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KEYWORDS Abstract Objectives: This study compared the effects of normal salivary pH, and acidic pH found
Dental material; in patients with poor oral hygiene, on the durability of aesthetic archwire coated with epoxy resin
Epoxy resin; and polytetrafluoroethylene (PTFE).

Polytetrafluoroethylene; Methods: The posterior parts of the archwires were sectioned into 20 mm segments (N = 102)
Coating durability; and divided among six groups. Four groups were treated with different pH levels and two served
Salivary pH; as controls. The specimens were immersed in individual test tubes containing 10 ml of artificial sal-
Coating material; iva adjusted to a pH of 6.75 or 3.5. The tubes were sealed and stored in a 37 °C water bath for

Aesthetic archwire 28 days. After 28 days, the specimens were ligated to brackets embedded in an acrylic block and

subjected to mechanical stress using an electronic toothbrush for 210 s. The specimens were pho-
tographed, and images were measured for coating loss using AutoCAD® software. Surface mor-
phology was observed using a scanning electron microscope (SEM).

Results: Significant coating loss (p < 0.001) was found in the epoxy resin groups, regardless of
pH value, but not in the PTFE groups. The acidic pH caused epoxy resin layer coating loss by twice
as much as normal pH. SEM revealed existing manufacturing defects on the as-received epoxy resin
coating, whereas the retrieved epoxy resin demonstrated rupture, roughness, and coating loss in
multiple locations.
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Significance: Epoxy resin coatings demonstrate poor durability in acidic environments. This
condition is worsened by the existing manufacturing defects found on as-received archwires. Hence,
archwires coated with epoxy resin are not recommended in patients with poor oral hygiene.

© 2019 The Authors. Production and hosting by Elsevier B.V. on behalf of King Saud University. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Fixed appliances are known to cause plaque accumulation and
retention. Orthodontic patients with poor oral hygiene tend to
have more acidic salivary pH as low as 3.5. Consequently,
these patients can experience a higher release of nickel ions suf-
ficient to cause allergic reactions (Kuhta et al., 2009). Acidic
salivary pH can also cause increased surface roughness in cer-
tain orthodontic materials (Escobar et al., 2015).

A new generation of orthodontic archwires that are coated
with tooth-coloured polymers such as polytetrafluoroethylene
(PTFE), epoxy  resin, parylene-polymer, or—Iless
commonly—silver-palladium have become increasingly popu-
lar because these materials address several aesthetic concerns
expressed by orthodontic patients. The coating processes take
place using one of two methods: (1) through surface treatment
of the core archwire to support coating adhesion, followed by
spraying of the atomised particles using compressed air to coat
the archwire, which is then placed in the kiln for heat treat-
ment; or (2) mixing of epoxide using high-voltage electrostatic
coating technology which is applied to the core archwire; an
opposite charge is applied to the epoxy resin, followed by
the atomised liquid epoxy particles, which are sprayed onto
the wire and placed in the kiln for heat treatment (Kravitz,
2013).

Clinically, commercially-available coated archwires have
demonstrated partial or full coating loss after as few as 21 to
28 days of intraoral exposure (Argalji et al., 2017; Ulhaq
et al., 2017). These losses are noticeable and leave patients feel-
ing dissatisfied (Bradley et al., 2013). Coating losses are also
related to the depletion of nickel and titanium ions and the
appearance of extra elements which occur due to interaction
with saliva (Zegan et al., 2012). The coated archwires are rou-
tinely destroyed after three weeks of intraoral exposure as a
result of oral enzymatic activity and chewing forces (Lim
et al., 1994; Kusy, 2002).

These coated archwires are still marketed by the manufac-
turers and are used clinically by orthodontists, despite the
unfavourable results reported from various studies with
regards to coating durability and surface changes, as well as
the lack of scientific information to provide a clear under-
standing of their mechanical properties and vital interactions
(Elayyan et al., 2010). It is suggested that this phenomenon
occurs because of an interaction that exists between the coated
archwires and the surrounding oral environment such as sali-
vary pH, enzymes, bacteria, and others. However, no studies
have investigated the effects of salivary pH on coated
archwires.

The purpose of this study was to compare the effect of nor-
mal and acidic salivary pH, found in patients with poor oral
hygiene, on archwire coating durability. We also observed
the surface morphology of the coated aesthetic archwires.

2. Materials and methods

The sample size was calculated using PS software (Vanderbilt
University, Tennessee, USA) (Dupont and Plummer, 1997)
based on a two-mean comparison formula. The power was
set at 80% and the alpha (o) was set at 0.05. (Elayyan et al.,
2008)Based on a standard deviation of 0.25, we required 17
archwire specimens in each group (da Silva et al., 2013). There-
fore, a total of 102 archwire specimens (N = 102) were
required for these study objectives.

2.1. Preparation of archwire specimen

Superelastic nickel-titanium (SE NiTi) archwires, 0.018 in. in
diameter, which were readily coated with epoxy resin (Ortho-
Force® Ultraesthetic™, G&H Orthodontics®, Franklin,
USA) and PTFE (Euroform™ Cosmetic, Ortho-Care LTD,
Yorkshire, UK) were used. The archwires were measured using
a digital calliper, and the posterior parts were sectioned into
smaller, 20 mm specimens using orthodontic archwire cutter.

2.2. Preparation of treatment solution

Artificial saliva (Biotene®, GlaxoSmithKline, Victoria, Aus-
tralia) with pH levels of 6.75 and 3.5 were prepared using
10 M sodium hydroxide (NaOH) and lactic acid (Sigma-
Aldrich®, Kuala Lumpur, Malaysia), as described by Kuhta
et al. (2009). The actual pH values were measured using a
pH meter (827 pH Lab, Metrohm, Herisau, Switzerland).

2.3. Treatment of archwire specimen

Seventeen archwire specimens of each type were immersed in
individual test tubes containing 10 ml artificial saliva of pH
6.75 or 3.5. Each test tube was incubated in a water bath at
37 °C for 28 days. At the end of the incubation period, all
archwire specimens were collected and washed with normal
saline before being subjected to tooth brushing. The archwire
specimens for the control groups were washed with normal sal-
ine and ligated to acrylic jigs to receive the mechanical stress
from tooth brushing. The flow chart of the experiment is pre-
sented in Fig. 1.

2.4. Toothbrushing force

Prior to tooth brushing, an acrylic block of 25mm
width x 35 mm length x 10 mm thickness was prepared with
two orthodontic brackets embedded on each end, at the dis-
tance of 10 mm (Fig. 2). Each specimen was tied to the
orthodontic brackets embedded on an acrylic block using an
elastomeric module. The experimental region was continuously
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Fig. 1

subjected to mechanical stress from an electronic toothbrush
for 210 s (Fig. 3). The tooth-brushing duration was determined
based on the manufacturer’s recommendation of 120s per
brushing, twice daily. For 28 days of the experiment, by
assuming that the tooth brushing took place twice daily for
120s per session, the total duration of brushing became
6720 s. The total duration of 6720 s was divided by 32 (consid-
ering all 32 permanent teeth have erupted) to obtain an esti-
mated duration for a single tooth. This gave a total of 210 s
of tooth brushing per tooth. As the distance of the experimen-
tal region was 10 mm, which represented an average width for
a maxillary central incisor, 210 s of tooth brushing was deemed
sufficient.

Flow chart of the experiment.

2.5. Archwire photography

Each specimen was photographed using a digital single-lens
reflex (DSLR) camera with a 60 mm macro lens using a stan-
dardised intraoral photography set up: aperture set at f/36,
shutter speed at 1/200, and 0.1 m camera-to-specimen distance
(set using the manual lens focus).

2.6. Reliability of measurements

The first examiner was trained and calibrated before the actual
measurement took place. Ten archwire specimens were ran-
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Fig. 2 Archwire specimen ligated on brackets embedded in an
acrylic block.

Fig. 3 Toothbrushing setup used in this study.

domly selected. The measurement was repeated after a two-
week interval under the same setup. This measurement was
also compared to the measurement made by the second
examiner.

2.7. Data collection

Photographed images were uploaded to Autodesk Auto-
CAD® software, version 2018 (Autodesk Inc, California,
USA) and coating loss measurements were recorded as per-
centages. Scanning electron microscope (SEM) images were
obtained at x200 magnification.

2.8. Statistical analyses

Data analysis was carried out using IBM Statistical Package
for the Social Sciences (SPSS) version 22.0 (IBM Corporation,

New York, USA). The reliability of the measurements was cal-
culated using the Intraclass Correlation Coefficient (ICC) test.
The normality of the data distribution was calculated using the
Shapiro-Wilk test, which showed that the data were not nor-
mally distributed (p < 0.001). Therefore, the Kruskal-Wallis
test was used to compare the coating loss amongst the groups,
followed by multiple pairwise comparisons using Dunn’s test.

3. Results

3.1. Coating loss

The ICC test showed excellent agreement for both intra- and
inter-examiner reliability (ICC = 0.993, 0.952). Comparison
of coating loss in all groups revealed that the epoxy resin group
treated with pH 3.5 showed the highest percentage of coating
loss (48.1% =+ 23.55). The Kruskal-Wallis test indicated that
there was a statistically significant difference between the
groups (p < 0.001) (Table 1).

Multiple pairwise comparisons (Table 2) revealed that the
epoxy resin group treated with pH 3.5 showed a statistically
significant difference (p < 0.001) compared to other groups,
except the same coating polymer treated with pH 6.75. The
same result was observed in the epoxy resin group treated with
pH 6.75, which showed a significant difference when compared
to other groups. The raw data are presented in Table 3.

3.2. Surface morphology

The epoxy resin group treated with pH 3.5 showed remarkable
coating loss while the group treated with pH 6.75 showed
noticeable change to the surface morphology, as evidenced
by the presence of cracks and ruptures (Figs. 4 and 5). Local-
ized abrasion caused by friction from the toothbrush was
observed in the epoxy resin control group (Fig. 6). Also,
Fig. 7 showed existing manufacturing defects found on the
as-received archwire coated with epoxy resin.

4. Discussion

Retained plaque around the fixed appliances is readily con-
verted to acid by the intraoral bacteria. This acid production
alters the normal salivary pH, exerting some negative effects
on the properties and performance of orthodontic brackets
and auxiliaries, including coated aesthetic archwires. Low pH
exposure has been shown to cause surface corrosion on the
NiTi-based archwires, regardless of their percentage composi-
tion and often exacerbated by the presence of fluoride
(Perinetti et al., 2010; Moc¢nik et al., 2017).

The epoxy resin coating was unstable in all groups, includ-
ing control. This result was supported by previous studies
(lijima et al., 2011; Zegan et al., 2012; da Silva et al., 2013)
which also reported coating instability on NiTi wires. This
instability was manifest as coating loss, roughness, and tearing.
There was also unwanted exposure of the core NiTi wire in
multiple locations, which resulted from severe damage to the
epoxy resin layer. Such exposures are clinically undesirable
as they exposes patients to allergic reactions. In addition, metal
ions released from orthodontic appliances could have carcino-
genic, mutagenic, and cytotoxic effects (Kuhta et al., 2009).
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Table 1 The percentage of coating loss between six groups using Kruskal-Wallis test.

Group (N = 17) Mean + SD Median + IQR® 95% CI x> statistic (df)° P value®
Lower Upper

Epoxy resin pH 3.5 48.1 £ 23.55 - 36.0 60.2 75.38 (5) <0.001
Epoxy resin pH 6.75 31.1 £ 32.21 23.0 £ 62.62 14.6 47.7
Epoxy resin (control) 0.0 + 0.00 0.0 = 0.00 0.0 0.0
PTFE pH 3.5 0.2 = 0.50 0.0 + 0.00 —0.1 0.4
PTFE pH 6.75 0.5+ 1.23 0.0 £+ 0.00 —0.1 1.1
PTFE (control) 0.0 = 0.00 0.0 = 0.00 0.0 0.0

? The distribution is skewed to the left.

® Kruskal-Wallis test.
Table 2 Post hoc comparison using Dunn’s test. Mean differences shown.

Epoxy Resin pH 3.5 Epoxy resin pH 6.75 Epoxy resin (control) PTFE pH 3.5 PTFE pH 6.75 PTFE (control)

Epoxy resin pH 3.5 - 1.000 <0.001* <0.001* <0.001* <0.001*
Epoxy resin pH 6.75 - <0.001* <0.001* 0.001* <0.001*
Epoxy resin (control) — 1.000 1.000 1.000
PTFE pH 3.5 - 1.000 1.000
PTFE pH 6.75 - 1.000

PTFE (control)

* Indicates the mean difference is significant at 0.05 level. Groups in vertical column considered as significant groups.

Table 3 Raw data showing the percentage of coating loss for each specimen.

Specimen number

Percentage of coating loss

Epoxy resin pH 3.5 Epoxy resin pH 6.75 Epoxy resin (control) PTFE pH 3.5 PTFE pH 6.75 PTFE (control)
1 59.27 6.19 0.00 0.00 0.00 0.00
2 60.83 5.04 0.00 0.00 0.00 0.00
3 65.76 94.12 0.00 0.00 0.00 0.00
4 58.60 11.61 0.00 0.00 0.00 0.00
5 90.86 70.60 0.00 1.79 0.00 0.00
6 32.33 0.00 0.00 0.00 0.00 0.00
7 55.70 0.00 0.00 0.00 0.00 0.00
8 54.19 40.74 0.00 0.00 1.41 0.00
9 54.82 717.78 0.00 0.00 0.00 0.00
10 15.71 4.55 0.00 0.00 0.00 0.00
11 19.37 0.00 0.00 0.00 0.00 0.00
12 79.77 28.30 0.00 1.18 0.00 0.00
13 21.65 71.81 0.00 0.00 0.00 0.00
14 22.81 36.26 0.00 0.00 0.00 0.00
15 28.90 23.02 0.00 0.00 2.99 0.00
16 74.66 0.00 0.00 0.00 0.00 0.00
17 22.45 59.18 0.00 0.00 4.21 0.00

Besides, these exposures also cause undesirable aesthetic
effects such as discolouration and ruptures that appear when
it is used clinically (Ulhaq et al., 2017).

One study reported rupture and contraction on the epoxy
layer after being subjected to a three-point bending test
(Alavi and Hosseini, 2012). This is in line with a study con-
ducted ex vivo, which found that the surfaces of NiTi archwires
coated with epoxy resin showed roughness, changes in colour,
and coating layer rupture with a loss of 25% of the coating
layer along the retrieved specimens after four to six weeks in

the mouth (Elayyan et al., 2008). The SEM images showed
remarkable changes in the epoxy resin coating layer, which dif-
fered according to the type of treatment. The loss of the coat-
ing layer occurred at a greater rate in acidic, as opposed to
alkaline, media. Also, the presence of cracks represented the
deterioration of the external coating. Swelling and the emer-
gence of bubbles were greater in the groups treated with pH
6.75. This is likely to occur because of the existing manufactur-
ing defects spotted on the as-received archwire as confirmed by
the SEM (Fig. 5). Kim and Johnson (1999), however, reported
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det| HV
ETD [10.00 K
Fig. 4 Coating loss observed on the epoxy resin coating exposed
to the acidic environment.

£, 4
{
det 2\% mag O |spot
ETD[10.00 kV| 200x | 3.0
Fig. 5 Presence of cracks and rupture on the epoxy resin coating
exposed to a normal pH.

that the epoxy resin coated archwires exhibited low corrosion
potential and recommended it to be used in patients with a
nickel allergy.

Nonetheless, the result may not reflect the actual intraoral
condition as the experiment was carried out using 0.9%
sodium choride (NaCl) immersion solution with neutral pH
7.0. The existence of manufacturing defects within as-
received polymer coated archwire surfaces [Esthetic Superelas-
tic Titanium Memory Wire and EverWhite (American Ortho,
Wisconsin, USA)] has also been reported previously (Rongo
et al., 2013). Another as-received archwire [Imagination (Ges-
tenco International, Gothenburg, Sweden)] reportedly exhib-

— 500 pm ———
I

Fig. 6 Localized abrasion caused by friction from the tooth-
brush was observed in the epoxy resin control group.

/ .
det HV mag O |spot
ETD|10.00 kV| 200x | 3.0

Fig. 7 Existing manufacturing defects found on the as-received
epoxy resin coating.

ited manufacturing anomalies that manifest as deep dimples
that reached the metal base and exposed the core archwire
(Shamohammadi et al., 2019). However, the types of coating
polymer of the three archwires above were not mentioned by
the authors.

These microscopic holes found on the as-received archwire
surface allow external factors to reach the interface between
the coating and the core archwire. This subsequently causes
decomposition of the binding factors between the two surfaces.
This can be explained by a finding from a study which reported
that the systematic destruction of the epoxy resin coating layer
could be related to the hydrophilic property of resins (Kang
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et al., 2017). When the epoxy resin is immersed in a solution, it
absorbs the water and begins to crack before losing the epoxy
layer after bulging (Li and Xue, 2016). The joint interactions of
water and corrosive liquids (corrosive liquids can burn and
destroy body tissues on contact, including hydrochloric acid,
sulphuric acid, ammonium hydroxide, and sodium hydroxide)
expands the material and causes changes. The material is soft
and smooth at first, but after a period of immersion, it
becomes coarser, especially in solutions that contain NaOH,
which cause the dissolution of the material. Meanwhile, acids
enhance the occurrence of cracking (Amaro et al., 2013). Tem-
perature is also a catalyst for these changes. Water absorption
of the epoxy was reported to increase at 30 °C (Ahmad et al.,
2010), causing faster deterioration of the surface of the
archwire.

In contrast, the PTFE coating showed greater stability than
epoxy resin coating in all groups due to its hydrophobic prop-
erties (Kravitz, 2013). Relative roughness was observed on the
outer surface of the wire in the other treatments. This finding is
supported by another study which reported that the PTFE
coating had less impact on the mechanical properties of the
archwire and was more stable than the epoxy resin and a silver
and platinum coating polymer composite (Ryu et al., 2015).
An electrochemical characteristic study of PTFE coated NiTi
orthodontic wires also supported the finding that the PTFE
coated archwires, which were immersed in artificial saliva
under a low pH (pH 4), demonstrated lower corrosion rates
and passive current densities than uncoated NiTi substrates
because of electrolyte penetration in the pore of the PTFE
deposits (Mareci et al., 2015). However, this is inconsistent
with a previous study that reported that the PTFE coating
had poor stability due to thinner coating layer of the as-
received PTFE coated aesthetic archwires than what was
reported by the manufacturer (Argalji et al., 2017). Another
study also reported that PTFE coated archwires showed the
highest surface roughness after 28 days of immersion in artifi-
cial saliva with pH 6.75 when compared to epoxy resin
(Muayad and Ghaib, 2017). The interaction between PTFE
and different acids varies in intensity and behaviour depending
on the factors such the type of acid, the manufacturing pro-
cess, and the thickness of the coating layer (Giorgini et al.,
2016). Different manufacturing companies and pH solutions
reportedly affect the corrosion rate, breakdown potential,
and crevice-corrosion susceptibility of NiTi archwires; how-
ever, these factors did not correspond with surface roughness
and pre-existing defects (Huang, 2005). Kim & Johnson
(1999) also reported similar findings in which they recognized
that the breakdown potential of nickel titanium alloy wires
varied depending on the manufacturer. This suggests that
manufacturer-specific variations in the composition of the
coating polymers also influence the physical properties of
coated archwires.

This deterioration and coating loss exposes the core metal
wire, causing absorption of large amounts of hydrogen
because the titanium attracts hydrogen. This results in a grad-
ual change in mechanical properties (Yokoyama et al., 2003).
Retrieved epoxy resin coated NiTi archwires that are used
intraorally for four to six weeks have zero unloading forces,
which are caused by the accumulation of damaged coating
layer and increases the friction to that area, thereby prolonging
treatment and delaying the tooth movement (Elayyan et al.,
2008).

Because of observed effects between the coated wires and
brackets, it is better to avoid the use of coated archwires dur-
ing orthodontic treatment stages where sliding movement is
important. The unwanted exposure of the core NiTi wire in
multiple locations, which results from severe damage to the
epoxy resin layer, is clinically undesirable as it exposes patients
to allergic reactions. In addition, metal ions released from
orthodontic appliances could have carcinogenic, mutagenic,
and cytotoxic effects (Kuhta et al., 2009). These exposures also
cause undesirable aesthetic effects such as discolouration and
ruptures that appear when the archwires are used clinically
(Ulhaq et al., 2017).

We did not study the mechanical properties of the arch-
wires because of limitations in time. Another study challenge
involved finding an advanced tooth brushing simulator which
could be digitally controlled. This problem was rectified by
using an electronic toothbrush, as described earlier. Further
studies should examine factors that cause these changes in
order to achieve a full understanding of the aetiology of this
problem, as faced by orthodontists, manufacturers and
patients alike.

5. Conclusion

The aesthetic archwires coated with the PTFE polymers
demonstrated stable and durable coatings, whereas the aes-
thetic archwires coated with the epoxy resin showed undesir-
able surface changes under normal and acidic salivary pH.
These surface changes were influenced by the presence of man-
ufacturing defects found within the as-received archwires.
Therefore, careful consideration should be given when select-
ing a patient’s optimal aesthetic archwire.
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