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Comparative short-term in vitro analysis of mutans streptococci adhesion

on esthetic, nickel-titanium, and stainless-steel arch wires

In-Hye Kima; Hyo-Sang Parkb; Young Kyung Kimc; Kyo-Han Kimd; Tae-Yub Kwone

ABSTRACT
Objective: To test the hypothesis that there are no differences in mutans streptococci (MS)
adhesion between esthetic and metallic orthodontic arch wires based on their surface
characteristics.
Materials and Methods: Surface roughness (Ra) and apparent surface free energy (SFE) were
measured for six wires—four esthetic, one nickel-titanium (NiTi), and one stainless-steel (SS)—
using profilometry and dynamic contact angle analysis, respectively. The amount of MS
(Streptococcus mutans and Streptococcus sobrinus) adhering to the wires was quantified using
the colony-counting method. The surfaces, coating layers, and MS adhesion were also observed
by scanning electron microscopy. Statistical significance was set at P , .05.
Results: The Ra values of the esthetic wires were significantly different from one another
depending on the coating method (P , .05). The NiTi wire showed the highest SFE, followed by the
SS wire and then the four esthetic wires. The NiTi wires produced a significantly higher MS
adhesion than did the SS wires (P , .05). The esthetic wires showed significantly lower MS
adhesions than did the NiTi wire (P , .05). Pearson correlation analyses found moderate
significant positive correlations between the SFE and the S mutans and S sobrinus adhesions (r 5

.636/.427, P , .001/P 5 .001, respectively).
Conclusions: The hypothesis is rejected. This study indicates that some esthetic coatings on NiTi
alloy might reduce MS adhesion in vitro in the short term. (Angle Orthod. 2014;84:680–686.)
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INTRODUCTION

The orthodontic metal arch wire has progressed
from stainless-steel (SS) and cobalt-chromium-nickel

(Co-Cr-Ni) alloys to the nickel-titanium (NiTi) alloy1,2;
these material changes have led to increased super-
elasticity, thermal shape memory, corrosion resis-
tance, and biocompatibility.1 In addition, the growing
number of adult orthodontic patients has given rise to a
demand for more esthetic orthodontic appliances,3 as
seen in the development of polymer-based esthetic
wires, metallic arch wires coated with polymer mate-
rials,4,5 rhodium ion-implanted orthodontic wires, and
gold-plated wires. However, coatings on orthodontic
metal wires may influence surface characteristics,
such as roughness and hardness, as well as mechan-
ical properties, such as bending behavior.5 In practice,
coated arch wires can be selected instead of uncoated
counterparts in accordance with a patient’s esthetic
demand and clinical situation.

Oral hygiene and caries control are also important
for successful orthodontic treatment. However, ortho-
dontic wire may serve as a medium for plaque
accumulation, thereby increasing the level of microor-
ganisms in the oral cavity. Orthodontic patients with
fixed appliances frequently present an abundance of
Streptococcus mutans in plaque.6 Organic acids
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produced by mutans streptococci (MS), which include
S mutans and Streptococcus sobrinus, cause enamel
demineralization.7,8 Therefore, MS adhesion to ortho-
dontic materials could be regarded as a key factor in
the pathogenesis of enamel demineralization during
orthodontic treatment.7

In vitro bacterial adhesion is influenced by surface
characteristics of biomaterials, particularly surface
roughness and surface free energy (SFE).7 It has
been suggested that rougher surfaces promote bacte-
rial adhesion to an extent that exceeds the influence of
SFE by increasing the adhesion areas and preventing
dislodgement of bacterial colonies.9 Some in vivo
studies suggested a threshold surface roughness
(Ra) for bacterial retention (Ra 5 0.2 mm).10 A material
with high SFE attracts more bacteria to its surface than
one with low SFE, in accordance with thermodynamic
rules.11 Although the physical and mechanical proper-
ties of orthodontic wires (including esthetic wires) have
been extensively studied, bacterial adhesion based on
their surface characteristics has not been as well
investigated. Knowledge of surface characteristics of
orthodontic wires will provide valuable information
about bacterial adhesion and plaque-retaining capac-
ities during orthodontic treatment.

The purpose of this in vitro study was to compare the
adhesion tendency of MS to esthetic and metallic
orthodontic wires in relation to their surface character-
istics. The null hypothesis tested was that there would
be no differences in MS adhesion or in surface
characteristics between esthetic and metallic wires.

MATERIALS AND METHODS

Materials

Four esthetic (Ultraesthetic [UE], Dany Coated [DC],
Bioforce Sentalloy White [BW], and TruGold [TG]) and
two uncoated (SE NiTi [SN] and Remanium [RE])
orthodontic arch wires with a cross-sectional dimen-
sion of 0.016 3 0.022 inches were investigated. Their
codes, compositions, manufacturers, and batch num-
bers are summarized in Table 1.

The as-received wire surfaces were examined
with a field emission-scanning electron microscope

(FE-SEM; JSM-6700F; Jeol, Tokyo, Japan). For the
four esthetic wires, the cross-sectional images of the
coating layers were also observed. Each esthetic wire
was embedded in epoxy resin for cross-sectioning
using a low-speed diamond saw (Isomet; Buehler,
Lake Bluff, Ill) under continuous water spray. The
surface was ground, polished, and observed using FE-
SEM after platinum sputter coating.

Surface Roughness

The wires (coated parts for the UE and DC wires)
were cut in approximately 10-mm lengths with a wire
cutter and embedded longitudinally in epoxy resin,
ensuring that one surface remained uncovered. The
mean roughness Ra of each specimen was measured
using a profilometer (Surftest SV-400; Mitutoyo Corp,
Kawasaki, Japan) at a stylus speed of 0.1 mm/s, a
cutoff of 0.8 mm, and a range of 600 mm. The Ra of
each specimen was recorded as the average of the
five readings (n 5 5).

Dynamic Contact Angle Analysis

To obtain advancing and receding contact angles
(CAs) for each wire, the dynamic contact angle (DCA)
measurements were performed on the basis of the
Wilhelmy plate technique. The force acting on a plate
partially immersed in a liquid can be represented by
the following equation when the balance is reset to
zero after each installation of the test sample12:

F~clLcosH{Fb~FW{Fb, ð1Þ

where F 5 total force, cl 5 surface tension of the liquid,
L 5 perimeter (wetted length) of the sample, H 5 CA,
Fb 5 buoyancy force, and FW 5 Wilhelmy force.
Because the detected force values are the sum of the
buoyancy force Fb and the Wilhelmy force FW, linear
regression to the zero immersion depth will eliminate
Fb,12 then:

F=L~FW=L~clcosH: ð2Þ

Each wire (coated parts for the UE and DC wires)
was cut in approximately 20-mm lengths with a wire
cutter. Each cut wire sample was fixed to the

Table 1. Orthodontic Arch Wires Investigated

Material (Code) Type Description (Manufacturer Supplied) Manufacturer Batch Number

Ultraesthetic (UE) Esthetic wire Epoxy-coated nickel-titanium alloy wire G&H Wire Company, Franklin, Ind 265126

Dany Coated (DC) Esthetic wire Bio-polymer (outer) and silver (inner)-

coated nickel-titanium alloy wire

Dany BMT Co Ltd, Anyang, Korea 390215

Bioforce Sentalloy

White (BW)

Esthetic wire Rhodium-coated nickel-titanium

alloy wire

Tomy Inc, Tokyo, Japan D562

TruGold (TG) Esthetic wire 24K gold-plated stainless-steel wire Ortho Technology Inc, Tampa, Fla G163805

SE NiTi (SN) Metallic-base wire Nickel-titanium alloy wire G&H Wire Company, Greenwood, Ind 126425

Remanium (RE) Metallic-base wire Stainless-steel wire Dentaurum, Ispringen, Germany 429107
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electrobalance of a tensiometer (Sigma 700; KSV
instruments Ltd, Helsinki, Finland). All DCA analysis
tests were made at room temperature as single-loop
measurements at an immersion depth of 10 mm and an
immersion velocity of 10 mm/min.12 The detected

hysteresis loops were used to calculate advancing and
receding CAs during immersion (wetting) and emersion
(dewetting) of the wire samples in water (Figure 1).13

Solid total SFE (cs) of each wire was calculated from
the surface tension of the probe liquid (cl; in this study,
water 5 72.8 mJ/m2) and the CA hysteresis of the
liquid, as follows14:

cs~ cl 1zcosHað Þ2
h i

= 2zcosHrzcosHað Þ, ð3Þ

where Ha and Hr are advancing and receding CAs,
respectively.

Adhesion of MS

Each wire sample was cut into a 20-mm-long
segment with a sharp wire cutter and sterilized under
ultraviolet light.11 S mutans (ATCC 25175, KCTC 3065)
and S sobrinus (KCTC 3288) were incubated in brain-
heart infusion (BHI) medium. The optical density (OD)
of the bacterial suspensions was adjusted to OD600 5

0.5.15 Each wire sample was placed into a microtube
containing 1 mL of the prepared bacterial suspensions
and incubated for 6 hours at 37uC.7 After washing

Figure 1. Schematic illustration of a single hysteresis loop of a

dynamic contact angle experiment.

Figure 2. Surface SEM images of the orthodontic wires investigated (A: UE; B: DC; C: BW; D: TG; E: SN; F: RE; original magnification 1503, bar

represents 100 mm). In the case of the four esthetic wires (A–D), SEM images of coating (CT) or plating (PT) are also shown in the small boxes

(original magnification 20003, bar represents 10 mm; ER indicates epoxy resin used for embedding).
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three times with phosphate-buffered saline (PBS),
each specimen was transferred to a new microtube
containing 1 mL PBS. The adherent bacteria were then
detached by sonication using four 30-second pulses
with three 30-second intermittent coolings, following
Yang et al.15 The suspensions with PBS were serially
diluted up to 1023 to 1025, and 100 mL of each dilution
was spread on a BHI agar plate.11 After incubation for
2 days, bacterial colonies on each plate were
counted.15 Colony counts were expressed as a
colony-forming unit (CFU) per unit area (cm2) of the
wire specimen. All assays were run in triplicate and
repeated three separate times (a total of 9 times for
each material). The same procedures with the two
strains were performed in the absence of a wire to
validate the adhesion data. Whether S mutans and S
sobrinus adhered to the wires was also observed using
a FE-SEM after fixing, drying, and platinum sputter
coating of the wire samples with the adhering MS. FE-
SEM was used to check whether most of the bacteria
were detached from the wires after sonication.

Statistical Analysis

For the roughness data, which did not meet the
equal variance assumption (Leven’s test), the Kruskal-
Wallis test was employed, followed by the Mann-
Whitney post hoc test, with adjustment of significance
levels using the Benjamini and Hochberg method of a
false discovery rate for a multiple testing correction.16

The adhesion data were log10 transformed to meet
homogeneity of variance, then analyzed using one-
way analysis of variance and the Fisher protected least
significant difference (LSD) test for each strain. In
addition, a post hoc power analysis was carried out to
examine the power of the adhesion data using
G*Power 3 software.17 In general, a power of about
0.80 is regarded as acceptable for most purposes.18

The degree of the correlation between the surface
characteristics of the wires and the MS adhesion was
determined by the Pearson correlation coefficient, r,
and categorized by the following criteria: |r | . .7:
strong; |r | between .3 and .7: moderate; and |r | , .3:
weak.19 The statistical analyses were carried out using
SPSS 17.0 for Windows (SPSS Inc, Chicago, Ill) at a
significance level of .05.

RESULTS

Figure 2 presents the topographic differences of
each wire using FE-SEM images of the orthodontic
wires tested. BW showed a very thin coating layer as
compared with the other three esthetic wires.

The surface roughness of the wires is summarized
in Table 2. UE and TG showed the highest and lowest
Ra values, respectively, among all the wires tested, the
difference being statistically significant (both P 5

.033).

Figure 3 shows the resulting CA and apparent SFE
calculated from the results of the DCA experiments.
The calculations using Equation (3) revealed the
highest and lowest apparent SFE in SN and DC,
respectively, among the wires investigated.

The results of MS adhesion to the wires are
summarized in Table 3. It was verified that the CFU/
cm2 values between the two strains (in the absence of a
wire) were not significantly different, and few bacteria
remained on the wire surfaces after sonication. Accord-
ing to the post hoc power analysis, the power values for
both species were higher than 0.80 (0.99 and 0.86 for S
mutans and S sobrinus, respectively). In general,
adhesion of S mutans to wires was greater than that
of S sobrinus. SN produced a significantly higher MS
adhesion than RE (P , .05). The esthetic wires showed
significantly lower MS adhesions than did SN (P , .05).

Table 2. Surface Roughness (Ra, mm) of the Orthodontic Wires Tested in This Study (n 5 5)

Esthetic Wires Metallic-Base Wires

UE DC BW TG SN RE

Mean (SD) Mean (SD) Mean (SD) Mean (SD) Mean (SD) Mean (SD)

Ra 2.14 (0.19)A 0.30 (0.05)B 0.21 (0.03)C 0.07 (0.06)D 0.14 (0.03)E 0.18 (0.03)CE

a See Table 1 for detailed wire data. SD indicates standard deviation.

* Values with the same superscript capital letter indicate no statistically significant difference using multiple comparisons with the Benjamini

and Hochberg false discovery rate correction at a 5 .05.

Figure 3. CA and apparent SFE calculated from the results of the

DCA experiments (n 5 3).

BACTERIAL ADHESION TO ORTHODONTIC WIRES 683

Angle Orthodontist, Vol 84, No 4, 2014



Representative FE-SEM images (Figure 4) also sup-
port such bacterial-adhesion patterns.

Figure 5 shows the results of the Pearson correla-
tion analyses between the apparent SFE and the
bacterial adhesion. Moderate, significant, positive
correlations were found between the SFE and the
S mutans and S sobrinus adhesion (r 5 .636, P ,

.001; r 5 .427, P 5 .001; respectively).

DISCUSSION

Our findings suggest that esthetic coating of metallic
wire decreases MS adhesion. Hence, the null hypoth-
esis tested—that there would be no difference in MS
adhesion between esthetic and metallic orthodontic
arch wires based on their surface characteristics—was
rejected.

Although the esthetic wire UE showed a significantly
higher Ra value than did the other five materials, it did
not produce significantly higher MS adhesion (Ta-
bles 2 and 3). This suggests that surface roughness is
not the single factor determining MS adhesion. It is

known that changes in roughness influence the CA,
thereby changing SFE values.11 However, Busscher
et al.20 suggested that, even in such cases, changes in
solid-surface Ra below 0.1 mm have no effect on CA.
As shown in Figure 2, the wire surfaces or coating/
plating surfaces were far from ideal, and the differenc-
es in Ra value were larger than 0.1 mm (Table 2). In
this study, thus, apparent SFEs derived from the DCA
analysis were employed to characterize the wire
surface or coating/plating layer surfaces. As the flat
surface of the wires was too shallow to allow
goniometric methods for measuring CAs, DCA mea-
surements were performed on the basis of the Wilhelmy
plate technique (Figure 1). Although the thicknesses of
the coating or plating layers in the esthetic wires are
different from one another and very thin in BW, DCA
measurements used in this study still seem valid
because the analysis depth of CA measurements is
typically 0.3–2 nm.21

The apparent SFE results show trends that are
different from those of the surface roughness results

Table 3. Adhesion of Streptococcus mutans and Streptococcus sobrinus to Six Orthodontic Wires (n 5 9)a

Strain

Esthetic Wires Metallic-Base Wires

UE DC BW TG SN RE

Mean (SD) Mean (SD) Mean (SD) Mean (SD) Mean (SD) Mean (SD)

S mutans 4.77 (1.06)A 3.02 (1.08)B 3.65 (1.14)AB 3.46 (1.09)BC 7.70 (3.38)D 4.70 (1.34)AC

S sobrinus 2.46 (0.84)A 1.99 (0.46)A 2.38 (0.76)A 2.10 (0.68)A 3.60 (1.06)B 2.16 (0.78)A

a See Table 1 for detailed wire data. SD indicates standard deviation. The amounts of biofilms were expressed as colony-forming units per unit

area (3105 CFU/cm2).

* Within a row, values with the same capital superscript letter indicate no statistically significant difference based on the Fisher protected LSD

test at a 5 .05. Means were log10 (CFU/cm2) transformed prior to analysis.

Figure 4. FE-SEM images of bacterial adhesion to the orthodontic wires (original magnification 50003, bar represents 2 mm). Low S mutans and

S sobrinus adhesion to the DC wire (A and C, respectively). High S mutans and S sobrinus adhesion to the SN wire (B and D, respectively).
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(Figure 3; Table 2). The NiTi-alloy wire, SN, showed
the highest apparent SFE values among the wires
tested. Oxide films present on the surface of SN and
RE are responsible for their corrosion resistance.2 The
oxide passive layer for NiTi alloys (such as SN) is
mainly TiO2, whereas Cr-rich oxide passive film is
present on SS alloy (such as RE) surfaces.2 SN and
RE had significantly similar Ra values. It can, thus, be
assumed that the substantially higher SFE for SN as
compared to RE reflects a difference in the inherent
chemical reactivity of the surfaces between the two
metallic wires. MS adhesion results (Table 3) also
showed a significantly higher adhesion in SN than in
RE. Thus, SS orthodontic wires may be preferable to
NiTi wires in terms of reducing MS adhesion. Demling
et al.22 suggested that coating of the SS bracket with
polytetrafluoroethylene (PTFE) reduces long-term in
vivo biofilm formation. MS adhesion to PTFE-coated
arch wires, not evaluated in the present study, needs
further investigation.

Various esthetic coatings on the NiTi alloy wire (UE,
DC, and BW vs SN) significantly decreased S mutans
adhesion, probably by decreasing the SFE (Figure 3;
Table 3). On the other hand, gold plating on SS (TG vs
RE) did not significantly influence S mutans adhesion,
probably because the gold-plated surfaces and SS
surfaces had a similar apparent SFE. A similar
tendency was also found in S sobrinus adhesion.
Pearson correlation analyses (Figure 5) indicate that S
mutans is more sensitive than S sobrinus to the
surface characteristics of the materials with respect to
initial adhesion.

Our short-term in vitro study suggests that the MS
adhesion can be accounted for by the SFE of the
materials rather than by their surface roughness. The
influence of saliva coating, which might potentially
affect the adhesion process,7,23 was not included in the
present study, although it obviously requires further
investigation. Moreover, coating layers on esthetic
wires may peel off during orthodontic treatment,4

adversely promoting bacterial adhesion in such cases.

Thus, long-term clinical observation of orthodontic
wires will provide the most accurate information on
the surface characteristics of the materials and their
resultant susceptibility to bacterial adhesion.

Esthetic coating of NiTi wires may have an additional
benefit for patients allergic to nickel.24 Coating treat-
ments should primarily decrease surface roughness of
the materials to improve the sliding of the wire.25 The
advantages and drawbacks of such esthetic coating
should be carefully and comprehensively evaluated by
investigating various biomechanical properties of
coated esthetic wires.

CONCLUSIONS

N Some esthetic coatings on orthodontic arch wires (in
particular, NiTi wires) are favorable for decreasing
MS adhesion.

N Future studies should investigate the influence of
surface coating on in vivo biofilm adhesion.
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