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Summary. The attachment of Escherichia coli ATCC 25922 and Staphylococcus aureus ATCC 28213 onto six different
materials used to manufacture dental implant abutments was quantitatively determined after 2 and 24 h of contact between the
materials and the bacterial cultures. The materials were topographically characterized and their wettability determined, with
both parameters subsequently related to bacterial adhesion. Atomic force microscopy, interferometry, and contact angle
measurement were used to characterize the materials’ surfaces. The results showed that neither roughness nor nano-roughness
greatly influenced bacterial attachment whereas wettability strongly correlated with adhesion. After 2 h the degree of E. coli
attachment markedly differed depending on the material whereas similar differences were not observed for S. aureus, which
yielded consistently higher counts of adhered cells. Nevertheless, after 24 h the adhesion of the two species to the different test
materials no longer significantly differed, although on all surfaces the numbers of finally adhered E. coli were higher than those
of S. aureus. [Int Microbiol 2013; 16(4):235-242]
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Introduction a crucial role in disease pathogenesis [6]. Among all known
biofilms occurring in pathologic settings, those in the oral
cavity provide a good model system and as such have been
extensively studied [13]. Oral biofilms are formed by a wide
variety of gram-positive and gram-negative bacteria species

and are a consistent feature of oral infections, mainly caries,

Bacteria can grow as sessile forms (biofilms) on almost all sur-
faces and under almost any environmental condition. In most
infectious diseases, particularly those arising from infected im-

plants and medical devices, bacterial growth as biofilms plays
periodontitis, and endodontitis, but they are also involved in

infection-related implant failures, so-called peri-implantitis
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[23]. The adhesion and development of microbial biofilms de-
pend upon the characteristics of the microbes that form them,
but also on the environmental conditions. Chemical and sur-
face properties such as roughness, nano-roughness, and wetta-
bility are relevant in controlling bacterial adhesion [28].
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One of the main goals of oral implantology is to signifi-
cantly reduce the risk of infection, e.g., by altering the local
environment such that it is less favorable for bacterial biofilm
formation. Accordingly, the elucidation of the mechanisms
underlying bacterial adhesion, colonization, and biofilm de-
velopment on prosthetic devices and implant surfaces is cur-
rently an area of great interest in both clinical and biomedical
research. From a biomechanical engineering standpoint, the
physical properties of implant surfaces can be optimized by
taking advantage of recent progress in both materials science
and nanotechnology. By modulating cell-substrate interac-
tions, for example, the biological response of the infectious
agent can be determined [2,23,27].

The effect of surface topography on cell attachment has re-
ceived significant attention, with several recently published stud-
ies highlighting the critical role in cellular adherence played by
nanotopography [19,20,22]. Nano-engineered surfaces can di-
rectly influence bacterial behavior, as shown in studies demon-
strating that these cells align in the anisotropic direction of micro-
scale ridges and grooves [14]. Based on these findings, a possible
approach to restrict biofilm formation involves the use of materi-
als whose surface properties hinder biofilm development, par-
ticularly in the early stages of implantation [13]. Different strate-
gies can be adopted to achieve this purpose, such as by altering the
nanoscale surface topography. However, there is no consensus
regarding whether increased surface roughness correlates either
positively or negatively with the extent of bacterial attachment.
Clearly, materials enhancing biofilm formation should be discard-
ed even if they have excellent mechanical properties.

Metals, ceramics, polymers, and composites are currently
used to manufacture prosthetic implant abutments. Among
these materials, glass fiber-reinforced composites (glass-
FRC) are a promising low-cost alternative to metal alloys,
metal ceramics, and ceramic restorations. Indeed, in the last
few years glass-FRCs have been used successfully in a variety
of dental applications [1,10]. Implant-supported fixed pros-
theses of glass-FRC may also offer a suitable alternative
[5,11], but the potential and limitations of this promising ma-
terial have not been adequately evaluated.

A few studies have specifically examined the effect of the
nanoscale morphology of dental implant abutment materials,
and especially titanium, on surface-bacteria interactions in vi-
tro. However, little is known about the extent of bacterial at-
tachment on nanometrically characterized implant abutment
surfaces, whether of titanium or other metals. Experimental
approaches to explore topography with respect to bacterial
adhesion include experimental bacteriology, atomic force mi-
croscopy (AFM), interferometry, and wettability measure-

ments. In this study, we analyzed and compared the surface
properties, roughness, and wettability of six test materials
used in the manufacture of implant abutments in terms of the
adhesion of the gram-positive bacterium Staphylococcus au-
reus and the gram-negative bacterium Escherichia coli. Our
aim was to evaluate the biocompatibility of glass-FRC and the
potential application of this material in dentistry.

Materials and methods

Dental materials. Disks 10 mm in diameter and 2 mm thick were manu-
factured from each of six different implant abutment materials. The tested
materials were: (i) Cast cobalt-chromium disks obtained from acrylic resin
patterns (Pattern Resin LS, GC Corp.) and invested with phosphate-bonded
investment material (CM-20 Cendrex+M¢étaux, Biel/Bienne, Switzerland) as
indicated by the manufacturer (BEGO, Bremer Goldschlagerei Wilh. Herbst,
Bremen, Germany). Casting was accomplished using Co-Cr Wirobond C al-
loy (BEGO). After melting and casting by induction (Ducatron Série 3
UGIN’Dentaire, Seyssins, France), the disks were sandblasted with 110-um
aluminum oxide particles (Korox, BEGO) under 3 bar pressure to remove
oxide films and residual investment. (ii) Selective laser melted (SLM) Co-Cr
disks (BEGO). Both the cast and the SLM Co-Cr disks were polished in three
stages: (a) using a hard rubber disk at 15,000 rpm; (b) then with a soft rubber
disk at 15,000 rpm, and (c) using a soft brush with a polishing paste at 1400
rpm. Each polishing phase lasted 90 s. (iii) Machined and polished titanium
grade V disks (Klockner-Soadco, Andorra). (iv) Zirconia (Y-TZP) disks
(Dentisel, Barcelona, Spain). (v) Glass-FRC disks, prepared from rods (Bioloren,
Saronno, Varese, Italy). And (vi) polyetheretherketone (PEEK) disks, pre-
pared from rods (Teknimplant, Barcelona, Spain). All disks were handled by
their lateral walls. They were gently cleaned using a cotton pellet with etha-
nol and dried under warm dry air.

Surface characterization. The disk surfaces were analyzed by three
different methods: (i) Atomic force microscopy. It was carried out with an
AFM XE-70 (Park Systems, Korea) in non-contact mode. The rectangular-
shaped cantilever (ACTA Si-cantilevers, Park Systems) had a force constant
of 40 N/m, a resonance frequency of 300 kHz, and a tip radius with a curva-
ture of <10 nm. All AFM variables, including scan rate and set point, were
optimized for the type of sample measured. Scan areas were 5 x 5 um?, with
a scan rate of 0.6 Hz and a resolution of 256 x 256 pixels. AFM images were
processed using a scanning probe image processor XEI (Park Systems), cor-
recting the plane of the AFM image for possible coupling of the lateral plane
and the z-axis, caused by the instrument. The height, area, and volume of the
surfaces were determined via polygon/ellipse/circle methods, in which a suit-
able shape is best fitted to the image. The average surface roughness (Ra) was
calculated. (i) White light interferometry; the specimens were visualized on
a white light interferometer microscope (LeicaSCAN DCM3D, Leica Micro-
systems, Switzerland), which is a computerized optical interference micro-
scope operating in the vertical scanning interferometry mode and producing
a topographic image. The objective used was Leica N Plan H 50%/0.50, with
an Mirau-interferometer objective lens and an image resolution of 250.64 x
190.90 pum?. Images were analyzed using the software Leica map DCM 3D
6.2.6561 version (Leica Microsystems); the threshold was set to 1.0% and the
Gauss filter to 25 pm. Ra was determined. And (iii) surface wettability meas-
urements; they were conducted by measuring the contact angle using the ses-
sile water-drop method [13,24]. Briefly, 10 pl of MilliQ-quality water was
dropped onto the center of each specimen using an injector. Digital photo-
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Table 1. Bacterial adhesion expressed as colony-forming units (CFU)/mm? (average of 16 determinations). SLM, selective laser

melted; PEEK polyetheretherketone

Staphylococcus aureus

Escherichia coli

Material CFU/mm?(2 h) CFU/mm? (24 h) CFU/mm? (2 h) CFU/mm? (24 h)
Cast Co-Cr 1.82 x 10? 7.74 x 10* 6.38 x 10! 4.46 x 10°
SLM Co-Cr 1.14 x 10? 6.38 x 10* 4.56 4.92 x 10°
Titanium 1.18 x 10? 6.83 x 10* 1.41 x 10! 7.84 % 10°
Zirconia 3.42 x 10? 3.37x10° 1.00 x 10! 4.92 x 10°
GF-reinforced composite 2.64 x 10? 4.15x10° 2.73 x 10? 4.24 x 10°
PEEK 1.00 x 10? 5.92 x 10* 2.51 x 10? 5.65x10°

graphs were taken (Nikon D70) and the resulting images were analyzed using
IMAT software (CCIT, Barcelona, Spain). Sixteen samples were measured in
each group, with each disk measured twice.

Bacterial strains and culture media. Two collection bacterial
strains were used to assess the adhesion properties of gram-negative and
gram-positive bacteria on the test materials: Escherichia coli strain ATCC
25922 and Staphylococcus aureus strain ATCC 28213, respectively. Both
strains were maintained on trypticase soy agar (TSA, Sharlau, Barcelona,
Spain) plates. Adhesion experiments were carried out using two colonies se-
lected from the plates to inoculate trypticase soy broth (TSB, Scharlau). The
cultures were incubated at 37 °C in a rotary shaker at 240 rpm in air for 18 h,
at which time they had reached the late exponential phase of growth.

Adhesion experiments. Disks to be used in the bacterial assays were
sterilized in an autoclave (121 °C, 15 min). The above-described overnight
cultures were diluted in TSB to the desired concentration (10°colony forming
units [CFU]/ml in TSB), as determined spectrophotometrically. For the adhe-
sion experiment, the disks were covered with a suspension of the bacterial
culture and incubated at 37 °C with gentle (60 rpm.) shaking. samples were
taken 2 and 24 h later, processing the disks by washing them four times in
Ringer’s 1/4 to remove unattached bacteria and then placing them in test
tubes containing 1 ml of Ringer’s 1/4. The tubes were submerged in an ultra-

sonic water bath for 3 min, vigorously vortexed for 1 min, and then treated
ultrasonically again for 3 min to release the surface-attached bacteria. Serial
dilutions (10°to 1077) of these suspensions were used to inoculate agar plates,
which were incubated for 48 h. Colonies were then scored and counted. The
detachment of biofilm-forming bacteria from the disks was monitored by mi-
croscopic visualization of the disks after sonication and vortexing.

Atomic force microscopy imaging. Bacteria were cultured in lig-
uid media in which disks of tested materials were submerged; disks were then
washed four-fold by using Ringer’s 1/4 and allowed to dry on air. Samples
were imaged in air by using an atomic force microscope XE-70 [Park Sys-
tems]. All images were collected in non-contact mode by using rectangular-
shaped silicon cantilevers with a spring constant of + 40 N/m and a resonance
frequency of £300 kHz. The upper surface of these cantilevers (the opposite
side of the tip) is coated with aluminium to enhance the laser beam reflectiv-
ity. The data acquired during the surface scanning were converted into im-
ages of topography, amplitude and phase; and analysed by using XEP and
XEI software (Park Systems). On topography images, it becomes possible to
observe the shape, structure and differences of the sample surface, amplitude
images accentuating the edges gives roughness and height information. Fi-
nally, the phase images show variations in elasticity and viscoelasticity of the
sample. The four types of image were simultaneously acquired with scan size
of 25 pm? at a scan rate of 0.6 Hz.

Table 2. Roughness values as determined by interferometry and atomic force miscroscopy. SLM, selective laser melted;

PEEK, polyetheretherketone

Roughness

White light interferometry

Nanoroughness

Atomic force interferometry

Material Ra (um) Ra (nm)
Cast Co-Cr 0.0776 48
SLM Co-Cr 0.0388 14
Titanium 0.0474 29
Zirconia 0.108 136
GF-reinforced composite 0.553 236
PEEK 0.113 59
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Results

Bacterial adhesion of gram-positive S. aureus and gram-neg-
ative E. coli onto disks of the tested materials were compared.
The results are summarized in Table 1. Surface roughness,
determined as the mean arithmetic surface roughness (Ra),
was characterized by interferometry and AFM, as shown in
Table 2. The angles formed between water and the test materi-
als resulted to be as follows: the lowest angle (75° 64') was
formed on zirconia, followed by cast Co-Cr (79° 71'); three of

the tested materials gave quite similar angles: SLM Co-Cr
(85° 4", Titanium (84° 23") and PEEK (89° 75’), whereas the
highest value corresponded to GF-reinforced composite (113°
36'). A set of selected images showing the surface roughness
are presented for comparison in Fig. 1 (interferometry) and
Fig. 2 (AFM).

Imaging of bacterial cells grown as sessile forms onto the
different tested material surfaces allowed to distinguish de-
tails concerning adhesion and morphologies. Fig. 3 shows two
AFM images of both E. coli and S. aureus when developing
biofilms onto glass-FRC.
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Fig. 1. Interferometry images of the six surface
materials tested. (A) Cast cobalt- chromium.
(B) Selective laser melted cobalt-chromium.
(C) Titanium. (D) Zirconia (Y-TZP). (E)
Glass-FRC. (F) PEEK polyetheretherketone.
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Fig. 2. AFM imaging of the six surface
materials tested. (A) Cast cobalt-
chromium. (B) Selective laser melted
cobalt-chromium. (C) Titanium. (D)
Zirconia (Y-TZP). (E) Glass-FRC.
(F) PEEK polyetheretherketone.

Selective laser melted Co-Cr

500 -

=250

nm
7504

500

250

-250

I |

Int Microbiol

Discussion

The ability of bacteria to form biofilms is among the most
relevant factors in the pathogenesis of peri-implantitis and
periodontitis. Since both gram-positive and gram-negative
bacteria cause oral infections, in this study representatives of
each one (E. coli and S. aureus) were used to determine bacte-

rial adhesion to the six tested materials. Our primary aim was
to compare the efficiency of bacterial adhesion onto implant
abutments currently in use, especially glass-FRC in order to
assess its potential advantages. This focus reflects current in-
terest in glass-FRC as an alternative to traditionally used ma-
terials. A recent report, showed that the use of glass-FRC for
implant abutment or restoration material could significantly
reduce physical stresses in the bone-implant contact area by
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Fig. 3. AFM imaging on glass-FRC disks: (A) Staphylococcus aureus phase; (B) S. aureus topography; (C) Escherichia coli phase; (D) E. coli

topography.

acting as shock-absorbers and thus minimize the risk of even-
tual peri-implant bone loss [18]. However, there is still much
to be learned about the potential application of glass-FRC.
Progress in nanotechnology allows the design and production
of materials, including biomaterials, with surface properties
tailored to a given application. Today, one of the main focuses
of biomaterials research is the physico-chemical properties of
surfaces that determine bacterial adhesion [25].

In this study, the surface parameters of dental materials
were measured using three different methodologies. In sur-
face roughness analyses, we found important differences be-
tween the studied materials, with glass-FRC being significantly
rougher than the other biomaterials examined, both at micro-

and nano-scales. Interferometry measurements of surface
roughness showed higher values for glass-FRC than for either
zirconia (5-fold) or titanium (10-fold). Similar results were
obtained with AFM, which showed that the nano-roughness
of glass-FRC was twice that of zirconia and eight times that of
titanium. Nonetheless, the high Ra value of glass-FRC falls
within the clinically acceptable range [4,25] (Table 2). The
most highly polished surface was that of SLM chrome cobalt,
followed by titanium. This result contradicts a previous report
in which significantly greater differences in the Ra values of
similar materials, including laser sinterized chrome cobalt,
were reported, although in that study a profilometer was used
whereas our measurements were obtained with AFM [16].
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Likewise, zirconia was much rougher when assessed using
AFM rather than interferometry. The discrepancy could be
due to the well-recognized differences in roughness depend-
ing on the measurement method used and to the fact that zir-
conia surfaces are strongly affected by the material prepara-
tion procedure. In a recent study, glazing procedures were
shown to reduce the surface roughness of Y-TZP [20]. In our
study, AFM imaging demonstrated strong surface differences
between zirconia and cast Co- Cr, laser sinterized Co-Cr, and
titanium (Fig. 2).

There have been a few reports examining the relationship
between nanoscale topographical details and bacterial adhe-
sion. Microbial adhesion was shown to be sensitive to na-
noscale topography (commonly accepted with feature sizes
<100 nm) but universal rules of attachment have yet to be
determined. For example, some investigators have observed
that the attachment of certain bacteria is higher on surfaces
with nanophase than with conventional topographies [15,20],
while others have found a bacteria-repelling effect of nano-
phase materials [19]. Our results, like those of do Nascimento
et al. [7,8], do not provide insights into the relationship be-
tween roughness and bacterial adhesion.

In bacterial attachment, contact between the cell and the
surface is maximized. This process is aided by the ability of
bacteria to assume different morphologies and to alter the
number and size of their appendages, such as flagella or pili,
or the amount of capsular material depending on the topo-
graphical details of the target surface or the physiological
state or growth phase [14]. Gains in our knowledge of adhe-
sion properties have important implications for the bioengi-
neering of materials not only for use in the oral cavity but also
with respect to a wide range of medical devices.

Wettability is another key determinant of bacterial adhe-
sion efficiency. In our study, the degree of surface hydropho-
bicity positively correlated with the degree of surface rough-
ness, with the roughest surface exhibiting the highest surface
hydrophobicity. This correlation is in accordance with the
Wenzel model, which explains roughness-induced hydropho-
bicity [27], and with a 2011 study reporting similar rough-
ness-wettability correlations [15].

Our conclusions regarding bacterial adhesion are based on
experiments with two different bacterial species, S. aureus
and E. coli, as mechanisms of adhesion are strongly depen-
dent upon the structure of the bacterial envelope and thus re-
flect the two major types of biological and chemical organiza-
tion of the bacterial surface. Although our results cannot be
mechanistically extended to all microbes, large differences
with other oral pathogens are not expected. As seen from the

data in Table 1, the dependence of adhesion on the physico-
chemical properties of the test materials was already evident
after 2 h of incubation, since the most polished surface ad-
sorbed the lowest amount of bacteria and vice-versa. After 24
h, differences in bacterial adhesion to the test surfaces were
no longer significant, consistent with the findings in previous
reports [3, 9]. While at 2 h S. aureus adhered more efficiently,
by 24 h E. coli adhesion had increased.

Bacterial growth on glass-FRC was similar to that meas-
ured on titanium, confirming the results obtained in a previous
study [17].The absence of a difference between the different
surfaces may have been due to their wettability, since glass-
FRC, is less wettable than the other materials tested. More
research is needed assessing these aspects and other possible
factors that may have influenced the results.
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