2B, compound HA6 did not inhibit the growth of S. sanguinis, while
it showed about 10 % inhibition of the growth of S. gordonii compared to
the control groups at these doses that are much higher than its biofilm
ICsp value of 18.92 uM. Similarly, the compound HA6 did not inhibit
S. mutans viability at these doses (Fig. 2B). In addition, we have
demonstrated that HA6 did not significantly reduce the biofilms of the
commensal species S. gordonii and S. Sanguinis at 25 pM (Fig. 2C-D).

3.3. Gtf binding and inhibition by HA6

Gtf inhibition assays were performed to assess the ability of HA6 to
inhibit the Gtfs and glucan production using a reported procedure [47,
48] and the ICs( value was determined to be 8.90 + 0.22 uM (Fig. 3A).
In order to predict the interactions of HA6 within GtfB active site and
further support its mechanism of action, we performed a docking anal-
ysis of HA6 using our recently published X-ray crystal structure of the
catalytic domain of GtfB co-crystallized with HA5 (PDB: 8fg8) [18]. The

. . ,200pm
200 Jan JEesa e
. 5,5 25

HA6
(10 um)

200 um

200 pm

1% DMSO

HA6
(30 um)

HA6
(15 um)

HA6
(20 um)

Fig. 2. Biofilm and growth inhibitory activities of the compound HA6. A) S. mutans UA159 were co-incubated with HA6 at various concentrations and biofilm
formation was measured at ODsg, using the crystal violet protocol and ICs, value was determined. B) S. mutans UA159, S. gordonii DL1 and S. sanguinis SK36 were co-
incubated with HA6 at 25 uM and 50 uM and their planktonic growth were measured at OD47¢. C) S. gordonii DL1 were co-incubated with HA6 at 25 pM and biofilm
formation was measured at ODs¢, using the crystal violet protocol. D) S. sanguinis SK36 were co-incubated with HA6 at 25 uM and biofilm formation was measured at
ODsg, using the crystal violet protocol. E) Representative fluorescence microscopy images of UA159 biofilms after 16 h of treatment with various concentrations of
HAG. Bacterial cells were stained with Syto-9 (green, panel-I); glucans were stained with Cascade Blue dextran conjugated dye (blue, panel-II); eDNA was stained
with propidium iodide (red, panel-IIl), and a merged image of all three staining images (panel-IV).
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Fig. 3. Gtf inhibitory activities of the compound HA6. A) Gtfs precipitated from S. mutans UA159 culture were co-incubated with HA6 at various concentrations and
the glucan production was quantified using Cascade Blue dextran conjugated dye staining and subsequent image processing with ImageJ. B) Chemical structures of
HAS5 and HA6. C) Interactions of HA6 (yellow sticks) within GtfB active site predicted by docking carried out using FlexX6.0 suite with SeeSAR 13.0.1 software

compared with the HA5 (cyan sticks, PDB: 8fg8).

docking analysis was carried out using FlexX6.0 suite with SeeSAR
13.0.1 software [50-52].

The GtfB binding of HA6 is expected to be similar to HA5 as their
chemical structures are very similar with only a difference in the posi-
tion of one OH group on the trihydroxyphenyl ring. The compound HA5
contained a 2,4,5-trihydroxyphenyl ring, while HA6 contained a 3,4,5-
trihydroxyphenyl ring. An overlay of HA6 docking model with the
crystal structure of HAS and their key active site interactions are pre-
sented in Fig. 3C. There are two H-bonding interactions noticed for HA6
within GtfB active site, one through 3,4-OH groups of the 3,4,5-trihy-
droxyphenyl moiety with Tyr404. The second H-bonding interaction
of HA6 was with the carbonyl O atom present in the 5-membered ring
with the guanidine side chain of Arg514. Similar H-bonding interactions
were also observed in the crystal structure of HA5 at the 4-OH position
from the 2,4,5-trihydroxyphenyl moiety and with the O atom of the
carbonyl group of the 5-membered ring. The 3-OH group of both HA6
and HAS displayed indirect interactions with the amino acid residue
Glu489 through a conserved Ca®" ion, which also interacted with BTB, a
component of buffer used in crystallization studies [56]. Like the crystal
structure of HA5, the docking model of HA6 also had electrostatic and
n-n stacking interactions with Trp491 in the GtfB active site. Overall,
our docking analysis and the Gtf inhibition data suggest that the in-
hibitor HA6 can effectively inhibit the Gtf activity like HAS.
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3.4. Effect of HA5 and HAG6 on rat oral microbiome

Although HA5 and HAG6 are efficient inhibitors of S. mutans biofilm
and cariogenic activity [18], it is important to ensure that these com-
pounds do not have any deleterious impact on the healthy oral microbial
community. To understand how these compounds affect the residential
bacterial community, we conducted an in vivo evaluation of both HA5
and HA6 and compared to the untreated and NaF-treated rats using a
well-established gnotobiotic rat model of dental caries [57-61]. Treat-
ment groups used in this study were inhibitor HA5 (100 uM), inhibitor
HAG6 (100 pM), and vehicle. A UA159 infection only group served as a
negative control and a NaF (250 ppm) served as a positive control.

All rats from the experimental groups and from the control groups
were colonized with S. mutans UA159. A 4-week treatment of infected
gnotobiotic rats with HA5 or HA6 resulted in significant reductions in
buccal caries scores from the enamel (E) and dentinal slight (Ds),
dentinal medium (Dm), and dentinal extensive (Dx) compared to control
groups (Table 1). Similar reductions were observed in sulcal and prox-
imal caries scores (Table 2). The effect of the treatment on dentinal
moderate (Dm) and dentinal extensive (Dx) scores in the proximal area
were not recorded as there were no observable caries lesions in both
control and the treated groups. The observed reductions in caries scores
by HAS5 or HA6 were slightly lower than the positive control NaF
treatment. However, it should be noted that the concentration of NaF
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Table 1
Effect of HAS or HA6 treatment on S. mutans UA159 induced buccal caries.

Treatment Group Buccal Mean, Caries Scores, ( = SEM)

E Ds Dm Dx

UA159 infected and untreated  13.2 9.2 6.2 3.6
+0.4 +0.6 +0.7 +0.4

HAS treated (100 pM) 7.8+ 0.4 6.6 3.6 2.2
+0.5 + 0.4 +0.7

HAG treated (100 uM) 8.2+ 0.7 6.8 4.0 1.2
+0.5 +0.7 +0.5

NaF treated (250 ppm) 6.2+ 0.9 3.2 1.6 0.4
+0.9 +0.5 +0.2

Enamel (E); Dentinal slight (Ds); Dentinal moderate (Dm); Dentinal extensive
(Dx), n = 5.

Table 2
Effect of HA5 or HA6 treatment on S. mutans UA159 induced sulcal and proximal
caries.

Mean Caries Scores ( & SEM) Sulcal
Mean Caries Scores, ( == SEM)

Proximal Mean
Caries Scores,

Treatment, Group

( = SEM)

E Ds Dm Dx E Ds

UA159 infected 25.8 18.8 12.8 6.6 8.0 5.8
and untreated +1.2 +1.3 +0.7 +0.3 +0.0 +0.7

HAS treated 16.4 11.2 4.6 1.0 1.0 0.0
(100 puM) + 2.2 + 0.6 + 0.2 + 0.3 + 0.3 + 0.0

HAG treated 14.6 11.2 6.4 1.6 1.2 0.0
(100 uM) +0.9 +0.7 +0.4 +0.4 +0.8 +0.0

NaF treated 15.2 10.4 5.4 1.6 0.0 0.0
(250 ppm) +0.7 +0.5 +0.4 +0.5 +0.0 +0.0

Enamel (E); Dentinal slight (Ds); Dentinal moderate (Dm); Dentinal extensive
(Dx), n = 5.

(250 ppm = 5.95 mM) is about 59-fold higher than the inhibitor treat-
ment dose of 100 uM. In addition, the rats treated with the compound
HAS or HA6 did not experience significant weight loss over the course of
the study, suggesting that the compounds are non-toxic (Table 3).
Furthermore, HAS or HA6 treatment did not affect bacterial coloniza-
tion significantly compared to control group (Table 3).

During this study, rat oral microbiome samples were collected from
individual rats (n = 5) at the following time points: before the experi-
ment (Native), after inoculation of S. mutans and the start of a caries-
promoting diet (Sm+CPD), after two weeks of treatment with the
compound (2-week), and at the end of the study (END). The microbiota
between the groups at different time points was analyzed for oral bac-
terial composition and abundance. Oral swabs collected before and after
interventions with these compounds were analyzed using the 16 s rRNA
gene sequencing method. Both ‘within’ (alpha diversity) and ‘between’
(beta diversity) sample diversities were calculated over time for each
treatment group using MicrobiomeAnalyst 2.0 [55].

The major phyla detected in the study are Firmicutes, Proteobacteria,
Bacteroides, Actinobacteria, Verrucomicrobia, Epsilonbacteraeota,
Tenericutes, Cyanobacteria, and Spirochaetes. Phylum level comparison
of oral microbiome samples from initial infection of S. mutans after 2-

Table 3
Effect of HA5 or HAG6 treatment on S. mutans UA159 CFU and the body weight of
the treated animals.

Treatment Group CFU/mL (x10%) Animals
MS BAP Weight (g§)  Number
UA159 infected and untreated 23+1.2 3.3+2.0 161 +£12 5
HAS treated (100 uM) 22+0.8 39+1.4 156 + 16 5
HAG treated (100 uM) 1.3+0.4 1.9+ 0.5 165 +13 5
NaF treated (250 ppm) 1.6 £ 0.6 2.8+0.7 145 +£12 5

Mitis-Salivarius agar (MS); Blood agar plate (BAP)
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week of treatment and 4-week treatment showed that the phylum Fir-
micutes dominated the native microbiome and to a lesser extent by
phyla Proteobacteria and Bacteroides. Treatment with the compounds
HAS or HAG6 did not perturb the overall rat oral microbiome at phylum
levels significantly (Fig. 4A). Each color represents 1 phylum, and the
length of the bar reflects relative abundance. The results were similar to
the NaF treatment and the control: infected untreated animals.

The family level comparison within the major phylum, Firmicutes,
from the initial infection of S. mutans to after 4-week of treatment was
carried out. The major families detected within the phylum Firmicutes
throughout the study are Lachnospiraceae, Ruminococcaceae, Lactoba-
cillaceae, Erysipelotrichaceae, and Streptococcaceae. Each color repre-
sents 1 family, and the length of bar reflects relative abundance
(Fig. 4B). The results suggested that the Lachnospiraceae family domi-
nated in the native microbiome and, to a lesser extent by families
Ruminococcaceae and Lactobacillaceae and the treatment with com-
pounds HA5 or HA6 did not perturb the overall rat oral microbiome
significantly within this phylum (Fig. 4B). However, an increase in the
abundance of the Streptococcaceae family was observed during the
second week of the study for untreated and fluoride treated groups. This
increase was not sustained till the end of the study as the week 4
abundance of Streptococcaceae composition was found to be similar to
the native group suggesting that the observed increase in abundance
during week 2 was likely an experimental artifact. Overall, the results of
compound treatment were similar to NaF treatment and the control:
infected untreated animals.

A comparative analysis plots of alpha-diversity of all animals in
groups over time, Native (black) and END (gray) are presented in
Fig. 4C. As in untreated control groups, the treated groups also main-
tained an increasing trend in the alpha diversity at the end of the
treatment. Both compounds HA5 and HA6 maintained the beta diversity
without any significant deviations (PERMANOVA, P-value > 0.05) from
the native community (Fig. 4D). None of the groups showed any change
in the community after Sm + CPD treatment, except the NaF-treated
group (PERMANOVA, P-value > 0.001), where the community was
shifted, and the samples were clustered separately. However, after 2
weeks of treatment, it shifted closer to the native state. Similar to what
we observed in the untreated group, the intervention for a total of 4
weeks with these compounds did not show any shift in the oral bacterial
community, indicating the harmless nature of these compounds towards
other commensal bacteria in the oral cavity.

3.5. Design of pH-responsive polymersome vesicles

Spherical block copolymer vesicles that allow the encapsulation of
both hydrophilic and hydrophobic drugs were designed and synthe-
sized. The hollow block copolymer vesicles were assembled from poly
(N-vinylpyrrolidone)g-block-poly(dimethylsiloxane)e4-block-poly(N-
vinylpyrrolidone)s (PVPONg-PDMSg4-PVPONg) triblock copolymer into
~30 nm vesicles using a nanoprecipitation method [62,63]. The block
copolymer was synthesized by reversible addition-fragmentation chain
transfer (RAFT) polymerization of N-vinylpyrrolidone (VPON) from
PDMS macroinitiator as we have previously reported (Fig. 5A) [64]. The
molecular weight of the purified copolymer was determined by 'H NMR
(Fig. 5B) and was found to be M, = 7070 g/mol (See Materials and
Methods Section for details). Due to the presence of acid labile ester
linkages between PDMS and PVPON blocks in the triblock copolymer,
the assembled polymersome vesicles are degraded when pH is lowered
to < 4, as we demonstrated earlier [62,65].

3.6. Polymersome encapsulation of compounds HA5 or HA6

TEM analysis of the empty polymersomes (Fig. 5C) demonstrated the
presence of intact spherical vesicles. The average size of the dry vesicles
was determined across 100 measurements and found to be 30.1 + /-
2.7 nm, which agrees with the DLS size data from the same vesicle
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Fig. 4. Compounds HA5 and HA6 do not perturb oral microbiome significantly. Oral microbiome samples were obtained from individual rats at the following time
points: before the experiment (Native), after inoculation of S. mutans and the start of a caries-promoting diet (Sm+CPD), after two weeks of treatment with the
compounds (2-week), and at the end of the study (END). The microbiota between groups at different time points were analyzed for diversity and composition. A)
Phyla composition in all groups. Each color represents 1 phylum, and the length of the bar reflects relative abundance. The major phyla detected throughout the
study were Firmicutes, Proteobacteria, Bacteroides, Actinobacteria, Verrucomicrobia, Epsilonbacteraeota, Tenericutes, Cyanobacteria, and Spirochaetes. n = 5 per
group. B) Family-level composition within phylum Firmicutes. The major families detected within the phylum are Lachnospiraceae, Ruminococcaceae, Lactoba-
cillaceae, Erysipelotrichaceae, and Streptococcaceae, n = 5. C) Alpha diversity of the oral bacterial community structure at the genus level of each treatment group.
Three diversity indices: Chao-1, Shannon, and Simpson were calculated, before (Native) and after (END) the treatment interventions and compared against the
untreated group. n = 5. D) Beta diversity (Bray-Curtis index) of the oral bacterial community structure at the genus level for each treatment group is represented by
the principal coordinates analysis (PCoA) plots where the samples were clustered (ellipses) based on the time points as depicted in the color legend: native (red),
Sm+CPD (green), 2-week (blue) and END (purple). Each dot represents 1 rat, n = 5.

solution (Fig. 5D). For encapsulation of HA5 and HA6 into the polymeric 3.7. Biofilm and growth inhibitory activities of PEHAS

vesicles, the PVPONg-PDMSg4-PVPONg triblock copolymer solution in

ethanol (5.0 mg/mL; 1 mL) was added dropwise to 4.0 mL of HA5 Prior to in vivo evaluations, the biofilm inhibitory activities of PEHAS
(0.625 mg/mL), or HA6 (0.625 mg/mL), solution in DI water at room were investigated. PEHAS inhibited S. mutans biofilm in a dose-
temperature and left stirring for 2 h. The hydrodynamic sizes of purified dependent manner with an ICsy value of 12.04 + 1.51 uM (Fig. 6A).
PEHAS and PEHA6 were measured using a Nano-ZS Zetasizer (Malvern Staining of the bacterial cells within biofilms with Syto-9 showed sig-
Pananalytical) equipped with a He-Ne laser (663 nm) at 25 °C. The nificant reduction in biofilms at 10 uM and a complete inhibition at
average hydrodynamic diameters were measured to be 33 + 10 nm for 20 uM of PEHAS5 (Fig. 6E-I). The presence of glucans, which were
empty vesicles (Fig. 5D) and 33 4+ 11 nm and 28 + 9 nm for PEHAS and stained with Cascade Blue-dextran conjugated dye, was significantly
PEHAG®, respectively (Fig. 5D). The concentration of encapsulated drug reduced at 10 uM and no glucan formation was evident at 20 uM of

was calculated using UV-visible spectroscopy using calibration curves PEHAS (Fig. 6E-II). In addition, propidium iodide was used to determine
for HA5 (Amax =444 nm) and HA6 (Apax =412 nm) and was found to be the presence of eDNA in S. mutans biofilms. Again, there was a notice-
0.045 mg/mL for HA5 and 0.035 mg/mL for HA6. (Fig. 5E). able reduction of eDNA at 10 uM and almost complete absence of eDNA

at 20 uM of PEHAS (Fig. 6E-II). These findings reaffirm that PEHAS
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Fig. 5. A) Synthesis of PVPONg-PDMSe4-PVPONG triblock copolymer by RAFT copolymerization (*a mirrored chemical structure). B) *H NMR spectrum of PVPONg-
PDMSg4-PVPONg triblock copolymer. C) Representative TEM image of PVPONg-PDMSg4-PVPONg copolymer vesicles dried on a formvar-coated Cu grid (mesh 200).
D) Hydrodynamic size (diameter, nm) of empty polymersome and PEHAS and PEHA6 as measured by DLS. E) UV-visible spectra of HA5 and HA6 (solid lines) and

PEHAS5 and PEHAG6 (dotted lines) in water.

exhibited S. mutans biofilm inhibitory activities similar to what is re-
ported for unencapsulated compound HA5 [18]. The effects of unloaded
polymersome vesicles on S. mutans biofilm were compared with the
control (1 % DMSO) and the biofilm inhibitory activities of PEHAS5 and
HAS at a single dose of 50 uM concentration. Clearly, empty polymer-
some vesicles did not inhibit the biofilm as compared to 80 % inhibition
by PEHA5 and 95 % inhibition by HAS (Fig. 6B). The planktonic growth
of S. mutans was not affected by PEHAS at the range of doses of 5 uM -
50 uM (Fig. 6C). In addition, the effect of PEHAS5 on the planktonic
growth of two commensal Streptococci, S. gordonii and S. Sanguinis were
compared with the control (1 % DMSO) and HAS at a single treatment
dose of 50 uM. Compared to control, PEHAS slightly inhibited the
growth of S. gordonii and S. sanguinis at this dose, but the effects were
minimal (Fig. 6D).

3.8. Biofilm and growth inhibitory activities of PEHA6

The biofilm inhibitory activities of PEHA6 were investigated. PEHA6
inhibited S. mutans biofilm in a dose-dependent manner with an ICsg
value of 8.09 + 2.92 uM (Fig. 7A). Staining of the bacterial cells within
biofilms with Syto-9 showed significant reduction in biofilms at 10 pM
and a complete inhibition at 20 uM of PEHAG6 (Fig. 7E-I). The presence of
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glucans, which were stained with Cascade Blue-dextran conjugated dye,
was significantly reduced at 10 uM and no glucan formation was evident
at 20 uM of PEHAG6 (Fig. 7E-II). In addition, propidium iodide was used
to determine the presence of eDNA in S. mutans biofilms. Again, there
was a substantial decrease in eDNA at 10 uM and almost complete
absence of eDNA at 20 uM of PEHAG6 (Fig. 7E-III). These findings suggest
that PEHA6 demonstrated S. mutans biofilm inhibitory activities com-
parable to unencapsulated compound HA6. The effects of PEHA6 on
S. mutans biofilm were compared with the control (1 % DMSO) and the
biofilm inhibitory activities of HA5 and HA6 side by side at a single dose,
50 uM concentration. Clearly, PEHA6 inhibited 95 % of the biofilm
closely resembling the efficacy of HA6, with HA5 showing an 85 % in-
hibition of biofilm (Fig. 7B). The planktonic growth of S. mutans was not
affected by PEHAG6 at the range of doses of 5 uM - 50 pM (Fig. 7C). In
addition, the effect of PEHA6 on the planktonic growth of S. mutans was
compared with HA5, HA6 at 50 uM. Compared to control, PEHA6 and
HAG inhibited the planktonic growth slightly while HA5 did not inhibit
the growth significantly at this dose (Fig. 7D).

3.9. Reduction of S. mutans virulence in vivo by PEHA5

The effect of PEHAS on S. mutans colonization and virulence was
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Fig. 6. Biofilm and growth inhibitory activities of PEHAS. A) S. mutans UA159 were co-incubated with various concentrations of PEHAS, and biofilm formation was
measured at ODsg using the crystal violet protocol. B) S. mutans UA159 were co-incubated with empty polymersome vesicles, 50 uM of HAS or PEHAS and the
biofilm formation compared to control (1 % DMSO) was measured at ODsg, using the crystal violet protocol. C) S. mutans UA159 were co-incubated with various
concentrations of PEHAS5, and the planktonic growth was measured at OD47o. D) S. mutans UA159 and two bacterial commensal species S. sanguinis SK36 and
S. gordonii DL1 co-incubated with PEHAS5 or HAS at 50 uM and their planktonic growth was measured at OD4y. E) Representative fluorescence microscopy images of
UA159 biofilms after 16 h of treatment with various concentrations of PEHAS. Bacterial cells were stained with Syto-9 (green, panel-I); glucans were stained with
Cascade Blue-dextran conjugated dye (blue, panel-II); eDNA was stained with propidium iodide (red, panel-IIl), and a merged image of all three staining images

(panel-1V).

compared side-by-side with HA5 using a well-established gnotobiotic rat
model of dental caries [57-61]. A (vehicle + infection only) group was
included as a negative control. All rats from the experimental groups and
from the control group were colonized with S. mutans UA159. A 4-week
treatment of S. mutans UA159 infected gnotobiotic rats with 100 uM of
PEHAS or HAS resulted in significant reductions in buccal caries scores
for enamel (E), dentinal slight (Ds), dentinal moderate (Dm), and
dentinal extensive (Dx) lesions compared to control groups (Table 4).
Similar reductions in caries scores were also observed in sulcal caries
scores and proximal caries scores (Table 5). We were unable to record
the effect of the treatment on dentinal moderate (Dm) and dentinal
extensive (Dx) scores in the proximal area due to the absence of dentinal
lesions in the control and treated groups. The observed reductions in
caries scores by PEHAS were comparable with HA5, with the PEHAS
displaying slightly better in vivo activity, possibly due to the slow
pH-dependent release of the drug from PEHAS5 over the treatment
period. In addition, the rats treated with PEHAS or HA5 did not expe-
rience any weight loss over the course of the study in comparison with
the control group, suggesting the non-toxic nature of the material and
the compound (Table 6). Furthermore, PEHAS or HA5S treatment did not
affect bacterial colonization significantly (Table 6).

4. Discussion
Human oral cavity maintains a healthy pH of 6.0 — 7.5 in the oral

cavity [19,20] under physiological conditions controlled by buffer sys-
tems [21,22]. Under pathogenic conditions, the dental biofilm ferments
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the dietary carbohydrates to produce lactic acid leading to a drop in pH
to less than 5.5, which is harmful to the tooth enamel and dentin
[21-24]. Therefore, dental caries treatment would tremendously benefit
from an antibiofilm agent that is delivered on the tooth surface in a
pH-responsive manner. The goal of this study is to encapsulate the
biofilm inhibitors HA5 and HA6 in pH-responsive polymersome vesicles
and explore their potential for pH-responsive treatment for dental
caries.

Towards this goal, we have synthesized two biofilm inhibitors HA5
and HA6 using the synthetic protocols reported from our lab recently
[18]. The evaluation of Gtf inhibition, biofilm inhibition and growth
inhibition activities of the compound HAS5 has already been reported in
our prior publication [18]. Additional in vitro and in vivo evaluations of
HAG to ensure its activity and suitability for polymersome encapsulation
showed that the compound HAG6 selectively inhibited S. mutans biofilms
with an ICsg value of 18.92 + 0.39 uM without affecting the planktonic
growth of S. mutans at its biofilm inhibiting doses. Its selectivity towards
biofilm inhibition and potential for preserving oral microbiome is
indicated by its lack of inhibition of the planktonic growth of two
representative oral commensal species, S. sanguinis and S. gordonii at its
biofilm inhibiting dose. In addition, the compound HA6 did not signif-
icantly reduce the biofilms of the commensal species S. gordonii and
S. sanguinis at 25 pM. The compound HA6 inhibited S. mutans Gtfs and
glucan production with and the ICsy value of 8.90 + 0.22 pM. The Gtf
binding of HA6 was further supported by SeeSAR docking studies using
the reported GtfB+HAS5 complex crystal structure [18]. The results of
this study suggest that the inhibitor HA6 binds within GtfB active site
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Fig. 7. Biofilm and growth inhibitory activities of PEHA6. A) S. mutans UA159 were co-incubated with various concentrations of PEHA6, and biofilm formation was
measured at ODsg, using the crystal violet protocol. B) S. mutans UA159 were co-incubated with 50 uM of HA5, HA6, or PEHAG and the biofilm formation compared
to control (1 % DMSO) was measured at ODsg, using the crystal violet protocol. C) S. mutans UA159 were co-incubated with various concentrations of PEHA6, and
planktonic growth was measured at OD4yo. D) S. mutans UA159 co-incubated with HA5, HA6 or PEHAG6 at 50 uM and their planktonic growth was measured at OD47(.
E) Representative fluorescence microscopy images of UA159 biofilms after 16 h of treatment with various concentrations of PEHAG6. Bacterial cells were stained with
Syto-9 (green, panel-I); glucans were stained with Cascade Blue-dextran conjugated dye (blue, panel-II); eDNA was stained with propidium iodide (red, panel-III),
and a merged image of all three staining images (panel-IV).

Table 4 Table 5
Effect of PEHAS or HAS treatment on S. mutans UA159 induced buccal caries. Effect of PEHA5 or HAS treatment on S. mutans UA159 induced sulcal and
Treatment, Group Buccal Mean, Caries Scores, ( + SEM) proximal caries.
E Ds Dm Dx Treatment, Group Mean Caries Scores ( &= SEM), Sulcal Proximal Mean
Mean Caries Scores, ( + SEM) Caries Scores,
UA159 infected and 13.8 11.4 8.2 5.6 ( + SEM)
untreated + 0.9 +0.5 + 0.4 + 0.7
PEHAS treated (100 uM) 74406 54+07 40 1.4 E Ds Dm Dx E Ds
+0.6 +09 UA159 infected 24.2 18.4 13.4 7.0 6.8 4.6
HAS treated (100 uM) 9.0+ 0.6 6.4+ 1.0 2.8 1.4 and untreated +0.9 +0.7 +0.9 +0.3 +0.8 +1.0
+0.5 +0.4 PEHAS treated 16.0 12.6 6.6 2.6 4.0 1.6
Enamel (E); Dentinal slight (Ds); Dentinal moderate (Dm); Dentinal extensive HSSOS_ eilﬁ)d ;&8 1i5?(;7 ;?5 j; -5 ;21 1 ; 41 0
0% (100 pM) £08  £09  £05  £09 +05 £06

Enamel (E); Dentinal slight (Ds); Dentinal moderate (Dm); Dentinal extensive

similar to HA5 and revealed several key interactions of HA6 with the (Dx)

active site resides.

To understand how these compounds affect the residential bacterial
community, we conducted an in vivo evaluation of both inhibitors and
compared their activity to the untreated rats and NaF-treated rats using
a well-established gnotobiotic rat model of dental caries [57-61]. A
4-week treatment of infected gnotobiotic rats with 100 uM of HA5 or
HAG resulted in significant reductions in buccal caries scores from the
enamel (E) and dentinal slight (Ds), dentinal medium (Dm), and dentinal
extensive (Dx) compared to control groups. Similar reductions were
observed in sulcal and proximal caries scores. The observed reductions
in caries scores by HA5 or HA6 were slightly lower than the positive
control NaF treatment. However, it should be noted that the concen-
tration of NaF (250 ppm = 5.95 mM) is about 59-fold higher than the

inhibitor treatment dose of 100 uM.

During this study, the rat oral microbiome samples were collected
from individual rats (n =5) at the following time points and the
microbiota between the groups at different time points was analyzed for
oral bacterial composition and abundance. The family level comparison
within the major phylum, Firmicutes suggested that the treatment with
compounds HA5 or HA6 did not perturb the rat oral microbiome
significantly within this phylum. An increase in the abundance of the
Streptococcaceae family was observed during the second week of the
study for the untreated and fluoride treated groups. However, this in-
crease was not sustained till the end of the study as the week 4 abun-
dance of Streptococcaceae composition was found to be similar to the
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Table 6
Effect of PEHAS or HAS treatment on S. mutans UA159 CFU and the body weight
of the treated animals.

Group CFU/mL (x10°) Animals
MS BAP Weight Number
® (n)
UA159 infected and 3.2 3.9 140+ 9 5
untreated + 0.6 + 0.4
PEHAS treated (100 pM) 1.4 3.4 149 + 16 5
+0.4 +0.9
HAS treated (100 puM) 5.5 5.2 145 + 14 5
+ 2.6 +1.4

Mitis-Salivarius agar (MS); Blood agar plate (BAP)

native group suggesting that the observed increase in abundance during
week 2 was likely an experimental artifact. Overall, the results of the
compound treatment were similar to NaF treatment and the control
untreated animals. The principal component analysis plots of alpha-
diversity of all animals in groups over time showed that none of the
groups showed any change in the community after Sm + CPD treatment,
except the NaF-treated group (PERMANOVA, P-value > 0.001), where
the community was shifted, and the samples were clustered separately.
However, after 2 weeks of treatment, it shifted closer to the native state.
Similar to what we observed in the untreated group, the intervention for
a total of 4 weeks with the compounds HAS or HA6 did not show any
shift in the oral bacterial community, indicating the harmless nature of
these compounds towards other commensal bacteria in the oral cavity.

In similar reported studies, killing and elimination of S. mutans by
synthetic antimicrobial peptide C16G2 in an in vitro oral biofilm model
in saliva nonspecifically eliminated noncariogenic species, leading to a
drastic shift of the structure of the microbiota [66]. A novel small
molecule 3F1 significantly reduced caries scores in vivo without affecting
the rat oral microbiome, however, the underlying mechanism of the
dispersion agent is unknown [67]. Our microbiome analysis data sug-
gests that the novel small molecules HA5 and HAG significantly reduced
the caries scores in vivo without affecting the rat oral microbiome like
3F1, and the inhibition of S. mutans biofilm is sufficient to decrease the
incidence of dental caries. Any type of dysbiosis in the oral microbiota
may favor the dental caries promoting organisms and result in adverse
effects. Thus, targeting the bacterial species that promote dental carries
without any major perturbation to normal healthy microbiota has
greater implications in maintaining dental health.

After conducting the in vitro and in vivo evaluations of the compounds
HAS and HAG6, they were encapsulated into spherical block copolymer
vesicles to generate polymersome encapsulated drugs PEHAS5 and
PEHAG and their biofilm and growth inhibitory activities were evaluated
in comparison with empty polymersome vesicles and unencapsulated
drugs. Clearly, empty polymersome vesicles did not inhibit the biofilm
as compared to 80 % inhibition by PEHAS and 95 % inhibition by HA5
at 50 M. The planktonic growth of S. mutans was not affected by PEHAS
up to 50 uM. In addition, the study on commensal species indicated that
PEHAS slightly inhibited the growth of S. gordonii and S. sanguinis at this
dose, but the effects were minimal. Similarly, PEHA6 also inhibited
S. mutans biofilm by 95 % closely resembling the efficacy of HA6. The
planktonic growth of S. mutans was not affected by PEHA6 at the
treatment dose of 50 uM. Again, the lack of inhibition of planktonic
growth of S. mutans and commensal species by PEHA5 and PEHAG6 in-
dicates their potential to preserve oral microbiome during treatment.

Finally, the effect of PEHAS on S. mutans colonization and virulence
was compared side-by-side with HA5 using a well-established gnotobi-
otic rat model of dental caries [57-61]. PEHAS was found to be effective
in reducing the caries lesions without affecting bacterial colonization
after a 4-week treatment. The observed reductions in buccal, sulcal and
proximal caries scores by PEHAS were comparable with HA5, with the
PEHAS displaying slightly better in vivo efficacy, possibly due to the slow
pH-dependent release of the drug from PEHAS over the treatment
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period. In addition, the rats treated with PEHAS did not experience any
weight loss over the course of the study in comparison to the control
group, suggesting the non-toxic nature of the material. Our data suggests
that PEHADS releases HA5 under the acidic conditions of the dental caries
infected oral cavity and reduce the cariogenic activity. The reduction in
caries scores produced by PEHAS are comparable to that achieved by
HAS treatment alone.

Taken together, our data suggest that the compound HA5 and the
polymersome encapsulated material, PEHA5 selectively targeted
S. mutans virulence factors; Gtfs and Gtf- mediated biofilm formation,
rather than a simple inhibition of bacterial growth and are very effective
in reducing dental caries in vivo. Overall, the results of our study suggest
that the S. mutans biofilm-specific therapy using HA5, HA6, or the pol-
ymersome encapsulated materials reported here is a viable approach for
preventing caries while preserving the oral microbiome.

5. Conclusions

The in vivo antivirulence activities and the potential of S. mutans
biofilm inhibitors HA5 or HA6 to be a therapeutic that combines both
species-specific selectivity towards S. mutans and preserves oral micro-
biome is demonstrated in vivo by characterizing the oral microbiome of
the rats treated with these biofilm inhibitors. Phylum and family level
comparison of the treatment groups from the time of initial infection
with S. mutans to after 2-week and 4-week treatment with HAS or HA6
showed selective control of S. mutans by the inhibitors without per-
turbing the overall rat oral microbiome significantly. Both inhibitors
HAS5 and HA6 were encapsulated into pH-responsive block copolymer
vesicles to generate a polymersome-encapsulated biofilm inhibitors,
PEHAS5 and PEHAG respectively and their biofilm and growth inhibitory
activities against S. mutans and representative strains of oral commensal
Streptococci have been assessed. A 4-week treatment of S. mutans
UA159 infected gnotobiotic rats with 100 pM PEHAS resulted in sig-
nificant reductions in buccal, sulcal, and proximal dental caries scores
compared to untreated control groups. These outcomes were compara-
ble to those observed with 100 uM of HAS treatment. Overall, our data
suggests that the S. mutans biofilm-specific therapy using HA5, HA6, or
the polymersome encapsulated materials reported here is a viable
approach for preventing caries while preserving the oral microbiome.
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Appendix

Contents: 'H NMR and 13C NMR spectra and spectral data of the compounds HA5 and HAG6.

2-[(2,4,5-Trihydroxyphenyl)methylidene] -2,3-dihydro-1-benzofuran-3-one (HA5): 83 % yield, red solid; 'H NMR (400 MHz, DMSO-dg) 6:
9.91 (s, 1 H),9.85(s, 1 H), 8.72 (s, 1 H), 7.78-7.74 (m, 2 H), 7.61 (s, 1 H), 7.50 (d, 1 H,J =8.5Hz),7.29(t,1 H,J=7.5),7.21 (s, 1 H), 6.44 (s, 1 H);
13C NMR (100 MHz, DMSO-dg) 5: 182.6, 164.5, 153.1, 150.7, 143.8, 139.0, 136.7, 124.0, 123.5, 121.7, 116.6, 113.0, 109.4, 108.6, and 103.1; HRMS
calculated for C;5H1¢05 270.0528, found 270.0529.

2-[(3,4,5-Trihydroxyphenyl)methylidene] -2,3-dihydro-1-benzofuran-3-one (HA6): 86 % yield, greenish-yellow solid; *H NMR (400 MHz,
DMSO- dg) 8: 9.30 (brs, 1 H), 9.08 (brs, 1 H), 7.80-7.76 (m, 2 H), 7.50 (d, 1 H, J = 8.6 Hz), 7.30 (t, 1 H, J = 7.8 Hz), 7.03 (s, 2 H), 6.73 (s, 1 H); '°C
NMR (100 MHz, DMSO-dg) &: 183.0, 164.9, 146.2, 144.8,137.2,137.0, 124.2, 123.7,122.0, 121.4, 114.5, 113.0, and 111.3; HRMS [M-H] calculated
for C15H1005 269.0450, found 269.0445.
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2-[(2,4,5-Trihydroxyphenyl)methylidene]-2,3-dihydro-1-benzofuran-3-one (HAS).
'H NMR (400 MHz, DMSO-dg)
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2-[(2,4,5-Trihydroxyphenyl)methylidene]-2,3-dihydro-1-benzofuran-3-one (HAS).
13C NMR (100 MHz, DMSO-dg)
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'H NMR (400 MHz, DMSO-dg)
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2-[(3,4,5-Trihydroxyphenyl)methylidene]-2,3-dihydro-1-benzofuran-3-one (HA6).

13C NMR (100 MHz, DMSO-dg).

2.6 Fabrication of pH-responsive polymer vesicles.

2.6.1 Materials.

Hydroxyl terminated polydimethylsiloxane (PDMS, nominal average M;, ~ 5600, Sigma-Aldrich) was dried overnight in vacuum at 40 °C. Po-
tassium ethyl xanthogenate (96 %, Sigma-Aldrich) and 2,2"-azobis(2-methylpropionitrile) (AIBN) (98 %, Sigma-Aldrich) were recrystallized before
synthesis from methanol and acetone, respectively, and dried in vacuum at 20 °C. Acetonitrile (certified ACS grade), tetrahydrofuran (THF, HPLC
grade), and 1-vinyl-2-pyrrolidone (VPON, 99 %) were purchased from Fisher Scientific and distilled before use. Diethyl ether (anhydrous), methanol,
sodium hydroxide, hydrochloric acid, anhydrous sodium sulfate, and pyridine were purchased from Fisher Scientific and used as received. 2-Bromo-2-
propionyl bromide (98 %, TCI) was stored under protective argon (Airgas) atmosphere and used as received.

2.6.2 Synthesis of PVPONg-b-PDMS¢4-b-PVPONg triblock copolymer.

For triblock copolymer synthesis, bis(hydroxyalkyl) poly(dimethylsiloxane) (PDMSg4) was first modified with 2-bromopropionyl bromide fol-
lowed by potassium ethyl xanthogenate resulting in the PDMS macroinitiator. First, PDMSg4 terminated with dihydroxyl groups (10.0 g, 1.8 mmol)
and pyridine (2.9 mL, 38 mmol) were mixed in a 250-mL round-bottom flask with 100 mL of anhydrous diethyl ester in an ice bath. A solution of 2-
bromopropionyl bromide (3.0 mL, 24 mmol) in anhydrous diethyl ester (20 mL) was added dropwise to the mixture over 1 h. The solution was then
allowed to warm to room temperature and was stirred for 24 h. The precipitate was separated by filtration and washed with 1.0 M HCI solution (3
times, 50 mL), 1.0 M NaOH solution (3 times, 50 mL), deionized (DI) water (4 times, 100 mL) and then dried with anhydrous sodium sulfate. Then,
polymer solution was concentrated in a rotary evaporator and dried overnight under vacuum at room temperature. Next, dried polymer (9.8 g,
1.7 mmol) was added to acetonitrile (200 mL) in a 500-mL round-bottom flask and mixed with pyridine (2.9 mL, 38 mmol). Potassium ethyl xan-
thogenate (1.09 g, 6.8 mmol) dispersion in 20 mL of acetonitrile was added dropwise. The mixture was then stirred at room temperature overnight.
After the precipitate was collected by filtration, the crude product was dissolved in 200 mL of diethyl ether. The organic solution was washed suf-
ficiently with 1.0 M HCI solution (3 times, 50 mL), 1.0 M NaOH solution (3 times, 50 mL), and DI water (4 times, 100 mL) and then dried with
anhydrous NaySO4. Then, polymer solution was concentrated in a rotary evaporator and dried overnight under vacuum at room temperature. The final
PDMSg4 macro-CTA was collected in 8.9 g and M, was measured to be 7070 Da based on the 'H NMR calculation of repeating units. The number-
average molecular weight of PDMSg4-CTA was calculated from NMR analysis based on the ratio between the integrals at & = 0-0.2 ppm (-SiCH3—
protons in the PDMS block) and at § = 0.6 ppm (—-CH20- protons from the end groups of PDMS). Then, PVPON blocks in PVPONg-PDMSg4-PVPONg
were synthesized by polymerization of N-vinylpyrrolidone (VPON) monomer by controlling the reaction time with a feed ratio of 1:1:95 by weight of
PDMSe4 macroinitiator/AIBN/monomer. For that, macro-CTA (1.0 g, 0.19 mmol), VPON (2.0 g, 18 mmol), AIBN (33 mg, 0.21 mmol), and freshly
distilled tetrahydrofuran (4 mL) were added in one 25 mL Schlenk flask (reactor) equipped with a magnetic stirring bar. The mixed solution was
degassed by 3 freeze—pump—thaw cycles. The polymerization was initiated by immersion of the reaction mixture to the preheated oil bath at 65 °C.
After 2 h, the reaction was immediately quenched in a liquid Ny. Then, the reaction mixture was diluted twice with methanol, transferred to dialysis
tubes (MWCO = 500-1000 Da, Spectrum Laboratories), and dialyzed for 2 days in methanol. Then, polymer solution was concentrated in a rotary
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evaporator and dried overnight under vacuum at room temperature. 'H NMR spectra of the copolymer (15 mg mL™ in CDCl3) were collected on a
Bruker 400 MHz NMR spectrometer. The molecular weight of PVPON-PDMS-PVPON was determined by 'H NMR (600 MHz, Bruker). Average PVPON
block length was calculated from 'H NMR analysis based on the half of the ratio between the integrals at § = 2.1-2.4 ppm (~CH2CO- protons from
lactam ring of PVPON) and at § = 0.6 ppm (-CH0O- protons from the end groups of PDMS). The monomer conversion was determined gravimetrically
as the ratio of increase in the polymer weight to the initial monomer (VPON) content in the polymerization mixture, which was found to be 20.5 %.

4.6.3 Encapsulation of HAS5 into polymer vesicles.

HAS loaded polymersomes were prepared using a nanoprecipitation method. For that, 1.0 mL of the PVPONg- PDMSg4- PVPONg triblock-
copolymer solution in ethanol (5.0 mg/mL) was added dropwise to 4.0 mL of the 2.5 mg HA5 (or HAG6) solution in DI water at room temperature
and left under stirring for 2 h. Then, the obtained solution was dialysed in DI water for 48 h using a Float-a-Lyzer (MWCO 1000 Da, Fisher Scientific) to
remove ethanol, followed by dialysis in DI water for 72 h using a Float-a-Lyzer (MWCO 100 kDa, Fisher Scientific) to remove an excess of the drug. The
hydrodynamic size of empty and encapsulated polymersomes was measured using a Nano-ZS Zetasizer (Malvern Pananalytical) equipped with a
He-Ne laser (663 nm) at 25 °C. Drug concentration was calculated using a NanoDrop One Microvolume UV-Vis spectrophotometer (Thermo Fisher).
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