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Tough adhesion and antifouling poly(vinyl alcohol) hydrogel
coating on the arch wire for antibacterial adhesion
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The arch wire (AW) plays an important role in providing continuous force, aligning the teeth, and excellent dental arch stability
for orthodontic treatment. However, the high friction performance of the AW surface can increase bacterial adhesion and
colonization, leading to oral hygiene problems. Herein, a simple method is developed to modify the surface of the orthodontic
wire with a poly(vinyl alcohol) (PVA) hydrogel coating, which can improve the lubricity and antibacterial adhesion of the AW
and prevent the oral hygiene problems caused by itself. The PVA hydrogel coating can toughly adhere to the surface of the AW
and remarkably reduce the friction performance of the AW, and then its friction coefficient in water can reach 0.005. Under the
action of brushing and bending, the PVA hydrogel coating possesses superior ultralubrication and hardly affects the mechanical
properties of the stainless-steel substrate. Moreover, the PVA hydrogel coating can significantly inhibit bacterial adhesion on the
surface of the AW, thereby reducing bacterial colonization and maintaining oral hygiene while correcting the shape of the mouth
and jaw. Therefore, the PVA hydrogel coating exhibits tough adhesion and good antibacterial adhesion while maintaining the
mechanical properties of the AW, and it is a promising antifouling coating for improving the performance of the AW.
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1 Introduction

Malocclusion is mainly characterized by abnormal arch
closure, misalignment of teeth, and malposition of the jaw
[1,2]. According to the World Dental Federation, the in-
cidence of malocclusion worldwide in people is as high as
56% [3]. Malocclusion mainly affects the development of
teeth and maxillofacial, oral health, oral function and maxi-
llofacial aesthetics, and even leads to serious psychological
problems [4,5]. As the most widely used treatment in clinical

practice, the fixed orthodontic treatment uses the orthodontic
arch wire (AW) to exert force on the fixed appliance on the
tooth, so that the dentition can be restored to the ideal state
under the action of binding force [6]. The AW for ortho-
dontic treatment should not only have high strength, low
stiffness, and high plasticity, but also possess excellent
friction performance, abrasion resistance, corrosion re-
sistance, antibacterial performance, biocompatibility, aes-
thetic effect, and so on. Although stainless steel wire is one
of the most widely used AW materials, there are some de-
fects in the performance used in orthodontic clinics [7–9].
The friction force of AW during treatment will increase with
the increasing surface roughness, which will reduce the ef-
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ficiency of tooth movement and induce plaque accumulation,
and even affect oral hygiene and health [10–12]. Due to the
rapid development of biomedical engineering, various sur-
face modification technologies recently have been developed
to improve the surface performance of medical metal mate-
rials, especially the emerging hydrogel coating [13–19].
Therefore, the comprehensive properties of AW are greatly
improved and the service life of AW is also prolonged.
To meet the clinical needs, varieties of materials have been

used to modify metal arch wires, including polytetra-
fluoroethylene coating [20], diamond-like film [21],
poly(chloro-para-xylylene) film [22], and WS2 nanoparticles
[23]. Although these coatings can partially improve the
performance of the metal AW, some problems are still un-
avoidable such as low binding strength, low hardness, poor
wear resistance, easy cracking, and terrible biocompatibility
[24]. In addition, the coating on the surface of the AW is
easily damaged by chewing force and saliva enzymes in the
mouth, thus exposing the underlying metal. Due to being
mechanically, chemically, and electrically compatible with
living tissues [25,26], hydrogels are excellent coating ma-
terials for decorating the AW. Hydrogel-coated substrates
can combine the advantages of hydrogels with the ad-
vantages of substrates, which displays stiffness, toughness,
and strength while presenting lubricity, biocompatibility, and
antibiofouling properties [27,28]. However, few of the re-
ported hydrogel coatings can simultaneously meet the re-
quirements of tough adhesion, antifouling, antibacterial
adhesion, and biocompatibility [29]. As a typical hydrogel
material, poly(vinyl alcohol) (PVA) hydrogel has unique
advantages, including easy preparation, low cost, mass pro-
duction, and good biocompatibility [30]. Fortunately, PVA
hydrogel is also recognized as a hydrophilic, non-toxic, non-
carcinogenic, non-biodegradable, and biocompatible mate-
rial, which has been widely used in biomedical applications,
such as contact lenses, soft joint replacements, wound
dressings, hemodialysis membranes, and coatings for medi-
cal implants [31–33]. The PVA hydrogel coating not only
shows tough adhesion to the substrate but also can be com-
bined with a substrate with an arbitrary shape. In addition,
PVA hydrogel is one of the biomaterials approved by the
United States Food and Drug Administration (FDA) [24],
which enables the PVA hydrogel coating to exhibit great
potential in clinical application. Therefore, the PVA hydrogel
coating combining tough adhesion and superior antibacterial
adhesion may offer promising prospects in biomedical en-
gineering.
In this work, a facile yet effective strategy, in which the

antifouling PVA hydrogel coating is modified to the surface
of the AW (PVA-AW), has been proposed to enhance the
antibacterial adhesion of the AW. The PVA hydrogel coating
is robustly anchored on the surface of AW due to the nano-
crystalline domains of PVA itself [34,35]. Because of the

large number of –OH groups and the chain density [36], the
PVA hydrogel coating presents superior ultralubrication and
antifouling properties, which can reduce bacterial adhesion
and maintain oral hygiene. The antifouling PVA hydrogel
coating robustly adhered to the surface of the AW by an-
nealing at 100°C for 90 min. After being coated by the PVA
hydrogel, the coefficient of friction (COF) of the AW was
significantly reduced by nearly 0.005, indicating that the
PVA hydrogel coating showed excellent ultralubrication.
Furthermore, the PVA hydrogel coating on the surface of the
AW could maintain excellent stability under different liquid
environments, different bending angles, and brushing. Ad-
ditionally, the bacterial survival state test indicated that the
PVA-AW presented outstanding antibacterial adhesion using
Escherichia coli (E. coli) and Staphylococcus aureus
(S. aureus). Compared with bare-AW, the bacteria were
difficult to proliferate on the PVA hydrogel coating, which
was beneficial to improving oral hygiene and reducing
complications such as enamel decalcification, dental caries,
and periodontal disease [37,38]. Overall, the PVA hydrogel
coating presented tough adhesion, outstanding antifouling,
antibacterial adhesion, and biocompatibility. Therefore,
this strategy circumvented costly and complicated proce-
dures, demonstrating promising potential in orthodontic
treatment.

2 Materials and methods

2.1 Materials

Poly(vinyl alcohol) (PVA1799, 99%), sodium chloride
(NaCl), potassium chloride (KCl), urea, potassium thiocya-
nate (KSCN), potassium phosphate monobasic (KH2PO4),
ammonium chloride (NH4Cl), sodium bicarbonate (NaH-
CO3), calcium chloride anhydrous (CaCl2), sodium sulfate
anhydrous (Na2SO4) were purchased from Shanghai Aladdin
Biochemical Technology Co., Ltd. Luria Bertani Broth
(miller) (LB) and tryptone soya broth (TSB) were purchased
from Oxoid. E. coli and S. aureus were purchased from
PerkinElmer, Inc., Waltham, MA. Phosphate buffer solution
(PBS) was purchased from Beijing Solarbio Science &
Technology Co., Ltd. Stainless steel wires (orthodontic arch
wires, AW) (0.48 mm × 0.64 mm) were purchased from
Heilongjiang LeiBo Co., Ltd. And 316 stainless steel sheets
(SSSs, the thickness of SSSs is 0.1 mm) were purchased
from the market. The bacterial live/dead staining kit for
microscopy and quantitative assays was purchased from
Invitrogen Co., Ltd. Centrifuge tubes, 12-well culture plates,
and 1 μL inoculation loop were purchased from Wuxi NEST
Biotechnology Co., Ltd. Deionized water was purified using
CL-250L/H purification equipment (Suzhou, Chuanglian
Co., Ltd.). All commercially obtained chemicals were used
as received.
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2.2 Preparation of PVA hydrogel coating

The antifouling PVA hydrogel coating was prepared on the
surface of the stainless steel substrate. Briefly, 5 g PVAwas
firstly dissolved into 50 mL deionized water and con-
tinuously stirred at 600 r/min at 95°C for 2 h to form a
10% w/v PVA homogeneous solution. The cut SSSs (8 cm×
10 cm) and the silicone spacer molds were ultrasonically
cleaned in ethanol and deionized water for 30 min at room
temperature to remove the oil stains on their surfaces, re-
spectively. To remove the surface oxide layer on the stainless
steel, the cleaned substrates were treated with oxygen plasma
(30 W at a pressure of 200 mTorr, Harrick Plasma PDC-001)
for 5 min. Next, the 10% w/v PVA solution was poured onto
stainless steel with a glass plate, and the stainless steel was
surrounded by a 1 mm thick silicone spacer mold and a
0.1 mm thick polyethylene terephthalate (PET) film with a
glass plate on the other side to form a reaction cell. After
being fixed with clamps, the reaction cell was frozen at
−20°C for 12 h to fabricate PVA hydrogel. After being re-
moved from the reaction cell, the SSSs with PVA hydrogel
(PVA-SSSs) were thawed at room temperature for 24 h. To
achieve tough adhesion between PVA hydrogel and stainless
steel, the dried PVA-SSSs were annealed at 100°C for 90 min
in an oven. Finally, the obtained PVA-SSSs were immersed
in water for 12 h to swell before further use. Moreover, the
PVA-AW was also prepared as the above processes before
testing.

2.3 Characterizations

The morphology of bare-AW and PVA-AW were observed
by scanning electron microscopy (SEM, Phenom Pharos,
Netherlands). Before SEM observation, the surfaces of bare-
AW and PVA-AW were gold-plated. Fourier transform in-
frared (FT-IR) spectroscopy (BRUKER, Tensor II, Ger-
many) was used to analyze the structure of wet PVA-SSSs
soaked in five solutions (deionized water, 0.9% saline, arti-
ficial SAGF medium [39], 0.4% soda water, and tea water)
for 12 h in the range of 4000–400 cm−1 with a resolution of
4 cm−1 (Table S1). Moreover, the structures of wet PVA-
SSSs soaked in the above five solutions were performed by
Raman spectroscopy (Renishaw Raman System, UK) with
CW diode laser excitation at 532 nm. X-ray diffractometer
(XRD, Bruker-AXS, Billerica, MA, US) within 2θ range of
10°–90° was used to evaluate the crystalline phases of PVA-
SSSs after soaking in the above five solutions. Differential
scanning calorimetry (DSC, Series 2000) was used to eval-
uate the freezing resistance of PVA hydrogels after immer-
sion in different solutions. The test was under a nitrogen gas
flow rate of 50 mL/min and at a heating rate of 10°C/min
from −50°C up to complete decomposition at 250°C. The
weights of the samples were 5.10, 4.66, 5.90, 5.00, and

5.03 mg for dry PVA-water, dry PVA-SAGF, dry PVA-NaCl,
dry PVA-NaHCO3, and dry PVA-tea, respectively.

2.4 Mechanical measurement

The adhesion test of PVA hydrogel to SSS substrate was
carried out on a Computerized Tensile Strength Testing
Machine (KJ-1065A). The test samples were soaked in
deionized water, 0.9% normal saline, artificial saliva, 0.4%
soda water, and tea for 12 h. Next, a standard 90° peel test
was performed on the PVA hydrogel samples attached to the
SSS to measure the interfacial adhesion strength threshold N
(J/m2). The PVA-SSSs soaked in different solutions were cut
into rectangular shapes (100 mm × 10 mm), and a layer of
double-sided tape was attached to the surface of the hydrogel
samples as a substrate to prevent the influence of the tensile
deformation of the hydrogel. The tensile rate was kept at
50 mm/min, the angle was 90°, the specimen was stretched at
a speed of 50 mm/min to the set strain (100%), and then the
strain was kept constant, and the stress change was mon-
itored.
The adhesion energy (J/m2) of the PVA hydrogel to the

stainless steel interface was measured by a standard 90°
peeling test. From a standard 90° peeling test, the adhesion
energy N was measured as follows: W (m) was the width of
the PVA hydrogel; F (N) is the load; N (J/m2) was the ad-
hesion energy [34].
N F W= 2 / .
In addition, a thin and stiff layer of tape was attached to the

surface of the PVA hydrogel sample as a backing to prevent it
from extending along the surface of the sample in the peel
direction.

2.5 Frictional test

A high-speed rheometer (DHR-2, TA Instruments, USA)
with a 20 mm parallel plate geometry was used for the
frictional tests. The PVA-SSSs were soaked in deionized
water, 0.9% saline, artificial saliva, soda water, and tea water
for 12 h. The PVA-SSSs were cut into disks of 10 mm in
radius (R) and then glued onto the upper 20 mm stainless
steel plate. In the steady sweep mode, the angular velocity
(ωa) was 5×10

−4 – 30 rad/s. In the time sweep mode, ωa was
fixed at 10−3 rad/s, the measured time was 1000 s, and the
torque (T) and instantaneous axial force (Na) were detected.
The experimental temperature was set at 25°C and the nor-
mal force was set to 1 N. The COF was calculated from T and
Na, COF = 4T/3RNa [40], and every frictional test was re-
peated three times.

2.6 Antibacterial adhesion tests

The antibacterial adhesion of PVA-SSS and PVA-AW sam-
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ples were evaluated with E. coli and S. aureus. E. coli were
incubated on an LB agar medium overnight at 37°C. Then,
the single bacterial colony was inoculated into LB liquid
medium and cultured overnight with continuous shaking.
The culture was diluted with LB medium to an OD value of
0.1 after 24 h. The PVA-SSSs, bare-AWs, and PVA-AWs
samples were divided into five groups, namely the untreated
group, the bending group at 30°, the bending at 60°, the
bending at 90° (both bending 1000 times), and the brushing
group. In the brushing group, the PVA-SSSs or PVA-AWs
were dipped in an electric toothbrush with an appropriate
amount of toothpaste to simulate the normal brushing en-
vironment. The five groups of PVA-SSSs were cut into a
specific size (1 cm × 1 cm), exposed to UV light for 30 min
for pre-sterilization, and then placed in 12-well plates, re-
spectively. Then, 2 mL of E. coli solution (0.1 OD) was
added to each well, and incubated at 37°C for different in-
cubation time, 1, 3, and 7 d, respectively. In addition, the
blank polystyrene (PS) plate or the bare-AW was used as a
control group, and 2 mL of E. coli solution (0.1 OD) was also
added to the blank PS plate or the bare-AW, and incubated at
37°C for different incubation time, 1, 3, and 7 d, respectively.
Using the same method as above, S. aureuswas incubated on
a TSB agar medium overnight at 37°C. Then, single colonies
were inoculated in TSB liquid medium and cultured over-
night with continuous shaking. After 24 h, the cultures were
diluted with TSB broth to an OD of 0.1. Repeat the above
experimental procedure with S. aureus (0.1 OD). To compare
the number of bacteria, the PVA hydrogels were stripped
from the substrates and washed three times with PBS, using
the live/dead backlight activity kit to stain the hydrogels. The
morphology of live/dead bacteria on the surface of the hy-
drogel was observed and counted using an Axio Observer A1
fluorescence microscope (Carl Zeiss, Germany).

3 Results and discussion

3.1 Design and preparation

The AW is an important piece of equipment in the process of
orthodontic treatment, which can constrain the teeth and
transmit the orthodontic force to guide the tooth movement,
thereby regulating the three-dimensional movement of the
teeth to achieve orthodontic treatment. However, the AW is
easy to be embedded in food debris to induce bacterial
growth because of the complex oral environment. Therefore,
the antifouling PVA hydrogel in this work was used as a
coating material to coat the surface of the AW for reducing
friction and preventing bacterial adhesion on the surface of
the AW toward maintaining oral hygiene (Figure 1). The
PVA hydrogel coating was modified onto the surface of the
AW, and then the PVA hydrogel coating with AW was an-
nealed to form nanocrystalline structures with hydrogen

bonds for obtaining a remarkable tough adhesion between
PVA hydrogel and AW (Figure 1(a)). Moreover, the PVA
hydrogel coating significantly reduced the COF of the AW.
Due to the abundance hydroxyl group, the PVA hydrogel
coating on the AW presented remarkable steric exclusion
effect and surface hydration layer that contributed to anti-
fouling performance and resisted the adhesion of bacteria,
thus achieving the effect of antibacterial adhesion
(Figure 1(b)). Therefore, the PVA hydrogel coating on the
surface of the AW could significantly improve its anti-
bacterial adhesion performance and maintain oral hygiene
while orthodontics.

3.2 Characterization

To characterize the PVA hydrogel coating on the surface of
the AW, SEM was used to investigate the surface morpho-
logy of PVA-AW. As shown in Figure 2(a) and (b), the
surface texture of PVA-AWwas much finer than that of bare-
AW, which was conducive to the antibacterial adhesion of
PVA hydrogel coating. The cross-section images of bare-AW
and PVA-AW presented that the size of AW was 0.48 mm ×
0.64 mm (Figure 2(c)). As shown in Figure 2(d), the PVA
hydrogel coating could be clearly observed on the surface of
the AW. And the thickness of PVA hydrogel coating was
about 15 μm. To further demonstrate the PVA hydrogel
coating on the AW surface, the SEM mappings of PVA-AW
were performed (Figure 2(e)). The distributions of carbon
(C) and oxygen (O) elements were delimited from that of
iron (Fe) elements, and the distributions of C and O were
hardly distributed in the Fe. Furthermore, the PVA-AW was
dyed with green dye, and the fluorescence microscope image
indicated that the thickness of the PVA hydrogel coating was
approximately 16 μm (Figure 2(f)), which was in agreement
with the results obtained from SEM.
Besides, FT-IR spectroscopy was also used to test the state

of PVA hydrogel under normal oral liquid environments
(deionized water, 0.9% normal saline, artificial saliva, 0.4%
soda water, and tea). As shown in Figure 3(a), the obvious
infrared absorbance characteristic peaks at 3300 cm−1 were
assigned to the O–H stretching [41]. The main absorption
bands around 1632, 1421, and 1091 cm−1 were assigned to
the C=O stretching, the –CH2– stretching, and the C–O
stretching vibration, respectively [42–44]. The FT-IR spectra
of the different solutions were essentially the same, in-
dicating that the structure of PVA hydrogel coating could
maintain excellent stability under normal oral liquid en-
vironments. Moreover, the Raman spectra were used to in-
vestigate the state of PVA hydrogel after immersing it in the
above solution for 12 h. The bands at 2900, 1441, and
1125 cm−1 were assigned to the C–H stretching [45], the
–CH2– stretching, and the C–O stretching [46] (Figure 3(b)).
Besides, the bands at 912 and 847 cm−1 were assigned to the
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Figure 1 (Color online) Schematic illustration of the tough adhesion and antifouling PVA hydrogel coating on the surface of the AW for antibacterial
adhesion. (a) Schematic representation of the formation of PVA-AW and the tough adhesion of PVA hydrogel to AW by anchoring ordered nanocrystalline
structures on the AW with hydrogen bonds. (b) Schematic diagram showing the design of a dental appliance with low friction and antibacterial adhesion.

Figure 2 (Color online) Preparation and characterization of the PVA hydrogel coating on the surface of the AW. SEM images of (a) bare-AW and (b) PVA-
AW (scale bar: 500 μm and 50 μm). Insets of (a) and (b) were the photographs of bare-AW and PVA-AW. SEM images of the cross-section of (c) bare-AW
and (d) PVA-AW (scale bar: 500 μm). (e) SEM and corresponding elemental mapping images of PVA-AW. (f) Photograph of PVA-AW dyed with green dye.
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C–C stretching [46]. No significant shift occurred in all the
bands of Raman spectra above, indicating that the treatment
of different solutions did not change the structure of PVA
hydrogel coating. The XRD patterns of PVA hydrogels
soaked in the above solutions suggested that the character-
istic peak of the PVA crystalline phase was near 19.28°
(Figure 3(c)), attributing to the intermolecular hydrogen
bond between PVA chains [47]. Furthermore, the DSC
heating curves of PVA hydrogels soaked with different so-
lutions showed a peak endotherm ranging from 212.18°C to
224.37°C (Figure 3(d)), demonstrating that the crystallinity
of PVA hydrogels maintained superior stability at various
solutions. Consequently, the PVA hydrogels were success-
fully modified on AW and maintained good stability.

3.3 Tough adhesion

To investigate the adhesion of PVA hydrogel coating, the
interfacial toughness of PVA hydrogels was characterized
through the 90° peeling test with a stiff backing on the PVA
hydrogels (Figure 4(a) and (b)). In the test, the PVA hydrogel
showed an adhesion energy near 1000 N/m and showed very
close adhesion energies after being immersed in different
liquids (deionized water, 0.9% saline, artificial saliva, soda

water, and tea) for 12 h (Figure 4(c) and (d)). The nano-
crystalline domains and unique chemical structure of PVA
hydrogel coating enable it to be robustly anchored on the
surface of the metal substrates [48,49]. After being soaked
with different solutions, all PVA hydrogels showed adhesion
energies of approximately 1000 N/m, demonstrating that the
PVA hydrogel coating could still robustly adhere to the
surface of SSSs in the complex liquid environment simu-
lating the mouth. As shown in Figure 4(e), the adhesion
energies of PVA hydrogel were similar when the PVA hy-
drogels were bent at different angles (30°, 60°, 90°) for 1000
times and then immersed in deionized water for 12 h. After
bending at different angles, the PVA-SSSs were immersed in
different solutions (Figure 4(f)). And all the adhesion en-
ergies of PVA hydrogels were similar, suggesting that the
PVA hydrogel coating could still strongly adhere to the
surface of SSS during the mechanical occlusal movement of
the mouth. Importantly, the PVA hydrogel showed very close
adhesion energies as the PVA hydrogels were brushed by a
toothbrush for 1 min and then immersed in deionized water
for 12 h (Figure 4(g)). Moreover, the adhesion energies of
PVA hydrogels were nearly 1000 N/m when the PVA-SSSs
were brushed for 1 min and then immersed in different so-
lutions (Figure 4(h)). It indicated that the slight mechanical

Figure 3 Characterization of the wet PVA films incubated with deionized water, 0.9% saline, artificial saliva, 0.4% soda water, and tea for 12 h. (a) FTIR
spectra, (b) Raman spectra, (c) XRD patterns, and (d) DSC curves of the wet PVA films treated with the above solutions.
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damage in the mouth had little influence on the adhesion of
the PVA hydrogel coating before the destruction of the PVA
hydrogel coating to the exposure of the AW. In conclusion,
the PVA hydrogel coating on the surface of the AW main-
tained outstanding stability under various human oral con-
ditions, including different liquid environments, different
bending angles, and brushing.

3.4 Friction testing

The COF was the key index to evaluate the lubricity of PVA
hydrogel coating. Hence, the friction properties of PVA hy-

drogels were investigated in terms of different normal forces,
frequencies, the thickness of the PVA hydrogel coating, and
the oral fluid environment. Attributing to the small size of the
square AW, the stainless-steel sheets with the same material
were used to replace the AW to complete relevant tests in this
work. The COF of the antifouling PVA hydrogel coating was
carried out with disk samples against a stainless steel surface.
At the frequency of 0.5 Hz, the COF of PVA-SSS in water
decreased as the applied normal force increased ranging from
0.5 to 4 N (Figure 5(b)). Moreover, the COF of the anti-
fouling PVA hydrogel coating was 0.016 at 0.5 N, which was
more than twice compared with other normal forces. The

Figure 4 Adhesion properties of PVA hydrogel coating through 90° peeling test. (a) Schematic illustration of PVA hydrogel 90° peeling test. (b)
Photographs of the interface in PVA hydrogel 90° peeling test. (c) Force/width versus displacement curves of PVA hydrogels incubated with deionized water,
0.9% saline, artificial saliva, 0.4% soda water, and tea for 12 h before the 90° peel test. (d) The interfacial toughness of PVA hydrogels incubated with the
above solutions. (e) Force/width versus displacement curves of PVA hydrogels incubated with deionized water for 12 h treated with different bending angles
1000 times before the 90° peel test. Inset of (e) was a simulation of the PVA-SSS bending method. (f) The interfacial toughness of PVA hydrogels was
incubated with the above solutions for 12 h after treating them with different bending angles 1000 times. (g) Force/width versus displacement curves of PVA
hydrogels adhered to stainless steel, following incubated with deionized water and treated with a toothbrush for 1 min. (h) The interfacial toughness of PVA
hydrogels was incubated with the above solutions after treating them with a toothbrush for 1 min. All of the above data are presented as mean ± SD (n = 3).

2792 Li M W, et al. Sci China Tech Sci October (2023) Vol.66 No.10



COFs were below 0.01 and closed in value when the applied
normal force was in the range of 1 to 4 N, and the COF of
PVA hydrogel in water was 0.005 when the applied normal
force was 4 N. Thus, 1 N acted as the optimal normal force in
following experiments. Furthermore, the COF of PVA hy-
drogel in water slightly increased with the increase of applied
frequency ranging from 0.5 to 8 Hz with 1 N normal force,
and the values of COFs were near 0.01 and closed (Figure 5
(c)). Hence, the optimal frequency was set to 1 Hz in the
following experiments. To investigate the effect of coating
thickness on its lubrication, the different thicknesses of the
PVA hydrogel coating were prepared ranging from 12 to
64 μm (Figure 5(a)). Figure 5(d) showed that the COFs of
PVA hydrogel in water fluctuated between 0.012 and 0.017
under optimized conditions, demonstrating that the thickness
of hydrogel had little effect on the COF, lubrication, and
antibacterial adhesion properties. As shown in Figure 5(e),
the COF of bare-AWwas 0.099. And the COFs of PVA-SSSs
in different solutions (deionized water, 0.9% saline, artificial
saliva, soda water, and tea) were near 0.007, which was
significantly less than that of bare-AW. These results de-
monstrated that the antifouling PVA hydrogel coating sig-

nificantly reduced the COF of the AW, presented outstanding
ultralubrication, and maintained the stability of the AW in the
oral liquid environment.

3.5 Antibacterial adhesion

The antibacterial adhesion performance of PVA hydrogels
coating was evaluated by the bacterial survival state test
using E. coli and S. aureus within 7 d. Firstly, PVA-SSSs
were used to evaluate the antibacterial adhesion of PVA
hydrogel coating. The PS plate was used as the control, and
the PVA-SSSs that had been bent at different angles (0, 30°,
60°, 90°) and brushed for 1 min acted as the experimental
groups. Compared with the PS plate, a few live and dead E.
coli could be observed within 1, 3, and 7 d (Figure S1(a)),
indicating that the E. coli could hardly adhere to the PVA
hydrogel interfaces during the test. The number of E. coli on
the surface of hydrogels undergone bending and brushing
was much higher than that of the original PVA hydrogel
(Figure S1). In addition, quantitative calculations of live/
dead bacterial density were evaluated using ImageJ software

Figure 5 (Color online) The friction performance of PVA hydrogels coating. (a) Photographs of different thicknesses of PVA hydrogels coating on the
SSSs. (b) The frictional performance of PVA hydrogels under different normal forces at 0.5 Hz. (c) The frictional performance of PVA hydrogels under
different frequencies with 1 N normal force. (d) The frictional performance of different thicknesses of PVA hydrogels coating incubated with deionized water
for 12 h under 1 N normal force and 0.5 Hz. (e) The frictional performance of PVA hydrogels was incubated with deionized water, 0.9% saline, artificial
saliva, 0.4% soda water, and tea for 12 h under 1 N normal force and 0.5 Hz.
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according to fluorescence microscopy images. As shown in
Figure S1(b) and (c), the densities of live and dead E. coli
adhering to the PVA hydrogel increased slightly within 7 d,
suggesting that it was difficult for E. coli to adhere and
proliferate on the surface of PVA hydrogels in the PVA-
SSSs. During the decay period, the limited nutrients and the
accumulation of various toxic metabolites near the bacteria
could affect the growth of the bacteria and eventually lead to
death of the bacteria. Therefore, the dead bacteria on the
surface of PVA hydrogel were the normal death of bacteria.
Meanwhile, the S. aureus was also tested as same as the E.
coli, and the results demonstrated that the S. aureus was
difficult to adhesion and proliferate on the surface of PVA
hydrogels (Figure S2). Due to the antifouling performance
and lower COF of PVA hydrogels, the SSSs with the PVA
hydrogel coating displayed remarkable antibacterial adhe-
sion properties.
Besides, E. coli and S. aureus were also used to evaluate

the antibacterial adhesion of bare-AW and PVA-AW sam-
ples. The LIVE/DEAD cell viability assays were used to
explore the antibacterial adhesion of the PVA hydrogel
coating. Fluorescence microscope images revealed a general
trend of adhesive bacterial density and bacterial distribution
on bare-AW and PVA-AW within 7 d (Figures 6 and S3). As

shown in Figures 6(a) and S3, the E. coli was observed to
significantly adhere and aggregate on bare-AW. The bac-
terial adhesion on PVA-AW decreased dramatically after
bending and brushing compared with bare-AW, indicating
that PVA-AW had antibacterial adhesion and colony-sup-
pressing properties. On the other hand, a small amount of
bacterial proliferation was observed on PVA-AWwithout the
disruption of the PVA hydrogel coating over time, which was
probably attributed to the lubricity and antibacterial adhesion
of the PVA hydrogel coating. A large of adherent bacteria
(9.3 × 105 cm−2) on bare-AW were alive, and all the PVA-
AW samples had significantly lower bacterial density than
that of the bare-AW samples (Figure 6(b) and (c)). The sta-
tistical results of the live/dead bacteria demonstrated that the
PVA hydrogel coating endowed the stainless-steel AW with
outstanding antibacterial adhesion, which was probably due
to the combination of PVA’s lubricity and antifouling per-
formance. Furthermore, S. aureus was also tested as same as
the E. coli. As shown in Figures 7 and S4, S. aureus was also
difficult to adhesion and proliferate on the surface of PVA
hydrogels coating, which was in agreement with those from
E. coli. Consequently, the AW with the PVA hydrogel
coating showed superior antibacterial adhesion attributed to
the low COF and antifouling performance of PVA hydrogels.

Figure 6 Antibacterial adhesion of PVA-AW against E. coli. (a) Fluorescence microscope images of E. coli live/dead staining (green fluorescence: calcein-
AM indicates live bacteria; red fluorescence: propidium iodide indicates dead bacteria) cultured for 7 days on the surface of bare-AW and differently treated
PVA-AW. Scale bars: 50 μm. (b) The bacteria density of live E. coli on the surface of bare-AW and differently treated PVA-AW after different incubation
time. (c) The bacteria density of dead E. coli on the surface of bare-AW and differently treated PVA-AW after different incubation time.
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4 Conclusions

In summary, a tough adhesion and antifouling PVA hydrogel
coating was successfully modified on the surface of the AW
to enhance its antibacterial adhesion performance. The PVA
hydrogel coating toughly adhered to the surface of the AW
under various physical actions including bending and
brushing, owing to its nanocrystalline domains, and re-
mained stable in different oral liquid environments. The
friction tests showed that the PVA hydrogel coating pre-
sented excellent ultralubrication and had a lower coefficient
of friction compared with bare-AW. And the friction coef-
ficient of the AW coated by PVA hydrogel coating could
even reach 0.005, which could effectively reduce the friction
between the AW and the bracket and improve the effective-
ness of the orthodontic effect. Furthermore, the antibacterial
adhesion tests demonstrated that E. coli and S. aureus were
difficult to adhere to PVA-AW, resulting in the long-term
antibacterial adhesion effect of PVA-AW. Taken together, the
tough adhesion and antifouling PVA hydrogel is a promising
coating material for the orthodontic wire to manage oral
hygiene, which presents great potential in clinical dental
treatment.
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