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ABSTRACT: Dental materials often cause bacterial adhesion and promote bacterial biofilm formation, which brings a series of
long-standing and significant problems in oral health. However, the current development of antibacterial research in dental
devices is limited by the lack of materials endowed with good antibacterial properties against oral bacteria. Here, we present a
new strategy for reducing the initial adhesion of bacterial on dental biomaterials by chemically bonding long-chain polyethylene
glycol. Our work represents an important step toward solving the problem of bacterial accumulation on dental devices.
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In recent years, a series of emerging biomaterials endowed
with both the functionality and aesthetics have been
constantly developed and demonstrated to be effective and
advantageous. The requirements that biomaterials need to
cover are very broad, variously depending on the type of
biomaterial application. One of them is of crucial importance to
achieve, that is, the antibacterial property of the materials,’
especially of the dental devices immersed in saliva containing
bacteria in the mouth.” Most of these materials can achieve a
good antibacterial performance against the two well-known
leading etiological a§ents Staphylococcus aureus”> and Staph-
ylococcus epidermidis®™® or the typical Gram-negative bacteria
like Escherichia coli*®™'° However, the oral bacteria are often
neglected. Dental materials can quite easily accumulate food
debris, and dental plaque-retentive sites will be generated if the
food debris cannot be removed in a timely fashion. These
plaque-retentive sites can lead to a rapid shift in the bacterial
composition and an increased number of bacteria that can
cause the formation of a cariogenic or periodontopathogenic
biofilm.” To solve this problem, researchers have developed
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some types of antibacterial agents. For example, physically
coated inorganic nanostructured TiO, (titanium dioxide),"!
silver nanoparticles,12 and a combination of TiO, and Ag13
have been found to exhibit good antibacterial performance.
Although current strategies mainly focus on inhibiting the
proliferation of bacteria accumulated on the dental appliance by
the introduction of bactericidal agents,"'~'* they ignore the fact
that reducing bacterial adhesion in the first place would be
more effective. Therefore, a new type of dental appliance with
antiadhesion effects against bacteria should be developed.
Once microorganisms are attached to a substratum surface, a
multistep process starts leading to the formation of a complex,
adhering microbial community that is termed a “biofilm”.
Therefore, bacterial adhesion on medical devices in aqueous
solutions cannot be easily prevented because microorganisms
have a strong tendency to become associated with surfaces.'’
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Figure 1. Design of an antiadhesive orthodontic appliance grafted with a long-chain PEG coating. The grafted PEG coating results in the formation
of a thin water layer that endows the orthodontic appliance with excellent antiadhesive property against S. mutans.
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Figure 2. ( a, b) For stainless steel archwires without a PEG coating, significant S. mutans adhesion can be observed. (c, d) For stainless steel
archwires coated with PEG with a molecular weight of 5000 (PEG-5000), the number of adhered S. mutans is greatly reduced.

Based on the urgent need for antiadhesive materials, a series of
biointerfaces have been developed and demonstrated to be
effective in the fight mostly against protein and cell
adhesion.'™"” Polyethylene glycol (PEG) is well-known as
an antibiofouling material® to provide a hydrophilic environ-
ment on a substrate surface. For instance, it was shown to
reduce protein adsorption and platelet adhesion in a blood-
material interface.” However, there is little research on the
PEG-coated antiadhesion dental materials. Would the PEG
modification represent an efficient strategy to solve the
problems associated with bacterial accumulation on dental
devices?
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Herein, by grafting biocompatible long chain PEG coating on
fixed dental appliance, ie., stainless steel archwire, we have
achieved effectively reduced adhesion of Streptococcus mutans
(S. mutans), the most notably leading acidogenic oral bacteria,
which can cause white spot lesions (WSLs) or even serious
demineralization of the tooth enamel. The grafted PEG coating
is capable of forming a stable thin water layer through hydrogen
bonding with water molecules, which can effectively prevent
bacterial adhesion and the subsequent formation of biofilm
(Figure 1). Moreover, the PEG-coated stainless steel archwire
shows excellent antiadhesion effects in a long period of time.
We believe that this novel PEG-grafting strategy, which can
significantly reduce initial acidogenic bacteria adhesion, could
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greatly reduce the risk of tooth enamel demineralization and
could solve the problems associated with the accumulation of
bacteria around the dental materials during practical treatment.

We prepared an antiadhesive tooth archwire using silane
chemistry between the stainless steel archwire and silane-ended
PEG molecules with varied polymer chain lengths. The
existence of PEG coating on stainless steel archwire was
indicated by the peak components of O 1s and C 1s in the X-
ray photoelectron spectroscopy (XPS). As shown in Figure Sla,
for stainless steel archwire without PEG, there is a peak at
about 530 eV corresponding to metal oxides (Me-O), whereas
for stainless steel archwire with PEG-coating, the peak at 530
eV disappears and a new peak at about 532 eV corresponding
to the C=0/0—C=0 and C—O—H/C—0—C species of the
PEG units appears. Moreover, comparing with bare stainless
steel archwire, after PEG modification, the ratio of carbon atom
in the C—O bond (at about 286.4 €V) to total carbon element
increases significantly, and the proportion of carbon atom in
the C—C/C—H bond (at about 284.6 eV) decreases (Figure
S1b) because of the introduction of PEG coating. These XPS
results confirmed that the well-defined PEG-coated stainless
steel archwires could be successfully fabricated.

As a proof-of-concept study, we compared the antiadhesive
properties of stainless steel archwires without and with a PEG
coating. Here, we used silane-ended PEG with molecular
weight of 5000 (PEG-5000) to modify the stainless steel
archwires. Three milliliters of S. mutans UA159 cell suspension
(1 X 107 cells mL™"; prestained with SYBR Green fluorescent
nucleic acid) was loaded and kept at 37 °C for 30 min (see the
Methods section for more details). The adhered bacteria were
then imaged and counted using a fluorescence microscope
(Nikon, Ti-E). Significant S. mutans UAIS9 adhesion was
observed on the bare stainless steel archwire (without PEG-
5000) (fluorescent image in Figure 2a); the bacterial density
was 9.03 X 10° cm™* (inset in Figure 2a). The scanning
electron microscopy (SEM) image revealed that an obvious
colony of bacteria developed on the bare stainless steel archwire
(Figure 2b). Compared to the bare stainless steel archwire
without PEG-5000, bacterial adhesion on the PEG-5000-
modified stainless steel archwire was greatly inhibited
(fluorescent image in Figure 2c), and the bacterial density
was reduced to 4.64 X 10° cm™ (inset in Figure 2c). The SEM
image of this archwire revealed that only sporadic bacteria were
present (Figure 2d). These results demonstrate that PEG
coating is effective as an antiadhesive coating to dental material.

During our experiment, we found that the molecular weight
of PEG grafted on the stainless steel archwire was critically
important for achieving good antiadhesive properties. When
increasing the molecular weight of PEG from 350 to 20000, the
number of bacteria adhered on the PEG-coated stainless steel
archwire decreased with increasing PEG molecular weight until
reaching a minimum for PEG molecular weight of 5000 (Figure
3). However, it should be noted that further increasing the
molecular weight would lead to increased number of bacterial,
because there is generally an optimal molecular weight to
achieve antiadhesive property.”” In our case, stainless steel
archwire modified with PEG-5000 exhibits the best anti-
adhesion. To understand how the molecular weight of the PEG
coating influences S. mutans UA159 adhesion, we investigated
the microscopic morphology using atomic force microscopy
(AFM) and macroscopic wettability measurements obtained
with an OCA20 system. The water contact angle (CA) on the
bare stainless steel archwire was 56.2 + 0.9° because of the
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Figure 3. When increasing molecular weight of PEG from 350 to
20000, the antiadhesive property of the PEG-coated stainless steel
archwires increased with the increasing molecular weight of the PEG
chains, possibly because of the relative hydrophilicity of longer-chain
PEG modified stainless steel archwires.

intrinsic hydrophilic property of stainless steel. The AFM image
revealed that the stainless steel archwire was relatively smooth,
with a surface roughness of approximately 0.493 nm (Figure
3i). When PEG with a molecular weight of 350 (PEG-350) was
introduced onto the surface, the water CA decreased to 45.3 +
2.3°. The AFM image indicated that PEG-350 did not induce
significant morphology changes, and the PEG-350-modified
stainless steel archwire was also very smooth, with a surface
roughness of approximately 0.664 nm (Figure 3ii). The
enhanced surface wettability is mainly attributable to the
hydrophilic characteristic of the PEG chains. For PEG-5000,
obvious nanoscale aggregates were observed, which led to an
increased surface roughness of approximately 2.03 nm. The
combination of the enhanced surface roughness and the
hydrophilic property of PEG made the PEG-5000-coated
stainless steel archwire substantially more hydrophilic. The
water CA was 33.2 £+ 1.2°, which is favorable for the formation
of a thin water layer and the subsequent antiadhesion
performance (Figure 3iii). The results of this experiment
coincide with the fact that the protein resistance increases with
higher chain length of the oligoethylene glycol (OEG) units.”’
Therefore, we chose PEG-5000 as the antiadhesion agent for
stainless steel archwire modification to achieve an antiadhesive
property.

To demonstrate the role of PEG-5000 in establishing the
dynamic antiadhesive properties, we conducted similar bacteria-
adhesion experiments on stainless steel archwires at 37 °C with
and without PEG-5000 modification. Figure 4 summarizes the
correlation between the incubation time and the number of S.
mutans UA1S59 adhered on the stainless steel archwires with and
without PEG-5000. For the stainless steel archwire modified
with PEG-5000, the number of bacteria is maximized after 15
min of incubation (Figure 4). By contrast, on the unmodified
stainless steel archwire, the number of bacteria increases sharply
with incubation time until 45 min, after which it remains
constant at a value that corresponds to a 4-fold increase relative
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Figure 4. PEG modification endowed the stainless steel archwires with
much better dynamic antiadhesive properties than those without PEG-
5000, and a very low level of bacterial density was maintained, even
after 10 h.

to that measured on the PEG-5000-modified archwire.
Furthermore, the numbers of bacteria adhered on the PEG-
5000-modified archwires remained very low, even after 10 h of
incubation. Orthodontic patients are generally advised to brush
their teeth three times a day to prevent the accumulation of
food residues around fixed orthodontic appliances during
treatment. Therefore, in a 10 h period, patients undergoing
orthodontic treatment should brush their teeth at least once,
indicating that PEG-5000 modification is suitable for practical
application. These results demonstrate that PEG-5000
modification is an effective strategy for the reduction of S.
mutans UA1S9 adhesion on archwires.

In conclusion, we demonstrated that PEG-modified dental
materials exhibit excellent antibacterial properties against initial
acidogenic bacteria, and thus, PEG modification represents an
efficient strategy to solve the problems associated with bacterial
accumulation in dental treatment. The PEG with proper
molecular weight can achieve good antiadhesive property and
produce superior bacteria-resistive performance because of the
enhanced hydrophilicity resulting from the surface energy and
surface roughness. PEG modification also achieved excellent
dynamic antibacterial performance during a long enough time
that can match the daily tooth brushing time interval
Furthermore, PEG was approved by the U.S. Food and Drug
Administration for internalization in the human body in
1992,**° making this strategy more promising for practical
clinical application in dental treatment.
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