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Chapter 5

Influence of surface roughness on
streptococcal adhesion forces to

composite resins

This chapter has been published in: Mei L, Busscher HJ, Van der Mei HC, Ren Y.
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Abstract

Orthodontic composite is prone to bacterial adhesion and biofilm formation, leading

to serious side-effects during fixed orthodontic treatments. We determined the

streptococcal adhesion forces with two orthodontic light-cured composite resins

with different surface roughness (20 nm, 150 nm, and 350 nm), using Atomic Force

Microscopy in absence or presence of a salivary conditioning film. Initial adhesion

forces in absence of a salivary conditioning film amounted between -0.7 and -0.9

nN for smooth composite resins and increased to between -1.0 and -2.0 nN for the

roughest surfaces. Streptococcal adhesion forces after bond-strengthening were

significantly stronger than upon initial contact, irrespective of the composite type.

Salivary conditioning films significantly decreased the surface roughness of the

composites, as well as the streptococcal adhesion forces. Yet, also in the presence

of a conditioning film, rougher composite surfaces exerted stronger adhesion

forces, irrespective of composite type or bacterial strain. In conclusion,

streptococcal adhesion forces to orthodontic composite resins increase with

increasing roughness of the composite surfaces. Composite surface roughness

less affects adhesion forces with S. mutans than with S. sanguinis.
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Introduction

White spot lesions around orthodontic brackets form one of the most prevalent side

effects of orthodontic treatment with fixed appliances, and affect approximately

50% of all orthodontic patients1,2. These lesions can remain visible as a permanent

enamel scar or “tooth decay” even 5 years after treatment3, compromising facial

esthetics after an often lengthy and costly course of orthodontic treatment. The

junction between bracket, adhesive and enamel constitutes a favorable place for

oral bacteria to adhere and form a biofilm and especially excessive bonding

composite around the bracket has been demonstrated to be prone to biofilm

accumulation4. Lee et al. found that orthodontic composite had a higher ability to

retain oral streptococci than metallic brackets5. Oral biofilms are only able to

maintain position in the oral cavity if the forces by which they adhere are stronger

than the prevailing oral detachment forces or the forces exerted by tooth brushing.

We have previously investigated oral bacterial adhesion forces to the different

materials constituting the bracket-adhesive-enamel junction using Atomic Force

Microscopy (AFM) and observed that, in line with the above, different oral bacterial

strains adhered more strongly to orthodontic composite resins than to enamel or

metal surfaces involved in the junction. It remained unclear though, whether this

was due to the hydrophobicity of the composite surface (water contact angle 71

degrees) or its higher roughness (28.5 nm) as compared with enamel (30 degrees;

7.0 nm) or stainless steel (68 degrees; 2.7 nm).

Initial bacterial adhesion on smooth surfaces is reversible and becomes

irreversible within seconds to minutes after initial contact6. Measurement of

bacterial adhesion forces using AFM has demonstrated that longer contact times

between a bacterium and a substratum surface results in stronger adhesion forces

(“bond-strengthening”) on surfaces in the presence as well as in the absence of a

salivary conditioning film7. Although it is known that rougher surfaces promote

bacterial adhesion8-11 to an extend that exceeds the influence of hydrophobicity or

surface free energy11,12, the influence of surface roughness on bacterial adhesion
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forces and their strengthening over time, has not yet been studied. We hypothesize

that bacterial adhesion forces and their strengthening over time are dependent on

the surface roughness of the composite surfaces. In order to test this hypothesis,

we investigated the influence of surface roughness of two different orthodontic

composite resins on the adhesion forces of two oral streptococcal strains using

AFM. Force measurements were carried out in the absence or presence of an

adsorbed salivary conditioning film.

Materials and methods

Bacterial strains and growth conditions

Streptococcus sanguinis ATCC10556 and Streptococcus mutans ATCC700610

were precultured in 10 mL Todd Hewitt Broth (THB, Oxoid, Basingstoke, UK) for 24

h and then inoculated into 200 mL of THB for 16 h at 37°C. Bacteria were

harvested by centrifugation (5 min, 5000 g, 10°C), and washed twice with

demineralized water, and resuspended in demineralized water for AFM.

Composite resins and salivary conditioning film formation

Two light-cured composite resins, Transbond XTTM (3M Unitek, Monrovia, CA,

USA) and PADLock® (Reliance Orthodontic Products, Inc., Itasca, IL, USA) were

included in this study. Transbond XT consists of 10-20% Bis-GMA, 5-10% Bis

EMA, 70-80% fillers (silylated quartz and submicron silica) next to <0.2%

diphenyliodonium hexafluorophosphate, while PADLock contains 8-20% Bis-GMA,

15-60% glass filler and 3-12% amorphous silica, next to 1-3% sodium fluoride, as

taken from the respective Materials Safety Data Sheets. Both composite resins are

commonly used for bonding of orthodontic brackets to enamel surfaces.

Composites were made into 1 cm diameter discs with a thickness of 1 mm by

pressing between two glass plates, covered with copier overhead films. Composite
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discs were cured using a halogen lamp (Optilux 501 Curing Light; Kerr/Demetron,

Danbury, CT, USA) for 20 s at a distance of 2 mm from the surface. Light intensity

was higher than 400 mW/cm2, as verified by a radiometer after every 3 specimens.

Cured discs were used as prepared and after roughening with 0.05  m wetted

aluminum oxide particles (Buehler, Lake Bluff, USA) or with 800 grit sandpaper.

Subsequently, discs were cleaned by sonication for 2 × 5 min at 35 kHz in an

ultrasonic bath (Transsonic TP 690-A, 154 W; Elma, Singen, Germany), and rinsed

with demineralized water. X-ray Photoelectron Spectroscopy (XPS) confirmed the

effective removal of grinding and polishing particles from the composite surfaces.

In addition, water contact angles were measured in triplicate with a homemade

contour monitor and on smooth composite surfaces amounted 80 ± 3 degrees for

Transbond XT and 77 ± 8 degrees for PADLock, typical for acrylic surfaces13.

Composite discs were used with or without an adsorbed salivary conditioning

film. Human whole saliva from 20 healthy volunteers (10-15 mL) of both sexes was

collected into ice-chilled flasks after stimulation by chewing ParafilmTM. All

collections were performed in the morning. After the saliva was pooled and

centrifuged twice (10,000 g, 15 min, 10°C), phenylmethylsulfonyl fluoride was

added to a final concentration of 1 mM as a protease inhibitor in order to reduce

protein breakdown and preserve high-molecular weight mucins. Afterwards, the

solution was centrifuged again, dialyzed (24 h, 4°C) against demineralized water,

and lyophilized for storage. Note that recently it has been shown that freeze-

thawing does not alter a saliva which has been stored at -80ºC for a period of 6

months14. Lyophilized saliva was reconstituted in adhesion buffer (2 mM potassium

phosphate, 50 mM potassium chloride, and 1 mM calcium dichloride, pH 6.8) at a

concentration of 1.5 mg/mL15. All volunteers gave their informed consent to saliva

donation, in agreement with the policies of the Ethics Committee at the University

Medical Center Groningen. Half of all composite discs were immersed in

reconstituted human whole saliva for 16 h at 20°C, after which the discs were

dipped three times in demineralized water and immediately used for AFM
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measurements. The other half of the discs were studied in the absence of a

salivary conditioning film and immersed in 100 mL adhesion buffer for 16 h instead

of in reconstituted human whole saliva, in order to obtain a comparable degree of

surface swelling (if occurring). Salivary conditioning film formation was evidenced

by a decrease in water contact angle of the composites to 23 ± 3 degrees (± SD

over three different discs), irrespective of the type of composite involved, and an

increase in the amount of proteinaceous nitrogen detected by XPS.

AFM surface roughness measurements

Surface roughnesses of composite discs, with or without a salivary conditioning

film, were measured using AFM (see also below) in the contact mode with a silicon

nitride cantilever tip (Veeco, Woodbury, NY, USA). Each disc was imaged at three

randomly chosen sites and surface plots were made to provide a three-dimensional

perspective of the surface, from which the mean surface roughness (Ra) was

calculated, representing the average distance of the roughness profile to its

imaginary center plane. Three different discs were used for the measurements.

AFM adhesion force measurements

Streptococci from suspension were immobilized on “V”-shaped tipless AFM

cantilevers (Veeco, DNP-0, USA). Cantilevers were first immersed in a drop of

0.01% (w/v) poly-L-lysine (Sigma, Poole, UK) for 1 min with a micromanipulator

(Leica, Wetzlar, Germany) to create a positive charge on its surface. Subsequently,

the cantilever was dried in air for 2 min using the micromanipulator, and then

dipped into a drop of bacterial suspension for 1 min to allow bacterial attachment.

All AFM measurements were performed in a Dimension 3100 system (Nanoscope

IV, Digital Instruments, Woodbury, NY, USA) in the contact mode at room

temperature in adhesion buffer, at a scan rate of 1.0 Hz, ramp size 1.5  m, and

trigger threshold of 1 V. The loading force was applied by setting the trigger mode

to relative, i.e. a trigger threshold of 1 V, roughly corresponding with a loading force
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of 12 nN at the inversion point between approach and retract. The bacterial probe 

was assumed to contact the composite surface when the slope of the approach 

curves abruptly increases. Retraction of the bacterial probe from a composite 

surface with and without saliva was done after 0 s and 120 s surface delay to 

reveal possible bond-strengthening. Scanning electron micrographs were regularly 

taken to confirm the integrity of the bacterial probe after measurements. No force-

distance curves had to be discarded due to visual damage to the bacterial probe in 

the study. For each combination of composite, roughness and bacterial strain, 30 

force-distance curves were recorded that comprised a total of 6 different bacterial 

probes out of 3 independent bacterial cultures and 3 different composites.  

 Adhesion forces were calculated after each surface delay time from the AFM 

deflection data, using 

 (1) DKF sp

in which Ksp is the spring constant and D is the deflection of the cantilever. The Ksp

of each cantilever was experimentally determined using the thermal method16.

Statistical analysis 

Surface roughnesses (Ra) were presented as averages ± standard deviations (SD) 

and analyzed using ANOVA. Bacterial adhesion forces were presented as medians 

and interquartile ranges, and compared using non-parametric analyses (Kruskal-

Wallis test, followed by Dunns multiple-comparison post hoc analysis). The level of 

significance was set at P < 0.05. Linear regression analysis was used to assess 

the relationship between the adhesion forces and Ra values.  

 Typically, data for bacterial adhesion forces were not normally distributed and 

contained a large spread15,17. Weibull analysis has been originally designed for 

statistical analysis of macroscopic tensile bond strength measurements, which also 

suffer from a large spread in data, but is equally applicable to microscopic 

adhesion forces measured using AFM18. Weibull analysis uses spread in data to 

calculate the so-called Weibull distribution according to 
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mFF
F eP )0/(1 (2) 

where the PF is the adhesion force probability, F is the adhesion force measured, 

F0 is a scaling parameter and m is the Weibull modulus. PF is obtained from a 

ranking of all measured adhesion forces in ascending order according to19 

4.0
3.0

N
nPF (3)  

where n is the rank number and N the total number of data points. The double 

logarithm of Eq. 2, i.e. ln(-ln(1 - PF)), is plotted against ln(F), from which the 

Weibull modulus m and the normalization parameter F0 can be calculated by linear 

regression 

 (4) )/ln(*))1ln(ln( 0FFmPF

together with a linear correlation coefficient  R2 to indicate the goodness of the fit to 

the Weibull equation. Using Eq. 2 and the Weibull parameters calculated, the 

adhesion forces occurring with certain, chosen probability can be calculated. 

Results 

Surface roughness 

Roughening of the composite surfaces resulted in three groups for both composites 

in the absence of a salivary conditioning film, denoted as “smooth”, “moderately 

rough” and “rough”. The differences of Ra values in each group were significant (P 

< 0.05) (Table 1). Salivary conditioning film significantly (P < 0.05) decreased the 

roughness of the rougher surfaces, irrespective of the composite type, but did not 

affect the original classification of the surfaces in terms of their roughness. The 

roughness of the smooth composite surfaces did decrease after salivary 

conditioning film formation, but this decrease was not statistically significant. 
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Table 1. The surface roughness (Ra) of smooth, moderately rough and rough composite
resins in the absence or presence of a salivary conditioning film, measured using AFM. All
data represent mean ± standard deviation over three independent sample discs, each
measured on three randomly chosen sites.

Smooth a

(nm)
Moderately
rough a, b(nm)

Rough a, b

(nm)
Transbond 21 ± 3 156 ± 6 351 ± 29Without a salivary

conditioning film PADLock 21 ± 4 154 ± 9 342 ± 24

Transbond 17 ± 3 77 ± 15 252 ± 31With a salivary
conditioning film PADLock 17 ± 3 78 ± 14 265 ± 29

a significant difference between “Smooth” “Moderately rough” and “Rough” surface.
b significant difference between “without” and “with” a salivary conditioning film.

Bacterial adhesion forces

Fig. 1 shows examples of force-distance curves of a bacterial probe (S. sanguinis

ATCC10556) upon approach and retract from Transbond XT surfaces with different

roughness at initial contact and after 120 s bond-strengthening, in the absence or

presence of a salivary conditioning film. Note that adhesion forces can be

measured at distances beyond the reach of all known interaction forces, which

indicates that bacterial cell surface appendages stretch during retract until bond

failure. Quantitative analyses of all force-distance curves are summarized in Fig. 2.

In general, the median adhesion forces of both streptococcal strains become

significantly stronger (i.e. more negative) when the roughness of composite

surfaces increased for both types of composite resins, irrespective of bond-

strengthening or the absence or presence of a salivary conditioning film.
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Figure 1. Example of force–distance curves between S. sanguinis ATCC10556 and
Transbond XT surfaces with different roughnesses at initial contact (0 s, top panels) and
after bond-strengthening (120 s surface delay, bottom panels), in the absence (left panels)
or presence (right panels) of a salivary conditioning film.

The median adhesion forces after 120 s of bond-strengthening are significantly

stronger than after initial contact (P < 0.05). The presence of a salivary conditioning

film significantly decreases the streptococcal adhesion forces on all composite

resins (P < 0.05; Fig. 1 and Fig. 2).

The relationship between bacterial adhesion forces and roughnesses of the

composite surfaces showed a significant (P < 0.05) linear correlation (Fig. 3).

Linear regression was employed to calculate the rate of increase of the adhesion

force with surface roughness, as summarized in Table 2.
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Figure 2. Medians and interquartile ranges (indicated by the error bars) of the adhesion
forces between S. sanguinis ATCC10056 and S. mutans ATCC700610 and two different
composite surfaces with different surface roughnesses in the absence (left panels) and
presence (right panels) of a salivary conditioning film (30 force-distance curves for each
combination). Top graphs refer to initial adhesion forces at 0 s, while bottom graphs refer to
adhesion forces measured after 120 s surface delay. Abbreviations: T = Transbond XTTM; P
= PADLock®. * Indicates significant difference (P < 0.05) with the other roughness variants
of the same composite and for the same bacterial strain. Note that the scale of the y-axis in
120 s surface delay panels is 10 times larger than that in 0 s panels.
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Table 2. The rate of increase (nN/ m) of the streptococcal adhesion forces with surface
roughness on the two different composites used, as calculated from linear regression
analysis. All data presented as mean ± standard error due to the fit.

S. sanguinis ATCC10556 S. mutans ATCC700610
0 s 120 s 0 s 120 s

Transbond 2.9 ± 0.6 17.2 ± 2.5 1.7 ± 0.3 9.7 ± 1.5Without salivary
conditioning film PADLock 2.4 ± 0.4 17.1 ± 3.3 1.6 ± 0.4 8.3 ± 2.4

Transbond 0.4 ± 0.2 6.6 ± 1.8 0.4 ± 0.1 6.2 ± 1.5With salivary
conditioning film PADLock 0.4 ± 0.1 6.4 ± 1.5 0.3 ± 0.1 5.4 ± 1.9

Figure 3. Example of the linear regression analysis indicated by the solid lines (P<0.05)
between the adhesion forces of S. sanguinis ATCC10556 and Ra values of the Transbond
XT surfaces at 0 s (top panels) and after a 120 s (bottom panels) surface delay time, in the
absence (left panels) or presence (right panels) of a salivary conditioning film.
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Initially at contact and in the absence of a salivary conditioning film, adhesion

forces increased at a rate of 2.6 and 1.6 nN/ m for S. sanguinis ATCC10556 and

S. mutans ATCC700610, respectively, irrespective of the composite type. The

difference in initial increase rate of the adhesion force with surface roughness

between the two strains is statistically significant. Streptococci were more sensitive

to changes in surface roughness after bond-strengthening for 120 s and the

increase rates of the adhesion forces with surface roughness were 17.1 and 9.0

nN/ m for S. sanguinis ATCC10556 and S. mutans ATCC700610 respectively,

irrespective of the composite type. The difference in initial increase rate of the

adhesion force with surface roughness and after bond-strengthening between the

two strains is statistically significant. Also in the presence of a conditioning film,

rougher composite surfaces exerted stronger adhesion forces, but with significantly

smaller (P < 0.05) increase rates of 0.4 nN/ m and 6.2 nN/ m at initial contact and

after 120 s bond-strengthening respectively, irrespective of composite type or

bacterial strain.

Weibull analysis

Fig. 4 shows examples of the Weibull distributions calculated for S. sanguinis

ATCC10556 and PADLock surfaces of different roughness at 0 s and after 120 s

bond-strengthening in the absence and presence of a salivary conditioning film.

Bacterial adhesion forces measured fitted the Weibull equation well with averaged

R2 values of 0.94 ± 0.05. Weibull modulus m are significantly lower (P < 0.05) for

the initial adhesion force distributions (2.9 ± 0.5) than for the force distributions

after bond-strengthening (4.2 ± 1.5) irrespective of the absence or presence of a

salivary conditioning film, indicating less variability in the data set when longer

contact was allowed (Table 3). The values of F0.5 (adhesion forces occurring with a

50% probability) were slightly higher than the corresponding median values, as can

be seen for example from the relationship between median and F0.5 adhesion

forces for S. sanguinis ATCC10556 with PADLock surfaces, shown in Fig. 5.
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Figure 4. Example of Weibull distributions for S. sanguinis ATCC10556 adhering to
PADLock surfaces with different roughness, at 0 s (top panels) and 120 s (bottom panels)
surface delay times, in the absence (left panels) or presence (right panels) of a salivary
conditioning film. For each combination of composite, roughness and bacterial strain, 30
force-distance curves were recorded.
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Figure 5. Example of the relationship between “F0.5” (adhesion forces at 50% probability of
occurrence in the Weibull distribution) and the median adhesion forces for S. sanguinis
ATCC10556 adhering to PADLock surfaces with different roughness, at 0 s (top panels) and
after a 120 s (bottom panels) surface delay time, in the absence (left panels) or presence
(right panels) of a salivary conditioning film. The solid line indicates the line of identity
between F0.5 and the median force.
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Discussion

In the study, we compared streptococcal adhesion forces on two commonly used

orthodontic composite resins, roughened to three different extents. Although both

compositions have a slightly different matrix composition and filler fraction, their

water contact angles are similar, attesting to the fact that high energy filler particles

are not exposed to the surface but become covered by low energy acrylic matrix

components20. Streptococci adhered stronger to rougher surfaces, and are

therefore more difficult to remove, while S. mutans adhered less strongly and its

adhesion forces were less influenced by the composite surface roughness than

those of S. sanguinis. Herewith our hypothesis that bond strengthening is

dependent on the surface roughness is accepted. The current strains were chosen

because they constitute primary colonizers of hard surfaces in the oral cavity and

form a link between a substratum surface and bacteria adhering and growing on

top of them21. In addition, S. mutans is also recognized as one of the more

cariogenic strains occurring in oral biofilms22. Therewith control of their adhesion

forces is of pivotal importance in preventing negative side-effects of orthodontic

treatment, such as demineralization around brackets.

Significant bond-strengthening is observed over the first 120 s of contact

between the streptococci and the composite surfaces, both in the absence or

presence of a salivary conditioning film. This initial type of bond-strengthening is

generally attributed to physico-chemical processes such as the removal of

interfacial water to allow the development of hydrogen-bonds, unfolding of cell

surface proteins to allow more intimate ligand-receptor bonding or re-orientation of

a bacterium as a whole6. Removal of interfacial water is easier if one of the

interacting surfaces is hydrophobic, which is probably the reason why bond-

strengthening is more extensive on the bare composite surfaces than on the more

hydrophilic, conditioning film covered composite surfaces (Fig. 3). With respect to

an influence of surface roughness, it is interesting to note that the increase rate of

the adhesion forces with surface roughness increases after bond-strengthening,
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i.e. after prolonged contact the influence of roughness increases (Table 2). This

might indicate that bacterial cell surface structures are better able to find favorable

sites for interaction, including crevices on the surface when given more time to do

so (Fig. 6). Concurrent with bond strengthening is an increase in the Weibull

modulus or reliability of the data set (see also Table 2).

Figure 6. Streptococcal adhesion forces to composite resin surfaces increase with
increasing surface roughness and contact time due to larger contact areas and more binding
sites.

The conclusions drawn in this paper with respect to the influence of surface

roughness on bacterial adhesion forces are based on analysis of median adhesion

forces and their interquartile ranges. One of the frustrations of AFM analysis of

bacterial adhesion forces is the large spread in the data, which is equally due to

differences between individual bacteria in a culture as well as to differences

between cultures. Weibull analysis takes advantage of the large spread in bacterial

adhesion forces data and the F0.5 calculated from Weibull distributions corresponds
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well with the median adhesion forces calculated (Fig. 5). Therewith the conclusions

drawn in this paper are in essence based on two different statistical analyses.

Although the present study unequivocally shows that bacterial adhesion forces

increase with increasing roughness of the substratum surfaces, conflicting reports

exist in the literature on the actual influence of surface roughness on bacterial

adhesion and biofilm formation. In vitro surface roughness above several hundreds

of nm’s generally increased the numbers of adhering S. sanguinis and S. mutans

on the surfaces of composite (Ra 150 - 560 nm)8, as well as Pseudomonas

aeruginosa and Staphylococcus epidermidis adhesion on acrylic surfaces (Ra 40 -

1240 nm)11 and adhesion of Streptococcus sobrinus to porcelain (Ra 120 - 530

nm)10. Other studies report that, when the surface roughness is lower than 200 nm,

surface roughness has no significant effect on plaque accumulation and microbial

composition on titanium abutments in vivo23,24 nor on adhesion and colonization by

S. epidermidis of silicon surfaces in vitro25. Likely, a threshold roughness exists

below which the adhesion forces are not sufficiently strong to cause major

adhesion and biofilm in the presence of experimental or environmental detachment

forces. In this respect it is interesting to note that both S. sanguinis and S. mutans

adhesion forces are sensitive to changes in surface roughness, but the initial

colonizer S. sanguinis has generally stronger adhesion forces with the composite

surfaces than the more cariogenic S. mutans.

Conclusion

Streptococcal adhesion forces to orthodontic composite increase with increasing

roughness of the composite surfaces, while moreover the influence of surface

roughness even increases after bond-strengthening. Therewith, our hypothesis that

bacterial adhesion forces and their strengthening over time are dependent on the

surface roughness of the composite surfaces is confirmed. Composite surface

roughness less affects adhesion forces with S. mutans than with S. sanguinis.
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