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mented waterborne polyurethane
coating for the prevention of dental erosion
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Mingguo Cao*ac and Zefeng Wang *bd

Dental erosion is a common problem in dentistry, and it refers to the chronic pathological loss of dental

hard tissues due to nonbacterially produced acids, primarily caused by the exposure of teeth to

exogenous acids. Dietary factors play a pivotal part in the pathogenesis of dental erosion, with a high

intake of acidic beverages leading to an increased prevalence of dental erosion in adolescents. Fluoride

is mainly used in clinical practice to prevent dental erosion. However, long-term fluoride intake may lead

to chronic fluorosis symptoms caused by fluoride overdose. Nano-coatings on dental surfaces have

become a popular area of research in dental materials in recent years. The objective of this study was to

develop a novel nerol-segmented waterborne polyurethane nano-coating to protect teeth from direct

contact with an acidic environment and to provide a safe, effective method for preventing dental acid

erosion.
1 Introduction

Dental erosion is the irreversible loss of tooth hard tissue. It is
mainly caused by nonbacterial exogenous acids, which the teeth
may come into contact with through the ingestion of acidic
foods, beverages, or medications, as well as through occupa-
tional acid exposure.1 In everyday life, dental erosion caused by
long-term high intake of carbonated beverages is extremely
common, and this is commonly known as “cola teeth”. Acid-
eroded teeth initially show dentinal sensitivity, and this later
progresses to signicant defects that can cause aesthetic prob-
lems. Pulp exposure can occur in advanced stages.2 Current
preventive strategies for dental erosion include oral-health
education and topical application of antiacid erosion agents.
The most common of these is uoride, which prevents tooth
demineralisation and promotes surface remineralisation in an
acidic environment.3 Topical application of uoride is safe, but
excessive uoride intake over a long period of time can lead to
symptoms of chronic uorosis such as dental uorosis, osteo-
uorosis, loss of muscle strength and low haemoglobin.4

Therefore, new techniques in contemporary dentistry are
necessary to provide more effective strategies.

Nanotechnology is currently being used in various areas of
dentistry, including preventive dentistry, restorative dentistry,
endodontics and periodontics. The surface of the tooth has
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a unique morphology with pits and ssures, and nanoparticles
can enter these gaps more easily than other materials. Nano-
materials are generally classied as organic nanomaterials,
inorganic nanomaterials and carbon-based nanomaterials.5,6

Polymeric materials (e.g., polyethylene, polypropylene, poly-
methyl methacrylate, polyurethane, poly(vinyl alcohol), poly(-
lactic acid) and poly(caprolactone)) are widely used in the
biomedical eld owing to their excellent mechanical properties,
biocompatibility and biodegradability, and they have better
lm-forming properties than inorganic nanomaterials.7 Poly-
mer lms have been used in numerous studies to protect teeth
from acid erosion by preventing direct contact with the acidic
environment of the mouth. da Silva Ávila et al.8 investigated the
effectiveness of the acrylic polymer kapop in preventing or
controlling acid erosion of tooth enamel and its protective effect
against tooth demineralisation. Dental polymers must meet
high standards for aesthetics, toughness, and biocompatibility.
They should not compromise the appearance of teeth, and they
should withstand occlusal and frictional forces. However,
acrylic polymers are known for their poor mechanical strength.

Polyurethane is a polymer that is composed of alternating
rigid and exible segments that are joined together to enhance
exibility, toughness, and scratch resistance.9 The depletion of
petroleum-based materials and environmental concerns have
increased awareness of the importance of using bio-based
materials in recent years. As a result, researchers have begun
to synthesise bio-based waterborne polyurethanes (WPUs)
using water as the dispersion medium and bio-based materials
instead of petroleum-based materials.10–13 Carboxylic acid-
containing chain extenders, which introduce carboxyl groups
to make the molecular chain hydrophilic, are frequently used in
© 2024 The Author(s). Published by the Royal Society of Chemistry
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waterborne polyurethanes to improve dispersion in the aqueous
phase. Further, polymers containing carboxyl groups can
adhere to enamel and dentin surfaces by forming ionic bonds
with calcium from hydroxyapatite.14 In addition to environ-
mental friendliness and biodegradability, bio-based materials
are antimicrobial, anti-inammatory, anti-oxidant, low in cyto-
toxicity and biocompatible,15–19 and their incorporation can
improve the bioactivity of waterborne polyurethanes. Therefore,
bio-based waterborne polyurethanes show promise in dental-
coatings research.

Nerol (cis-2,6-dimethyl-2,6-octadien-8-ol) is a monoterpenoid
compound found in medicinal plants such as Lippia spp. and
Balsamina. It exhibits antimicrobial, anti-oxidant, and antiviral
properties.20 The physico-mechanical properties of waterborne
polyurethane decrease as the number of hydroxyl groups
increases, which is attributed to a decrease in the content of
hard segments.21,22 The biological activity of traditional natural
bio-based materials, such as lignin and castor oil,23,24 is rela-
tively low, and some bio-based polyurethane materials are
introduced by physical blending of bioactive ingredients with
poor stability. In contrast, nerol is more stable in the system for
the hydroxyl active functional group, which can be bonded with
isocyano group. Meanwhile, its antibacterial and anti-
inammatory can have a good therapeutic effect in the
biomedical eld of gingivitis, dental acidosis and other symp-
toms. In addition, as a protective coating, the appropriate
hydrophobicity is conducive to shielding the corrosion of water-
soluble acids. Nerol is benecial to the application of the
protective coating for dental acidosis for its good
hydrophobicity.

This study involved the preparation of four groups of novel
nanoscale waterborne polyurethanes using PEBA-1000, IPDI,
DMBA, TEA, and nerol at concentrations of 0%, 2%, 4% and
8%. A series of characterisations, such as particle size, zeta
potential, transparency, scanning electron microscopy, thermal
properties, and contact angle, were tested to compare the
physicochemical properties of every group of waterborne poly-
urethanes. Additionally, we analysed the biological properties of
every group of waterborne polyurethanes through simulations
of an acid attack, anti-protein adhesion, and anti-inammation
experiments. Aer analysing the experimental data, we found
that the waterborne polyurethane containing 2% nerol had
a better overall performance, not only effectively avoiding direct
contact between the teeth and the acidic environment, but also
exhibiting good physicochemical properties and other biolog-
ical properties.

2 Materials and methods
2.1 Materials

2,2-Dihydroxymethylbutyric acid (DMBA, 98%), isophorone
diisocyanate (IPDI), nerol (97%), triethylamine (TEA), tetrahy-
drofuran (THF, 99%), chloroform-d (CDCl3, 99.8%), acetic acid
(99.5%), toluidine blue (TB), sodium hydroxide (NaOH, 95%),
and sodium dodecyl sulfate (SDS, 99.5%) were purchased from
Macklin Chemical Reagent Co. Ltd, Shanghai, China. Deionised
water is prepared in the laboratory. PEBA (Mn = 1000 g mol−1)
© 2024 The Author(s). Published by the Royal Society of Chemistry
and acetone were kindly gied by Zhejiang Demei Boda Polymer
Material Co. Ltd, Zhejiang, China.

2.2 Synthesis of waterborne polyurethanes

PEBA and IPDI were placed in a three-necked ask equipped
with a mechanical stirrer and reacted at 90 °C for 2 h. The
mixture was then cooled to 75 °C and DMBA was added to
continue the reaction for 2 h. At this point, there were still
unreacted isocyanate groups in the reaction system as deter-
mined by the di-n-butylamine method as shown in Table 1.25

The mixture was cooled to 60 °C and nerol was added to react
the mixture for 2 h to consume the –NCO groups sufficiently,
and then triethylamine was added to neutralise the mixture for
15 min. Acetone was then added to adjust the viscosity of the
prepolymer. Finally, 150 ml of deionised water was added and
emulsied for 10 min at a stirring speed of 2000 rpm to obtain
a WPU-N emulsion with a certain solid content. The formula-
tions used are shown in Table 2. WPU-N0% means no addition
of nerol, WPU-N2% means the addition of nerol is 2% of the
sum of the mass of IPDI and PEBA, and WPU-N4% and WPU-
N8% have the same meaning. The above synthetic route is
shown in Fig. 1.

2.3 Characterisations

2.3.1 Physical and chemical characterization of WPUs. The
infrared absorption spectra of the WPU lms was tested in the
4000–500 cm−1 band using a Fourier transform infrared spec-
trometer (Nicolet IS10, Nicolet, USA). Each lm sample was
dissolved in THF and the molecular weight of WPU lms was
determined by gel permeation chromatograph (Waters 1515,
America). For 1H NMR analysis, 10 mg of the sample was
weighed and dissolved in 0.5 ml of CDCl3, recorded on a NMR
spectrometer (Bruker Avance 300, Germany). Particle size and
zeta potential of the WPU emulsions were determined using
a nanoparticle size and zeta potential meter (Zetasizer Nano ZS,
Malvern, UK) and the emulsions were appropriately diluted
with deionised water prior to testing. The thermal decomposi-
tion of the WPU lms was tested from 35 °C to 600 °C using
a simultaneous thermal analyser (STA 449 F5 Jupiter, NETZSCH,
Germany) under a nitrogen atmosphere at a ramp rate of 10 °
C min−1. Differential-scanning calorimetry scans were per-
formed using a differential-scanning calorimeter (DSC 214
Polyma, NETZSCH, Germany) in a nitrogen atmosphere from
−90 °C to 200 °C at a ramp rate of 10 °C min−1. The trans-
mittance and haze of the WPU lms were tested using a trans-
mittance/haze tester (WGT-S, INESA Physico-Optical
Instrument Co. Ltd, Shanghai, China). The water-contact angle
of the WPU lms was measured using a contact-angle tester (JY-
PHC, Chengde Jinhe Instrument Manufacturing Co. Ltd,
China). SEM images of the WPU coatings were obtained using
a scanning electron microscope (SU8010, HITACHI, Japan), and
the samples were sprayed with gold to improve conductivity
before testing. The number of carboxyl groups on the surface of
WPU lms was determined using spectroscopic UV-vis toluidine
blue (TB) titration. WPU lms (formed on 2.5 cm × 2.5 cm
slides) were acidied in 50% acetic acid and then rinsed with
RSC Adv., 2024, 14, 16228–16239 | 16229
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Table 1 Residual NCO% before and after adding nerol

First
determination
of NCO%
(IPDI + PEBA + DMBA)

Second
determination
of NCO%
(aer adding nerol) Difference

WPU-N2% 4.71 3.46 1.25
WPU-N4% 4.53 3.19 1.34
WPU-N8% 4.74 3.93 1.44

Table 2 Formulation of waterborne polyurethanes (mmol)

Sample IPDI PEBA DMBA Nerol TEA

WPU-N0% 108.0 52.1 19.9 0.0 19.9
WPU-N2% 108.0 47.4 19.9 9.3 19.9
WPU-N4% 108.0 43.4 19.9 17.5 19.9
WPU-N8% 108.0 37.3 19.9 31.8 19.9

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
M

ay
 2

02
4.

 D
ow

nl
oa

de
d 

on
 1

1/
8/

20
25

 7
:5

5:
05

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
deionised water. The acidied WPU lms were incubated in
alkaline aqueous solution (5 mM TB in 0.1 mM NaOH) for 2 h
and washed with 0.1 mM NaOH solution to remove the non-
complexed TB. The adequately washed WPU lms were
immersed in 10 ml of 50% acetic acid for 1 h. A UV-vis
Fig. 1 Synthesis route of nerol-segmented waterborne polyurethane.

16230 | RSC Adv., 2024, 14, 16228–16239
spectrophotometer (Cary 60, Agilent, USA) was used to
measure the absorbance of TB in an acidic solution at 635 nm.
This study used HA disc (purchased from Shanghai Aladdin
Biochemical Technology Co., Ltd) instead of tooth to test the
adhesion ofWPU coating to tooth, since themain component of
dental hard tissue is hydroxyapatite. The bond strength was
measured using a nano-indenter (Anton-Paar NHT + MCT,
Switzerland), and the bond strength was evaluated by the crit-
ical load of coating damage.

2.3.2 Cola-erosion experiment. In this study, dentinally
intact premolar teeth extracted for orthodontic reasons at the
Department of Dentistry, Lishui College Hospital were used and
stored in saline at 4 °C aer gentle removal of periodontal so
tissue with a scalpel. (This study was approved by the Medical
Ethics Committee of the Medical College of Lishui University,
No. 2023YR0041.) The WPU emulsions were applied to the
crown portion of the teeth using a small dental brush and dried
naturally to form the lm. The isolated teeth of each group were
immersed in cola for 3 days and replaced with new fresh cola
every 24 h. Photographs were taken to record the colour change
of the crowns.

2.3.3 Anti-protein adhesion test. Drops of WPU emulsions
were placed on 1 cm × 1 cm slides to form the lms, and
a blank slide was used as the control. The samples were placed
in 0.5 mgml−1 bovine serum albumin (purchased fromMacklin
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 FT-IR spectra of WPU films.

Fig. 3 Gel permeation chromatography analysis of WPUs.
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Chemical Reagent Co. Ltd) solution at 37 °C for 1 h. The
samples were washed three times with deionised water and
then transferred to 1 wt% SDS solution and ultrasonicated for
10 min. Aer that, the samples were analysed using a BCA
Protein Concentration Determination Kit (Beyotime Biotech-
nology Co. Ltd, China) and a UV-vis spectrophotometer (at 562
nm) to measure the absorbance. The amount of BSA solution
and SDS solution added to each group was the same.

2.3.4 Anti-inammatory activity. RAW264.7macrophages in
logarithmic growth phase were inoculated in 96-well plates at
a density of 2 × 104/ml and cultured at 37 °C and 5% CO2 under
humid conditions for 24 h, and then LPS (500 ngml−1) was added
for 4 h to induce cellular inammation. No material was added to
the control group, 3 mL of WPU emulsions with different nerol
content were added to the experimental groups, and dexameth-
asone aqueous solution (900 mg ml−1) was added to the positive
control group. Each group was incubated for 24 h. Themedium in
the wells was aspirated and centrifuged, and the supernatant was
taken to detect inammatory factors, using a mouse interleukin 6
(IL-6) ELISA kit (Jingmei Biotechnology Co. Ltd, China).

3 Results and discussion
3.1 Chemical structure of WPU lms

Fig. 2 shows the FT-IR spectra of the four WPU lms with very
similar results. The stretching vibrations and bending vibra-
tions of N–H at 3368 cm−1 and 1526 cm−1, respectively. The
peak at 2950 cm−1 is attributed to stretching vibrations of C–H.
The characteristic peaks at 1724 cm−1, 1233 cm−1 and
1136 cm−1 are owing to the stretching vibrations of C]O, C–N
and C–O, respectively.26,27 In summary, the polymer contains
carbamate group in the main chain, which is the characteristic
unit of polyurethane.

According to the GPC curve, the Mw (molecular weight) of
WPU gradually decreases with the adjustment of the addition
amount of PEBA and nerol, and WPU-N8% is the smallest
(Fig. 3). The possible reasons are as follows: the nerol content of
WPU-N8% is the highest, and nerol plays an end-sealing role in
the polymerization chain, preventing the continued extension
of the polymer chain. Therefore, the Mw of WPU decreased with
the addition of nerol. In addition, compared with WPU-N0%,
the curve peak width of the other three groups is narrower,
indicating better homogeneity of the polymer, which is
conducive to reducing the difference between product batches
during production.

Additionally, 1H-NMR spectroscopy of WPUs were detected,
respectively. Compared to the original WPU, WPU-N2%, WPU-
N4% and WPU-N8% show signicant new peaks, indicating its
successful modication. For example, as shown in Fig. 4, two
new resonances at 6.0–5.0 ppm (a) emerge for WPU-N2%, WPU-
N4% and WPU-N8%, which are ascribed to the two –C]C–H
groups. Furthermore, new signals at 2.5–2.0 ppm (b) and 5.0–
4.5 ppm (c) are assigned to methylene groups of nerol. All these
remarkable chemical shis further indicate the successful
modication. We also measured the carbon spectrum at the
same time, but due to the reduced content, no signicant
nuclear magnetic peak was detected.
© 2024 The Author(s). Published by the Royal Society of Chemistry
3.2 Particle size and zeta potential of WPU emulsions

The toxicity of nanoparticles is closely related to their physical
properties, such as size, shape and surface charge.28 In addition,
particle size and zeta potential are important parameters for
assessing the storage stability of waterborne polyurethanes.29

Therefore, we characterised the particle size (a–d) and zeta
potential (e) of the waterborne polyurethane emulsions
prepared in this study, and the results are shown in Fig. 5. It has
been shown that 10 nm nanoparticles administered intrave-
nously to rats the distribution of nanoparticles in vital organs
such as the heart, lungs and brain, while most 50–250 nm
nanoparticles are found in the liver, spleen, and blood and are
metabolized and eliminated from the body.30 The percentage of
nanoparticles larger than 50 nm in all four of the groups of WPU
emulsions in this study exceeded 80%, withWPU-N2% reaching
95%. The average particle sizes of WPU-N0%, WPU-N2%, WPU-
N4%, and WPU-N8% were 83.55, 83.55, 78.37, and 158.01 nm,
respectively. The particle size and distribution width of the
RSC Adv., 2024, 14, 16228–16239 | 16231
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Fig. 4 1H NMR spectrum of WPU films.
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WPU emulsion rst decreased slightly and then increased with
the addition of nerol. The hydrophobic segments are wrapped
by the hydrophilic groups inside the nanoparticles when the
nerol content is low, so hydrophobicity does not dominate and
the particle size of the nanoparticles does not increase at this
time. Nerol is hydrophobic,31 and as the content of nerol
increases, the hydrophilic carboxyl groups are unable to wrap
all of the hydrophobic segments, thus resulting in an increase
in the average particle size of the emulsion. Positively charged
nanoparticles are more likely to enter the cell under electro-
static attraction because glycoproteins on the surface of the cell
membrane are negatively charged.28 Aer neutralisation with
triethylamine, the zeta potentials of the WPU emulsions were
still negative and the absolute values were all greater than
70 mV. In summary, in terms of particle size and charge, the
WPU nanoparticles in this study may have relatively low toxicity.
In contrast, the higher absolute value of the zeta potential
indicates that the emulsion has good storage stability. As can be
seen from the appearance graph (Fig. 5f–h), the emulsion was
stable during storage without any obvious precipitation at the
bottom. In addition, the emulsions had good uidity without
the wall-hanging phenomenon, which facilitated ow and
diffusion on the uneven tooth surface.
3.3 Transparency and SEM morphology of WPU coatings

Most carbonated beverages contain pigments, and teeth are will
be corroded at the same time that discoloration occurs, seri-
ously affecting teeth aesthetics. This requires that the coating
does not change the original colour of the teeth while protecting
them, so being colourless and transparent is an important
characteristic of the WPU coating. Transmittance and haze are
important characterisations of transparent materials, and Fig. 6
shows the transmittance (a) and haze (b) of WPU coatings with
different nerol contents. The transmittance of the WPU-N0%
16232 | RSC Adv., 2024, 14, 16228–16239
coating was 87%, and the addition of nerol increased the
transmittance of the WPU, while the other three groups had
transmittances around 91%. In general, the higher the trans-
mittance of a material, the lower the haze. The haze of theWPU-
N0% coating was 12%, and the addition of nerol reduced the
haze of the WPU coatings to almost 0%. Less haze means better
gloss and transparency of the coating. As can be seen from the
coating appearance graph (Fig. 6c and d), the WPU coatings in
this study were colourless and transparent, but the surface of
the WPU-N0% coating is wrinkled, while the surface of the
WPU-N2% coating was smooth and at. Fig. 6(e and f) shows
the microscopic morphology of the WPU-N0% and WPU-N2%
coatings that had been captured by SEM, and we can see more
wrinkles on the surface of the WPU-N0% coating. Although
wrinkles could also be seen on the surface of the WPU-N2%
coating, they were reduced in number and ner. Surface
roughness is an inuential factor in oral bacterial adhesion,32

and a smooth surface reduces bacterial adhesion. Additionally,
the transparency of smooth, at coatings can provide high
transmittance since it does not impair light transmission.33
3.4 Thermal properties of WPUs

Compared with other coatings, dental coatings need to have
good thermal stability owing to the special characteristics of the
oral environment, which makes contact high-temperature food,
so we tested the TG curves (a) and DTG curves (b) of the WPU
coatings with different nerol contents. The results are shown in
Fig. 7. The initial decomposition temperature, half-life
temperature and maximum thermal decomposition tempera-
ture are given in Table 3. The decomposition temperature range
of the WPU coatings was 250–450 °C, which is much higher
than the temperature of the mouth and hot food. From the DTG
curves, it can be seen that WPU-0% had two thermal decom-
position phases, and that the thermal decomposition process of
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a–d) Particle size and distribution of WPU emulsions; (e) zeta potential of WPU emulsions; (f–h) appearance of WPU emulsions and from
left to right are WPU-N0%, WPU-N2%, WPU-N4%, WPU-N8%.
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WPU with the addition of nerol became more complicated with
more than two thermal decomposition phases, which may be
related to the free nerol. The thermal decomposition process of
© 2024 The Author(s). Published by the Royal Society of Chemistry
WPU-4% was essentially similar to that of WPU-N0%, while
WPU-2% and WPU-N8% showed a shi to the le, indicating
a slight decrease in thermal stability. As the nerol content
RSC Adv., 2024, 14, 16228–16239 | 16233
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Fig. 6 Light transmittance (a) and haze (b) of WPU coatings; appearance of WPU-N0% coating (c) and WPU-N2% coating (d); SEM images of
WPU-N0% coating (e) and WPU-N2% coating (f).
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increased, the thermal stability of the WPU rst worsened, then
improved, and then worsened again. The –NH– of waterborne
polyurethanes could form hydrogen bonds, most of which were
formed with the carbon groups in the hard segments and
a small proportion between the ether oxygens or ester carbonyls
in the so segments.34 Owing to the large spatial site resistance
of nerol, it is possible that when added in small quantities, the
hydrogen bonds in waterborne polyurethanes will be broken,
resulting in a slight decrease in thermal stability. When added
in more quantities, they will clump by themselves and the part
of the hydrogen bond that has clumped will be retained.
However, if nerol is added, the bonds will begin to squeeze
around and interfere with the hydrogen bond regions again,
resulting in another decrease in thermal stability. Additionally,
wemeasured the DSC curve ofWPU-N8% (c), which showed that
two glass-transition processes, Tg1 and Tg2, were the glass tran-
sition temperatures of the so and hard segments, respectively,
16234 | RSC Adv., 2024, 14, 16228–16239
indicating that this waterborne polyurethane is a combination
of so and hard segments. Coatings that are too so are prone
to loss, while those that are too hard are prone to brittle frac-
tures, so a combination of so and hard is preferable.
3.5 Water contact angle of WPU coatings

We measured the water contact angle of the WPU coatings, and
the results are shown in Fig. 8. The water contact angle of the
WPU coating gradually increased with increasing nerol content.
The length of the hydrocarbon group had a direct effect on the
hydrophilicity of the molecule, with long-chain hydrocarbon
groups usually being nonpolar and, therefore, hydrophobic.
Nerol contains 10 carbon atoms and belongs to medium-chain
alkanes, the addition of which improves the hydrophobicity of
waterborne polyurethane coatings. Because acid is hydrophilic,
it erodes the tooth using water as a medium, so the increased
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 TG curves (a) and DTG curves (b) of WPU coatings; (c) DSC curve of WPU-N8% coating.

Table 3 TGA data of WPU with different nerol content

Samples T5% (°C) T50% (°C) Tmax (°C)

WPU-N0% 276.5 385.9 422.9
WPU-N2% 255.7 353.0 379.8
WPU-N4% 270.9 384.1 427.2
WPU-N8% 258.0 359.8 384.9

Fig. 8 Contact angle of WPU coatings with different nerol contents.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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hydrophobicity of the coating facilitates protection of the tooth
from the acid, with the carboxyl moiety of the waterborne
polyurethane binding to the calcium on the tooth surface and
the hydrophobic segments provided by nerol forming a hydro-
phobic shell.
Fig. 9 Carboxylic group concentration on the surface of WPU-N0%,
WPU-N2% and WPU-N4% coating (2.5 cm × 2.5 cm).
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3.6 Carboxyl content of WPU coatings

Spectroscopic UV-vis toluidine blue titration is based on the pH-
dependent adsorption/desorption of blue and positively
charged TB ions on negatively charged surfaces, which adsorb
in alkaline media and desorb in acidic media.35 We used this
method to determine the carboxylate concentration on the
surface of the 2.5 cm × 2.5 cm WPU coating, assuming that TB
would react with –COOH on the coating surface in a 1 : 1 ratio.
The results are shown in Fig. 9. This experiment demonstrated
that the surface of the WPU coatings in this study was carbox-
ylated, and that the carboxyl group bound to the calcium ions
on the tooth surface to enhance the adhesion of the coating,
which facilitated the coating to provide a stable protective
Table 4 Appearance of teeth exposed to cola

Initial Coated Exposure to col

Uncoated —

WUP-N0%

WUP-N2%

WUP-N4%

WUP-N8%

16236 | RSC Adv., 2024, 14, 16228–16239
effect. As the nerol content increased, the amount of carboxyl
groups on the surface of the WPU coating gradually decreased.
The WPU-N8% coating was not tested in this experiment owing
to its tendency to swell aer prolonged immersion in the
solution, which caused lm loss from the edge of the slide.
Because the amount of IPDI and DMBA added to each group of
WPU was the same, and the molar ratio of isocyanate groups to
hydroxyl groups of the input raw materials was all 1.5 : 1, the
amount of PEBA added decreased as the amount of nerol added
increased. The WPU's main chain was formed through the
reaction of IPDI and PEBA, and the amide group in the main
chain depended on the amount of PEBA. As the amide group
can be hydrolysed in water to produce carboxyl groups, the
carboxyl group content decreased with the addition of nerol.
a for 24 h Exposure to cola for 48 h Exposure to cola for 72 h

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 Amount of bovine serum albumin adhering to the surface of
WPU-N0%, WPU-N2% and WPU-N4% coating (1 cm × 1 cm).

Fig. 11 WPUs with different nerol content, CA and DXM after 24 h co-
culture with inflammatory induced macrophages and the analysis of
IL-6 concentration by ELISA.
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3.7 Cola erosion experiment

Table 4 shows the colour changes of isolated teeth in each group
aer 24, 48 and 72 h of immersion in cola. Aer the application
of the coating, there was no signicant change in the colour or
gloss of the teeth, thus indicating that the WPU coatings in this
study do not affect the aesthetics of the teeth. Aer 24 h of
immersion, the enamel surface of uncoated teeth exhibited
staining, which became more severe in terms of depth and area
with increasing immersion time. None of the four coating
groups exhibited signicant discolouration on the tooth surface
aer 24 h of immersion. Moreover, WPU-N0% and WPU-N2%
did not show any signicant discolouration even aer 72 h,
indicating the effectiveness of the coatings in preventing direct
contact of teeth with the acidic environment. However, from
48 h onwards, the WPU-N4% and WPU-N8% coating groups
exhibited spotty colouration, indicating a loss of coating at the
colouration site. This may be attributed to the soer coatings
and lower carboxyl-group content in these two groups.
© 2024 The Author(s). Published by the Royal Society of Chemistry
3.8 Anti-protein adhesion properties of WPU coatings

Fig. 10 displays the results of the bovine serum albumin adhe-
sion experiments for WPU-N0%, WPU-N2% and WPU-N4%
coating. The WPU-N8% coating test was cancelled for the same
reason as the carboxyl content experiment. In all three of the
groups, the amount of BSA adhering to the surface of the WPU
coating was signicantly reduced compared with the blank
slides. The amount of BSA adhering to the surface of the WPU
coatings rst decreased and then increased as the nerol content
increased. At a high pH, BSA carried carries a negative charge.36

The zeta potential result reveals that the WPUs were also
negatively charged. Therefore, the amount of protein adhering
to the surface of WPU-N0% and WPU-N2% was reduced. In
contrast, the protein adhering to the WPU-N4% surface slightly
increased compared with the previous two groups. This may be
because of the high content of nerol, which increases the
viscosity of the coating. Saliva proteins consist mainly of
mucins, which are classied into two types: high-molecular-
weight mucin type (MG1) and low-molecular-weight mucin
type (MG2). The primary role of MG1 is to adhere to dentine and
mucosal surfaces and contribute to membrane formation,
typically carrying a high negative charge.37 Therefore, the WPU-
N coating protects teeth from acid erosion and resists the
adhesion of MG1, inhibiting the formation of acquired lm and
reducing the incidence of caries. Note that the amount of nerol
should be appropriate.
3.9 Anti-inammatory properties of WPUs

Coatings applied to tooth surfaces inevitably come into contact
with the gingiva and oral mucosa., To prevent inammatory-
type complications such as gingivitis caused by the WPU coat-
ings in this study, we performed anti-inammatory experiments
on them. Fig. 11 shows the anti-inammatory results of WPU-
N0%, WPU-N2%, WPU-N4%, WPU-N8% and dexamethasone
(DXM). The concentration of IL-6 expressed was reduced in all
of the WPU groups compared with the inammation-induced
group without any added material. Further, the concentration
of IL-6 decreased progressively with the increase of nerol
content. The anti-inammatory effects of WPU-N2% and WPU-
Fig. 12 Scratch test result of WPU-N2% coating.
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N4% were comparable with that of DXM, and the anti-
inammatory effect of WPU-N8% was even slightly better than
that of DXM. Thus, it is evident that the WPU in this study not
only does not cause inammation, but it also has an anti-
inammatory effect. In addition, WPU-N may be applied in
the treatment of gingivitis or periodontitis, but this notion
needs to be further investigated.
3.10 Bond strength of WPU-N2% coating to hydroxyapatite

Based on the results of the previous characterization, WPU-N2%
showed the best overall performance, so we used it to test
adhesion to teeth.38 Fig. 12 shows the scratch test results of the
WPU-N2% coating. It shows that the acoustic emission changes
greatly at 6.71 N, indicating that the coating is scratched at this
time, so the critical load is 6.71 N. Studies have shown that the
average brush force of the toothbrush during daily brushing is
1.6± 0.3 N,39 and the critical adhesion of the WPU-N2% coating
with hydroxyapatite is much greater than the brush force of the
toothbrush, indicating that the coating possesses a certain
binding force with the teeth.
4 Conclusions

The novel nerol-segmented waterborne polyurethane nano-
coating designed in this study can bind with calcium ions on
the surface of tooth enamel, forming a protective layer that
shields teeth from acid erosion in an acidic environment. The
moderate addition of nerol can balance the hydrophilicity of the
coating, improve the transparency and atness, and endow the
coating with anti-protein adhesion and anti-inammatory
properties. Dental erosion resulting from the consumption of
carbonated beverages is a prevalent issue in daily life. In our
study, uncoated and coated teeth were exposed to cola for 3 days.
On the rst day, uncoated teeth exhibited aky staining, while
none of the crown surfaces of coated teeth were stained.
However, on the second day, the crown surfaces of the WPU-
N4%- and WPU-N8%-coated groups showed spotty staining,
indicating coating loss. This may be attributed to excessive nerol,
which reduces coating hardness and carboxyl-group content.
Additionally, the WPU-8% coating may also be associated with
dissolution-induced loss. Overall, the WPU-N2% coating showed
relatively good performance in all aspects, and thus has good
prospects for application in the prevention of dental erosion.
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