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In vitro and in vivo biofilm adhesion to esthetic coated arch wires and its

correlation with surface roughness

Mahasen Tahaa; Abeer El-Fallalb; Heba Deglac

ABSTRACT
Objective: To evaluate the in vitro ability of esthetic coated rectangular arch wires to retain oral
biofilms and in vivo biofilm formation on these wires after 4 and 8 weeks of clinical use and to
correlate the findings with the surface roughness of these wires.
Materials and Methods: Three brands of esthetic coated nickel-titanium (NiTi) arch wires were
selected. Arch wires retrieved after 4 and 8 weeks of intraoral use were obtained from 30
orthodontic patients. Surface roughness (SR) was assessed with an atomic force microscope. In
vitro adhesion assays were performed using Streptococcus mutans (MS), Staphylococcus aureus,
and Candida albicans. The amount of bacterial adhesion was quantified using the colony-count
method. Paired t-test, analysis of variance, post hoc Tukey’s test, and Pearson’s correlation
coefficient test were used for statistical analysis at the .05 level of significance.
Results: In vitro bacterial adhesion showed significant differences between wires in terms of MS
adhesion (P 5 .01). All wires showed significant increases in SR (P 5 .001 after 4 weeks and .007
after 8 weeks) and biofilm adhesion (P 5 .0001 after 4 weeks and .045 after 8 weeks) after intraoral
exposure. A significant positive correlation (P 5 .001 after 4 weeks and .05 after 8 weeks) was
observed between these two variables in vivo, but the correlation was not significant for in vitro
bacterial adhesion.
Conclusions: SR and biofilm adhesion increased after intraoral use at all time intervals.
There was a positive correlation between SR and biofilm adhesion in vivo only. (Angle Orthod.
2016;86:285–291.)
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INTRODUCTION

The great demand for better esthetics during
orthodontic treatment has led manufacturers to de-
velop appliances that combine both acceptable es-
thetics for the patient and adequate technical perfor-
mance for the clinician.1 Although esthetic brackets
made of ceramic or composite have brought a dramatic
improvement in the appearance of the appliances,2

metallic arch wires are still visible. Coated metallic and

fiber-reinforced arch wires have been introduced to
complement esthetic brackets in orthodontics. Fiber-
reinforced wires are still experimental and are not
clinically popular. Stainless-steel or nickel-titanium
(NiTi) arch wires are coated with polytetrafluoroethy-
lene or epoxy resin.3,4 This coating improves the
esthetics but creates a modified surface that can
adversely affect friction, corrosion behavior, mechan-
ical durability, biocompatibility, and plaque accumula-
tion.5 These factors play an important role and can
critically modify the efficiency of the orthodontic
outcome.5,6 There are conflicting results from previous
research concerning esthetic coated arch wires. An
evaluation of sliding properties7 reveals that the plastic
coating decreased the friction between arch wires and
brackets. It has also been noted that the coating
protected the underlying wire from corrosion. However,
some authors have experienced changes in the color8

and coating split during usage in the mouth, thereby
exposing the underlying metal.5,9,10

Moreover, an investigation of surface roughness
(SR) found that, both peeled and remaining coated
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areas showed a greater SR after oral exposure.11

Increased SR can increase the coefficient of friction,
which is an essential factor in determining the
effectiveness of sliding tooth movement.6 In addition,
rough areas create new locations for plaque retention,
with impaired mechanical removal.12

Biofilm formation causes periodontal diseases13 and
enamel decalcification.14,15 The periodontal side ef-
fects, such as pocket formation and bleeding on
probing,16 are considered to be transient.17 In contrast,
signs of enamel decalcification, such as white spot
lesions, are frequently permanent.18 Although research
have focused on the color, coating stability, mechan-
ical properties, and surface characteristics of esthetic
coated arch wires, there is a scarcity of information
about SR and its effect on biofilm formation after a long
duration of oral exposure. Therefore, the aim of this
study was to evaluate the in vitro ability of esthetic
coated rectangular arch wires to retain oral biofilms
and in vivo biofilm formation on these wires after 4 and
8 weeks of clinical use and to correlate the findings
with the SR of these wires.

MATERIALS AND METHODS

Three brands of esthetic coated rectangular arch
wires were used for this study (Table 1), which
included in vitro and in vivo parts.

Sample size calculation showed that in order to
detect 0.05 mm of difference in SR with a power of 0.80
and an alpha value of .05, 30 (“as received”; 10 of each
kind) and 60 retrieved wire pieces (30 after 4 weeks
and 30 after 8 weeks) would be required for this
study.

In Vitro Part

For each brand, five pieces of 20-mm length were
cut from the end of “as received” arch wires and
sterilized under ultraviolet light.19

Bacterial Attachment on Orthodontic Wire

Quantitative detection of biofilm formation was done
by viable bacterial cell counting.20 Streptococcus
mutans (MS), Staphylococcus aureus (SA), and
Candida albicans (CA) were cultured individually in
an Eppendorf tube containing 1.5 mL of brain heart
infusion (BHI) broth soaked with 2-cm wire. After 40-hour

incubation at 37uC under aerobic conditions, each wire
was washed twice in sterile phosphate-buffered saline
(PBS; pH 7.2) and moved to another sterile Eppendorf
tube.

For viable cell counting, each wire was sonicated in
1 mL PBS. The PBS was serially diluted to 1/10,000,
and each 100 mL was spread onto a BHI agar plate.
After incubation for 2–3 days, bacterial colonies were
counted from each plate, and the relative colony-
forming units were calculated.

Quantitative Biofilm Measurement

Wires were washed carefully with PBS to remove
nonadherent bacteria. Then wires were stained with
0.5% crystal violet solution for 30 minutes, washed five
times with distilled water, and left to dry at room
temperature for 30 minutes. The crystal violet was then
solubilized by the addition of 95% ethanol (200 mL).
The absorbance was determined at 595 nm using an
enzyme-linked immunosorbent assay (ELISA) reader
(TC 98 ELISA STRIP READER, TECO Diagnostics,
Anaheim, Calif). The OD595 threshold value over
which strains were considered to be significant biofilm
formers was 0.5.21

In Vivo Clinical Part

This study was approved by the Ethics Committee of
Mansoura University. An informed consent form was
signed by every patient/parent. Retrieved arch wires
were obtained from 30 orthodontic patients (18
females and 12 males) with a mean age of 16.37 6

3.36 years. Fifteen patients (five for each kind of wire)
were in the 4-week group, and the other 15 patients
were in the 8-week group. All the patients were
selected from the Orthodontic Department (Faculty of
Dentistry, Mansoura University, Egypt). Patients dis-
played permanent dentition, had good oral hygiene
and healthy gums look, with no signs of redness,
edema, or bleeding during brushing, were motivated in
terms of sustaining good oral hygiene, and were
supplied with a standardized tooth brush, toothpaste,
and dental floss. They did not use any antibiotics or
antibacterial mouthwashes or undergo professional
tooth cleaning during the period of the study.

All patients had straight wire, 0.022 3 0.030-inch
brackets of the Roth system (Equilibrium 2, Dentaurum).

Table 1. Characteristics of Arch Wires Used in the Study

Group Manufacturer Cross Section Size, inches Composition Coating Surface

Type 1 Ortho Organizers (Sao Marcos, Calif) 0.016 3 0.022 NiTi All surfaces

Type 2 Forestadent (Pforzheim, Germany) 0.016 3 0.022 NiTi All surfaces

Type 3 TP Orthodontics (Laporte, Ind) 0.016 3 0.022 NiTi Labial surface

NiTi: indicates nickel-titanium.
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Arch wires were ligated using 0.010-inch stainless-
steel ligatures. After 4 or 8 weeks, the arch wires were
removed carefully to avoid iatrogenic biofilm dis-
lodgement. They were rinsed with an air/water spray
to loosen the debris and were then air-dried. Each
arch wire was placed into a self-closing sterilizing
plastic bag. On the outer surface of each bag the
name of the patient, the date of insertion and removal,
and the type of arch wire were recorded. The bags
were stored until the time of investigation. Straight
pieces of 20-mm length were cut from the distal end
of the arch wires using wire cutters.

Quantification of biofilm formation on the wires was
done on five pieces of each type on the same day of
removal as for the in vitro study.

Surface Roughness

SR of five pieces of “as received” and retrieved
samples from each kind of wire after 4 and 8 weeks
was analyzed using an atomic force microscope (AFM;
AUTOPROBE CP-Research, model AP-0100, THER-
MOMICROSCOBES, Sunnyvale, Calif). The AFM was
used with the following specifications: scan rate, 1 Hz;
resolution: 256 3 256 line; used probe: Contact
ultralevers used Proscan 1.8 software and IP 2.1
software was used for image processing. Three areas
measuring 5 3 5 mm each, one in the center of the
wire, one 2 mm left, and one 2 mm right of the labial
surface of the wire segments, which were fixed on

a glass slide, were assessed. The average SR (Ra) of
the remaining coating was evaluated.

Statistical Analysis

The data were examined for the normality of
distribution with the Kolmogorov-Smirnov test. Data
are expressed as mean value 6 standard deviation
(SD). Comparisons between two related groups were
carried out by paired t-test, while for comparison
between more than two groups, analysis of variance
(ANOVA) followed by post hoc Tukey’s test was used.
The Pearson’s correlation coefficient test was used to
assess correlation between different variables. Differ-
ences were considered statistically significant when
P , .05. SPSS for Windows (Version 17.0, SPSS,
Chicago, Ill) was used.

RESULTS

In Vitro Results

In vitro adhesion of MS, SA, and CA to the wires is
summarized in Table 2. For MS adhesion, type 3
showed the lowest mean value (0.0928 6 0.0182),
while type 2 showed the lowest mean value for SA and
CA (0.0908 6 0.0269, 0.0897 6 0.0179, respectively).
Tukey’s test indicated that type 3 had significantly
lower MS adhesion than the other two types. The three
types of wires did not differ significantly with respect to
SA and CA. However, ANOVA analysis showed

Table 2. In Vitro Adhesion of Streptococcus mutans, Staphylococcus aureus, and Candida albicans to the Three Types of Wires

Streptococcus mutans Staphylococcus aureus Candida albicans

Wire Mean SD Mean SD Mean SD

Type 1 0.1208 0.0115 0.1258 0.0270 0.1221 0.0260

Type 2 0.1191 0.0303 0.0908 0.0269 0.0897 0.0179

Type 3 0.0928ab 0.0182 0.1227 0.0255 0.1325 0.0172

ANOVA P-value 0.01 0.01 0.0001

SD: indicates standard deviation. P: probability test used: analysis of variance (ANOVA) followed by post hoc Tukey’s test.
a Significant with wire 1.
b Significant with wire 2.

Table 3. Surface Roughness (Ra, mm) Mean and Standard Deviation (SD), Analysis of Variance (ANOVA) Analysis Results, and Tukey Post

Hoc Comparison Between “As Received” and Retrieved Wire

Wire

Roughness, “As Received” Roughness, 4 wk Roughness, 8 wk

Mean SD Mean SD Mean SD P

Type 1 0.0656 0.0169 0.1746a 0.0323 1.1000ab 0.3125 0.0001

Type 2 0.1885c 0.0403 1.4479ac 0.3908 1.6106ac 0.3875 0.0001

Type 3 0.1486cd 0.0294 0.1723d 0.0440 1.2923ab 0.2939 0.0001

P 0.0001 0.0001 0.007

P: probability test used: repeated ANOVA followed by post hoc Tukey’s test.
a Significant with “as received” group.
b Significant with week 4 group.
c Significant with wire 1.
d Significant with wire 2.
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a significant difference between the different wires for
MS, SA, and CA (P 5 .01).

SR of “as received” wires is shown in Table 3. Types
1 and 2 showed the lowest and highest Ra values (Ra

5 0.0656 6 0.0169 mm and 0.1885 6 0.0403 mm,
respectively). There was a significant difference in SR
among studded wires according to both ANOVA
analysis (P 5 .0001) and Tukey’s test.

The Pearson’s correlation coefficient test showed
a nonsignificant correlation between SR and bacterial
adhesion (Figure 1).

In Vivo Results

Surface roughness. The SR parameters of “as
received” and retrieved wires are shown in Table 3. In
general, SR of the three types of wires increased at all the
time intervals of oral use compared with the “as received”
values. Type 2 showed the highest mean value of SR after
4 and 8 weeks of oral exposure (1.4479 6 0.03908 and
1.6106 6 0.3875, respectively), whereas the lowest mean
value was recorded for type 3 after 4 weeks (0.1723 6

0.0440) and for type 1 after 8 weeks (1.1000 6 0.3125).
ANOVA analysis showed significant difference in SR
between the three types of studded wires at of all the
time intervals (P 5 .0001 after 4 weeks and P 5 .007 after
8 weeks). The results of the Tukey’s test revealed
a significant difference between type 2 and the other
two types after 4 weeks and between type 2 and type 1
after 8 weeks. Three-dimensional images of AFM of type
2 are seen in Figure 2.

Biofilm adhesion. A paired t-test was used for
comparing biofilm adhesion after 4 and 8 weeks of
oral use (Table 4). Biofilm adhesion increased signif-
icantly by increasing the time of oral use in type 1
(P 5 .003) and type 3 (P 5 .01). However, the increase
was not significant in type 2 (P 5 .098). ANOVA
analysis indicated a significant difference in biofilm
adhesion among the three wire types (P 5 .001 after 4
weeks and .045 after 8 weeks). The Tukey’s test

Table 4. Biofilm Adhesion on Different Types of Wires at Different

Time Intervals

Wire

Biofilm, 4 wk Biofilm, 8 wk

P2Mean SD Mean SD

Type 1 0.5660 0.0770 0.8179 0.1979 0.003

Type 2 0.7854a 0.2019 0.9547 0.2689 0.098

Type 3 0.4767b 0.1092 0.6883b 0.2044 0.01

P1 0.0001 0.045

SD: indicates standard deviation. P: probability. P1: test used,

analysis of variance (ANOVA) followed by post hoc Tukey’s test. P2:

Significance between 4 weeks and 8 weeks (test used, paired t-test).
a Significant with wire 1.
b Significant with wire 2.

Figure 1. Pearson correlations between SR and biofilm adhesion to

“as received” wires. (A) Streptococcus mutans; (B) Staphylococcus

aureus; (C) Candida albicans. r indicates the Pearson correlation

coefficient and P-values for the variables examined.
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revealed significantly high biofilm adhesion on type 2
compared with type 1 and type 3 after 4 weeks and on
type 3 only after 8 weeks.

The Pearson’s correlation coefficient test revealed
a significant positive correlation between SR and

biofilm adhesion (Figure 3). A greater degree of
correlation was observed after 4 weeks of intraoral
use (r 5 0.595, P 5 .001).

DISCUSSION

Arch wires represent an ideal model for the study of
material alterations occurring in vivo. They can be
removed and studied during the regular patient
treatment visits without implications for the advance-
ment of treatment. Insertion of orthodontic wires
creates new surfaces available for biofilm formation.
Knowledge regarding the growth and adhesion of
cariogenic bacteria to orthodontic materials will offer
a better way of preventing white spot lesions. The
scope of the present study was to evaluate in vitro and
in vivo biofilm adhesion to esthetic wires.

In the present study, quantitative SR analysis
performed by AFM showed significant differences
among “as received” tested wires. This is likely
attributable to the manufacturing technique and the

Figure 3. Pearson correlations between SR and biofilm adhesion to

the retrieved wires (A) after 4 weeks and (B) after 8 weeks. r

indicates the Pearson correlation coefficient and P-values for the

variables examined.

Figure 2. Three-dimensional atomic force microscope topography

images (5 3 5 mm) of the (A) “as received” specimens (B) after 4

weeks and (C) after 8 weeks of type 2 wire use.
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different effects of surface treatment. This hypothesis
was confirmed by the fact that SR measured for
various products from the same batch was quite
homogeneous.5,6 In the in vitro part of this study,
although type 2 was the roughest one, it did not
produce significantly higher MS adhesion. Moreover,
type 2 showed the least adhesion of SA and CA. This
can be partially explained by the relatively minor
differences in SR. Previous studies22,23 reported that
minor variations in SR have no significant effect on
bacterial adhesion. In addition, there are other factors,
such as surface free energy and physicochemical
properties, that affect the bacterial retaining capacity of
dental materials.24–26 These results are confirmed by
the correlation results (Figure 1). In agreement with
our in vitro results, other studies20,27,28 have found no
significant relationship between SR and bacterial
adhesion to orthodontic materials.

After clinical use, there was a significant increase in
SR parameters for all types of wires. This increase
became more pronounced with an increase in the time
of intraoral exposure from 4 to 8 weeks. This could be
explained by the abrasive influence of tooth brushing,
wearing from food, and the interaction between arch
wire coating and bracket edges, which causes peeling
of some coating, with the presence of areas of
remaining coating and areas of metallic exposure
increasing SR.4,11 These findings were in agreement
with those of previous studies evaluating intraoral
aging of NiTi,29 stainless-steel,30 and esthetic coated
arch wires.4,11,31 Among the retrieved samples, type 2
was the roughest one and showed the greatest
increase in SR after 4 weeks of oral exposure, but
the increase was not significant after 8 weeks. This
might be due to a considerable amount of coating
delamination after 8 weeks.

In vivo biofilm detection was positive on all types of
wires, and it increased with the duration of exposure.
This could be explained by the large increase in SR
after oral exposure. Another in vivo study23 revealed
that the threshold SR for bacterial adhesion is 0.2 mm.
As shown in Table 3, SR values of all types of wires
after oral exposure were greater than 0.2 mm. Rough
surfaces provide opportunities for bacterial adhesion by
increasing the surface area, providing suitable niches
for bacteria and impairing bacterial colony dislodg-
ment.9,10,32 Where the biofilm first develops within the
valleys of uneven surfaces by irreversible attachment of
planktonic pioneer bacteria, smoothing the rough
regions.33 In addition, changes in SR of greater than
0.1 mm influence the contact angle, thereby changing
the surface free energy values, which comprise the
second surface characteristic affecting bacterial
adhesion to orthodontic materials.20,27,28,34 These results
are confirmed by the correlation results, which revealed

a significant positive correlation between SR and in vivo
biofilm adhesion (Figure 3).

Our in vivo results are inconsistent with our in vitro
results and with previous in vitro results.20,26,27 These
conflicting results indicate that the protocol for in vitro
investigation cannot simulate the complex clinical
situation. For this reason, retrieval analysis conducted
on dental materials has recently received increasing
interest. This type of analysis provides critical in-
formation concerning the performance of the materials
in the environment in which they are intended to
function.

The limitation of this study is that the periodontal
parameters of pocket depth, bleeding on probing, and
plaque index were not recorded at the time of insertion
and removal of arch wires. In addition, the impossibility
of standardized eating habits and the absence of
a diary of the oral hygiene are also limiting factors.

CONCLUSIONS

N SR differs in the three types of “as received” wires.
N SR of retrieved esthetic coated arch wires increases

after use in vivo.
N A significant amount of biofilm was found on all wire

types after oral use.
N A positive correlation was found between the SR and

biofilm adhesion in vivo, but no correlation was found
in vitro.
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8. Silva DL, Mattos CT, Araújo MVA, Ruellas ACO. Color
stability and fluorescence of different orthodontic esthetic
archwires. Angle Orthod. 2013;83:127–132.

9. Postlethwaite KM. Advances in fixed appliance design and
use: 1. Brackets and archwires. Dent Update. 1992;19:276–
278,280.

290 TAHA, EL-FALLAL, DEGLA

Angle Orthodontist, Vol 86, No 2, 2016

D
ow

nloaded from
 https://prim

e-pdf-w
aterm

ark.prim
e-prod.pubfactory.com

/ at 2025-05-14 via free access



10. Kusy RP. A review of contemporary archwires: their properties
and characteristics. Angle Orthod. 1997;67:197–207.

11. Silva DL, Mattos CT, Araujo MV, Mattos CT, Simão RA,
Ruellas ACO. Coating stability and surface characteristics of
esthetic orthodontic coated arch wires. Angle Orthod. 2013;
83:994–1001.

12. Steinberg D, Eyal S. Initial biofilm formation of Streptococ-
cus sobrinus on various orthodontics appliances. J Oral
Rehabil. 2004;31:1041–1045.

13. Alexander SA. Effects of orthodontic attachments on the
gingival health of permanent second molars. Am J Orthod
Dentofacial Orthop. 1991;100:337–340.

14. Mizrahi E. Enamel demineralization following orthodontic
treatment. Am J Orthod. 1982;82:62–67.

15. Artun J, Brobakken BO. Prevalence of carious white spots
after orthodontic treatment with multibonded appliances.
Eur J Orthod. 1986;8:229–234.

16. Naranjo AA, Trivino ML, Jaramillo A, Betancourth M, Botero
JE. Changes in the subgingival microbiota and periodontal
parameters before and 3 months after bracket placement.
Am J Orthod Dentofacial Orthop. 2006;130:275.e17–275.e22.

17. Alexander SA. Effects of orthodontic attachments on the
gingival health of permanent second molars. Am J Orthod
Dentofacial Orthop. 1991;100:337–340.

18. Ogaard B. Prevalence of white spot lesions in 19-year-olds:
a study on untreated and orthodontically treated persons5
years after treatment. Am J Orthod Dentofacial Orthop.
1989;96:423–427.

19. Kang SH, Lee HJ, Hong SH, Kim KH, Kwon TY. Influence of
surface characteristics on the adhesion of Candida albicans
to various denture lining materials. Acta Odontol Scand.
2013;71:241–248.

20. Lee HJ, Park HS, Kim KH, Kwon TY, Hong SH. Effect of
garlic on bacterial biofilm formation on orthodontic wire.
Angle Orthod. 2011;81:895–900.

21. Lee HJ, Ho MR, Bhuwan M, et al. Enhancing ATP-based
bacteria and biofilm detection by enzymatic pyrophosphate
regeneration. Anal Biochem. 2010;399:168–173.

22. Quirynen M, Bollen CM. The influence of surface roughness
and surface free energy on supra- and subgingival plaque
formation in man. J Clin Periodontal. 1995;22:1–14.

23. Bollen CM, Papaioanno W, VanEldere J, Schepers E,
Quirynen M, Vansteenberghe D. The influence of abutment

surface roughness on plaque accumulation and peri-implant
mucositi. Clin Oral Implants Res. 1996;7:201–211.

24. Quirynen M. The clinical meaning of surface roughness and
the surface free energy of intra-oral hard substrata on the
microbiology of the supra- and subgingival plaque: results
of in vitro and in vivo experiments. J Dent. 1994;22(suppl
1):13–16.

25. Elides T, Elides G, Brantley WA. Microbial attachment on
orthodontic appliances: I. Wettability and early pellicle
formation on bracket materials. Am J Orthod Dentofacial
Orthop. 1995;108:351–360.

26. Elter G, Heuer W, Demling A, et al. Supra- and subgingival
biofilm formation on implant abutments with different
surface characteristics. Int J Maxillofac Implants. 2008;
23:327–334.

27. Lee SP, Lee SJ, Lim BS, Ahn SJ. Surface characteristics of
orthodontic materials and their effects on adhesion of
mutans streptococci. Angle Orthod. 2009;79:353–360.

28. Kim IH, Park HS, Kim YK, Kim KH, Kwon TY. Comparative
short-term in vitro analysis of mutans streptococci adhesion
on esthetic, nickel-titanium and stainless steel arch wires.
Angle Orthod. 2014;84:680–686.

29. Eliades T, Eliades G, Athanasiou AE, Bradley TG. Surface
characteristics of retrieved NiTi orthodontic arch wires.
Eur J Orthod. 2000;22:317–326.

30. Araujo MV, Gurgel JA, Normando D. Debris, roughness and
friction of stainless steel arch wires following clinical use.
Angle Orthod. 2010;80:521–527.

31. Rango R, Ametrano G, Gloria A, et al. Effects of intra oral
aging on surface properties of surface coated nickel-titanium
arch wires. Angle Orthod. 2014;84:665–672.

32. Proffit WR. Contemporary Orthodontics. St Louis, Mo:
Mosby; 2000.

33. Cortizo C, Fernandez Lorenzo M. Evaluation of early stages
of oral streptococci biofilm growth by optical microscopy.
Effect of antimicrobial agents. Communicating Current
Research and Educational Topics and Trends in Applied
Microbiology, A. Mendez-Vilas (Ed.), P. 32–40.

34. Busscher HJ, van Pelt AWJ, de Boer P, de Jong HP, Arends
J. The effect of surface roughening of polymers on
measured contact angles of liquids. Colloids Surf J. 1984;
9:319–331.

BIOFILM ADHESION AND SURFACE ROUGHNESS 291

Angle Orthodontist, Vol 86, No 2, 2016

D
ow

nloaded from
 https://prim

e-pdf-w
aterm

ark.prim
e-prod.pubfactory.com

/ at 2025-05-14 via free access


