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Abstract

Staphylococcus epidermidis now well established as a major nosocomial pathogen associated with infections of indwelling medical
devices. The major virulence factor of these organisms is their ability to adhere to devices and form biofilms. However, it has not been estab-
lished that adherence and biofilm formation are closely linked phenotypes for clinical isolates. In this study, the initial adhesion to different
materials (acrylic and glass) of 9 clinical isolatesSofepidermidisalong with biofilm-positive and biofilm-negative control strains, was as-
sayed using physico-chemical interactions to analyze the basis for bacterial adherence to the substratum. X-ray photo electron spectroscop
(XPS) analysis of the cell surface elemental composition was also performed in an attempt to find a relationship between chemical com-
position and adhesion capabilities. Biofilm formation on the two surfaces was evaluated by dry weight measurements. Human erythrocytes
were used to evaluate the ability 8f epidermidistrains to cause hemagglutination, an indicator of the production of aypeagetyl glu-
cosamine cell surface polysaccharide also involved in biofilm formation. The clinical isolates exhibited different cell wall physico-chemical
properties, resulting in differing abilities to adhere to surfaces. Adhesion to hydrophobic substrata for all strains occurred to a greater ex-
tent than that to hydrophilic surfaces. Bacterial cell hydrophobicity seemed to have little or no influence on adhesion. X-ray photoelectron
spectroscopy analysis showed a high ratio of oxygen/carbon for all strains, which is a common charact&ismdgrmidispecies. No
relevant relationship was found between XPS data and adhesion values. All strains forming biofilms were able to agglutinate erythrocytes.
However, no direct relationship was found between the amount of biofilm formed and the initial adhesion extent. These results indicate that
high levels of initial adherence do not necessarily lead to thick biofilm formation. These two aspects of the pathogenesis of medical device
related-infection may need to be evaluated independently to ascertain the contribution of each to the viruereg@dsfrmidiscausing
device-related infections.

0 2005 Elsevier SAS. All rights reserved.
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1. Introduction predisposed hosts, usually with an indwelling medical de-
vice, S. epidermidishas become a significant nosocomial
pathogen [31,34,39,40]. The major virulence factor associ-
ﬁted with this organism’s ability to cause infections is de-
pendent on adherence to medical devices and formation of a

Staphylococcus epidermidisrmally colonizes the hu-
man skin and mucous membranes and represents a majo
component of the normal bacterial flora of this habitat. In

biofilm [41].
Microbial adhesion to surfaces has been shown to be a
* Corresponding author. complex process, involving physico-chemical, protein and
E-mail addressjazeredo@deb.uminho.pt (J. Azeredo). polysaccharide factors [2,6,7,9,13,16,21,25,26,30]. From
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an overall physico-chemical point of view, microbial ad- docarditis), M129, M187 (isolated from cases of dialysis-
hesion can be mediated by non-specific interactions, with associated peritonitis), and FJ6, JI6, LE7 and PE9 (isolated
long-range characteristics, including Lifshitz—van der Waals from blood). In addition, we used strain 9142, a known
forces, electrostatic forces, acid—base interactions, andproducer of PIA/PNAG, and strain 9142-M10, which has a
Brownian motion forces [3,37]. As soon as microorgan- transposon inserted into thea locus and does not produce
isms reach a surface, they will be attracted or repelled PIA/PNAG. These two strains were provided by D. Mack,
by it, depending on the sum of the different non-specific Hamburg, Germany.

interactions [17]. In biological systems, hydrophobic in-
teractions are usually the strongest of all long-range non-
covalent forces [5], and adhesion to surfaces is often medi-
ated by these types of interactions [35]. It has been demon-
strated that hydrophobicity plays an important role in a wide
range of microbial infections [15]. Microbial hydropho-
bicity is defined by the energy of attraction between ap-
olar or slightly polar cells immersed in an aqueous phase

[38], and can be assessed by several methods, aIthough,TSA plates not older than 2 days as inocula. Then, 50 pl of

according to Doyle [15], the best method for determin- each cell suspension was transferred to 30 ml of fresh TSB,

ing bacterial hydrophobicity is by contact angle measure- Which was incubated for 182) h at 37°C at 130 rpm. Af-

ments. ter being harvested by centrifugation (for 5 min at 10 500
After initial adhesion, mature biofilm formation is of- and 4°C), cells were washed twice and resuspended in

ten associated with the production of specific molecules by Saline (0.9% NaCl prepared icr;gdistilled water) at a concen-
the microorganisms that mediate cell-to-cell adhesion. In tration of approximately k 10° cells/ml, determined by

S. epidermidis polymer ofN-acetyl glucosamine, initially the optical density at 640 nm. These cell suspensions were
defined biologically as the polysaccharide intercellular ad- USed in the subsequent adhesion and surface characterization

hesin (PIA) and chemically as Poly-acetyl-glucosamine ~ @Ssays.

(PNAG), have been identified as the molecules responsible

for biofilm formation [10,22,29]. The PNAG molecule is 2.3. Substrate preparation
synthesized from genes contained in tb& locus [12,29].

PNAG/PIA is also involved in the agglutination of erythro-  Glass was obtained by slicing microscope slides into
cytes, which is a common property 8f epidermidistrains 2, 2 cm squares. Acrylic was also cut intx2 cm squares.
[27,32]. This characteristic can be used to identify the pres- These substrates were immersed in a 0.2% solution of a com-
ence of PNAG/PIA in &. epidermidistrain by hemagglu-  mercial detergent overnight, after which they were trans-
tination assays. _ . ferred to a new solution of 0.2% of the commercial detergent
Expression of PNAG/PIA, adhesion to synthetic surfaces gnq washed at 4@ with strong agitation for 5 min. The
and biofilm formation are virulence factors®fepidermidis gy ares were then well rinsed with distilled water, and fi-
clinical strains. As different clinical isolates &. epider-
midisare expected to exhibit different phenotypic behaviors
[34,40] it is further expected that they might have different
capabilities to adhere and to form biofilms on synthetic sur-
faces.
In this study the ability of 11 strains &. epidermidis
to adhere to acrylic (hydrophobic surface) and glass (hy- 2.4.1. Bacterial hydrophobicity assay
drophilic surface) was determined, as well as the importance ~ The method used for measuring contact angles on bacte-
of physico-chemical interactions, namely, hydrophobicity, in rial lawns has been described by Busscher et al. [8]. Briefly,
the adhesion process. The ability to form a mature biofilm, in @ suspension o8. epidermidiells in saline solution was
the same surfaces, was also evaluated, in an attempt to detedeposited onto a 0.45 um cellulose filter by first washing
mine if there is a relationship between these two phenomenathe filter with 10 ml of distilled water for wetting, and then
in clinical isolates ofS. epidermidis 20 ml of the cell suspension was added, obtaining a thick
lawn of cells after filtration. The lawn of cells was then
air-dried for at least 3.5 h, until the so-call “dried-plateau”

2.2. Media and growth conditions

Tryptic soy broth (TSB) and tryptic soy agar (TSA) plates
were prepared according to the manufacturer’s instructions.
All strains were grown for 2442) h at 37°C in a shaker ro-
tating at 130 rpm in 15 ml of TSB using bacteria grown on

nally each individual square was well rinsed with ultra-pure
water and dried at 60C, overnight.

2.4. Physico-chemical characterization of surfaces

2. Materialsand methods was obtained. The hydrophobicity parameters were obtained
using the sessile-drop contact angle technique, using an au-
2.1. Bacterial strains tomated contact angle device [8]. Contact angles were stan-

dardized using as reference liquids: water, formamide and
TheS. epidermidiglinical strains used in this work were:  «-bromonaphtalene. All experiments were done in dupli-
IE75, IE186, IE214 (isolated from cases of infective en- cates, with 4 repeats.
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2.4.2. Cell preparation for XPS analysis of the bacteria hered cells were dried at 3T. All experiments were done
surface in triplicate, with 4 repeats.

X-ray photo electron spectroscopy (XPS) analysis of the
elemental composition of the bacterial cells was performed 2.5.2. Image analysis
as described by van der Mei et al. [36]. Briefly, fresh cells Before image observation and analysis of adhered cells,
in TSB (184 2H) were harvested and centrifuged for 5 min  the substrate squares were stained with a 0.2% safranin solu-
at 10500g, 4°C. Cells were then resuspended in physiolog- tion, for better image contrast. Direct bacterial counts were
ical serum at a density of approximatelyx110° cells/ml, done using a phase contrast microscope coupledtCCD
and 20 ml of that suspension was filtered through a cellu- video camera that acquires images with 82860 pixels
lose filter previously wetted with 10 ml of distilled water. resolution and at a magnification of 400With this magni-
After filtering, the cellulose filter covered with bacteria was fication 1 cnf is equivalent to 1823 x 10* captured images
sliced into small 1 crhisquares and quickly frozen in liquid  (as determined by a Neubauer chamber). For each surface
nitrogen. Frozen filters were stored-a80°C for 1-2 h, fol- analyzed, 20 pictures were taken, covering the entire surface.
lowed by 24 h of lyophilization (Christ Alpha 2-4, B. Braun, Each image was then analyzed using automated enumeration
Germany). The XPS analysis was performed using an ES-software, for determining the number of adhering cells.
CALAB 200A apparatus, with a VG5250 software and data
analysis. The spectrometer used monochromatizeky 2.6. Biofilm assays
X-ray radiation (15000 eV). The constant pass energy of
the analyzer was 20 eV and it was calibrated with reference » g 1 Biofilm formation on surfaces
to Ag3ds2 (368.27 eV). The pressure during analysis was  Biofilm formation was performed as described previously
under 1x 10°° Pa. The spectra were recorded following [10]. Briefly, clean squares of each type of substrate (glass
the sequence G1O1s, N1s, PZp. The elemental compo-  or acrylic) immersed in distilled water were autoclaved for
sition was defined as the ratio between oxygen and carbon 5 min at 12PC. Each sterilized square was placed in a
(O/C), nitrogen and carbon (N/C), or phosphorous and car- ye|| of a 6 well tissue-culture plate containing 5 ml of TSB

bon (P/C). supplemented with 0.25% of glucose. Then 50 pl of a cell
suspension of k 10° cells/ml prepared in a 0.9% NaCl so-
2.4.3. Substratum surface hydrophobicity lution was added. Microbial growth was allowed to occur

Cleaned and dried substratum surfaces were used for defor 72 h at 37C while rotating at 120 rpm. Every 12 h the
termining the hydrophobicity parameters of the surface. The TSB medium containing suspended cells was removed and
hydrophobicity parameters were obtained using the sessilefresh TSB+ 0.25% glucose was added. Negative controls
drop contact angle technique, using an automated contactvere obtained by placing sterilized squares in TS8.25%
angle measurement apparatus [8]. Contact angles were stanglucose without adding bacterial cells.
dardized using as reference liquids: water, formamide and
a-bromonaphtalene. All experiments were done in triplicate, 2.6.2. Biofilm dry-weight determination

with 4 repeats. Biofilm dry-weight determinations were performed as
described by An and Friedman [1]. Briefly, after 72 h of

2.5. Adhesion assays growth, the squares were removed from the wells of the tis-
sue culture plates and dried at D, for 24 h. The squares

2.5.1. Initial adhesion to substrates were weighed and placed again at°8for 2 more h, and

Initial adhesion was performed as described previously Weighed once more to check the stability of the dry weight.
[11] Brieﬂy, squares of acry”C or g|ass were p|aced in 6 Then, the biofilms were Scraped from the squares and the
well tissue-culture plates containing 5 ml of a suspension dried cell mass weighed. The substrate squares were then
of 1 x 10° cells/ml in saline solution. Initial adhesion to  further cleaned with 0.2% of the commercial detergent so-
each substratum was allowed to occur for 2 h af(377|n lution. Cleaned surfaces were dried Overnight at@&nd
a shaker rotating at 120 rpm. Negative controls were ob- then Welghed Biofilm dry'WeightS were obtained as the dif-
tained by p|acing acry"c or g|ass squares in a saline solution ferences between the 2 measurements. All eXperimentS were
without bacterial cells. The squares were then gently trans- done in triplicate, with 3 repeats.
ferred to 100 ml glass beakers containing distilled water,
and were allowed to rest there for approximately 10 s. Af- 2.7. Hemagglutination assays
terwards, a new transfer was made to a different 100 ml
glass beaker with distilled water, followed by a third transfer 2.7.1. Erythrocytes
10 s later. These washing steps were carefully performed in  Human blood collected with heparin was used to retrieve
order to remove only the cells that were suspended in the lig- erythrocytes, by adding 5 ml of blood to 45 ml of saline solu-
uid interface formed along the surface, and to minimize cell tion which was then centrifuged twice at 25@@or 10 min.
detachment from the surface. The substrate squares with adNext, 100 pl of the pellet was added to 10 ml of a saline so-
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lution, obtaining a 1% erythrocyte solution to be used in the Table 1
hemagglutination assays. Water contact angle (in degrees)®fepidermidistrains, and cell surface
hydrophobicity parameters (in nh?)

2.7.2. Hemagglutination assays Strain Water contactangle y§W  yd g AGIOT
The hemagglutination assay was performed as described (:SD)
elsewhere [27] with some modifications. Brief§, epider- gii; 1o ig-é ((12)) ;g-gz 2-2(25 ‘E-gg g-gg
m|d|s cells from an overnight gulture |£1 TSB were grown 26.8 (2.8) 2663 506 4383 1710
in fresh TSB supplemented W|th 0.25% glucgse for 18 h. |g1g6 19.6 (2.0) 2753 512 4737 19.75
Cells were then resuspended in saline, and adjusted to a coni214 18.7 (0,9) 1951 8.96 4844 1558
centration of approximately 8 10° cells/ml. Five twofold M129 28.5 (2.6) 28.67 473 4116 1476
dilutions of each cell suspension were made (100 pl) in 96 ';"187 3?6'71%68) égi?g ‘;—3?:; 271-192 1115-‘;3
well (U-shaped) microtiter plates. Then 100 pl of the 1% ery- 16 28.8 ((5 '1)) 2843 486 4084 1436
th_ro_cyte solution was_added to each well. To ensure thorough g7 25.1(3.8) 3121 345 4504 1952
mixing of the bacteria and erythrocytes, the total volume pE9 29.7 (1.2) 3029 372 4161 16.08

of eaCh_ well was pipetted in and out with a micropipette. SD means standard deviatioyé*w represents the apolar Lifshitz—van der
I_ncu_batlc_m was at room temperature for 2 h, and hemagglu'Waals surface free energy compone,rg'; represents the electron acceptor
tination titers were evaluated macroscopically. Erythrocytes surface free energy componen§ represents the electron donator surface

t_hat appeared to be negativg for magroscopic hemagglu“na'free energy componemei'\';v(i)T represents the degree of hydrophobicity.
tion were also evaluated microscopically. All experiments

were done in duplicate with 3 repeats.

Table 2
o . Water contact angle (in degrees) of the substratum, and surface hydropho-
2.8. Statistical analysis bicity parameters (in man?)
) . _Surface  Watercontactangle y&V  yd vs AGIOT
All the assays were compared using one-way analysis of (£SD)
variance _(ANOVA) by applying Leven_e’s test of hqmogene- Glass 23.0(2.2) 3453 272 4B 1998
ity of variances and the Tukey multiple comparisons test, Acrylic  85.5(2.2) 3806 O B9 5082

Qn('j also the paired Sample_eSt' u'smg SPSS software (Sta- SD means standard deviatioy\g';w represents the apolar Lifshitz—van der
tIStIC_aI PaCkage for.the Social SCIence_s)' ,StUdeFtESt was Waals surface free energy compone,rgf; represents the electron acceptor
gpplled toall eXpe”mentaI data for reJeCtlor? of Some.EXper' surface free energy componepg represents the electron donator surface
:mer|1tafl S\;g(l;es' All tests were performed with a confidence free energy componen&SGiTv\%’T represents the degree of hydrophobicity.
evel o 0.

Table 3
Bacterial surface elemental composition of cells grown in TSB during 18H
3. Results at 37°C
) ) ] Strain N/C o/C P/C
3.1. Surface physico-chemical analysis o142 0.203 0.479 0.042
9142-M10 0.189 0.530 0.046
Bacterial cell surface physico-chemical characteristics IE75 0.195 0.408 0.038
are presented in Table 1. Water contact angles formed by:gfi 8-183 8-323 8-8‘2%
bacterial lawns can be used as a qualitative indication of : ' '
L : o M129 0.187 0.502 0.050
cell surface hyqrophoblcny, with lower va!ues |nd|cat|ng_a M187 0.200 0.408 0.030
more hydrophilic surface. The values obtained for all strains rFje 0.171 0.539 0.054
assayed were quite similar, ranging from contact angles of Ji6 0.173 0.570 0.055
19.9 (strain 9142-M10) to 33% (strain M187), indicat-  LE7 0.202 0.513 0.048
0.192 0.473 0.041

ing that these different bacterial strains have comparableP
levels of cell surface hydrophobicity. All clinices. epi-
dermidis strains examined here could be considered hy-  Substrate surface physico-chemical characteristics are
drophilic. From Table 1 it can also be observed that all presented in Table 2. Water contact angles of the 2 mate-
strains had surfaces that were predominantly electron donorsials used clearly differed, with glass being hydrophilic, as
(higher values ofyg’), with a low electron acceptor para-  expected (water contact angle of 23&hdAG 9T > 0) and
meter Q/S*). The exception was strain IE214 that had the acrylic being hydrophobic (water contact angle of 85hd
greatest electron acceptor parameter. Interestingly, under theAG!OT < 0).

growth conditions used in this study this strain grew as  The elemental composition of the surface of the bacterial
highly aggregated cells, forming a flocculent suspension in strains, determined by XPS, is given in Table 3. All strains

the growth medium. used in this study exhibited high O/C values, ranging from
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Fig. 1. Differences in adhesion & epidermidistrains to glass) and acrylic @). (a) Strain with high extent of adhesion to glags< 0.05); (b) strain
with low extent of adhesion to glas® (< 0.05); (c) strain with low extent of adhesion to acrylié & 0.05).

0.408 (strain M187) to 0.570 (strain JI6). On the other hand, Table 4
P/C values were low, ranging from onIy 0.028 (strain |E214) Hemagglutination macroscopic titers and microscopic confirmation of

to 0.055 (strain JI6). S. epidermidistrains
Strain Hemagglutination titers Microscopic observation
3.2. Initial binding to substratum 9142 12 -
9142-M10 No hemagglutination No hemagglutination
Initial binding of bacteria to both substrate surfaces is :Ezge Tihemaggluma“on _Hemaggmtmat'on observed
presented in Fig. 1. A wide range in the number of bound |g214 116 -
cells was obtained, ranging from.1® x 10° cells/cn? M129 1:2 -
(strain LE7 on glass) t0.35 x 10° cells/cn? (strain FJ6 ~ M187 1:4 -
on acrylic). For 8 of 11 strains the number of bacterial cells ;Jee 11.:5 -
initially bound to glass was lower when compared to acrylic | -, 11 _
(P < 0.05, paireds-test). Strains 9142-M10, M129 and JI6  pgg 18 -

were the exceptions, with the latter not showing a signifi-

cant difference in binding to the two substratés < 0.05,

paireds-test). strains, microscopic observations of the suspension contain-
Strain 9142-M10 had the highest initial binding to glass ing bacterial cells and erythrocytes were performed. With

(7.4 x 10° cells/cm?), whereas strains LE7 and IE75 had this observation, strain IE75 microagglutinated the erythro-

low initial binding to glass (2 x 10° and 70 x 10° cytes, whereas thiea-interrupted strain 9142-M10 did not

cells/cn? respectively), making these phenotypes markedly induce any hemagglutination.

different from the remaining strainsP(< 0.05, ANOVA

and Tukey's multiple comparison test). When binding to 3.4. Biofilm formation

acrylic, strain M129 can be considered a low binding strain

(5.6 x 10° cells/cm?), being markedly different from most The amount of biofilm formed on both the glass and
of the remaining strainsH < 0.05, ANOVA and Tukey's  acrylic substrate surfaces is presented in Fig. 2. Most of the
multiple comparison test). strains were able to form biofilms on both materials tested,
except for theca-interrupted strain 9142-M10, which was
3.3. Hemagglutination assays used as a negative control for biofilm formation. It was ob-

served that only a small amount of biofilm was formed by
Most strains were able to agglutinate human erythrocytes strain IE75 on both materials. The amount of biofilm pro-

(Table 4); however as can be seen by the titers, the overallduced by almost all of the other strains on acrylic surfaces
degree of hemagglutination activities was relatively weak. was greater than on glass. The only exception was strain
Bacterial dilutions from a standardized initial amount that PE9. Therefore, a hydrophobic surface appears to promote
causes hemagglutination ranged from 1:1 (strain LE7) to biofilm formation by most clinical isolates &. epidermidis.
1:16 (strain IE214). Strains 9142-M10 and IE75 did not Strains 9142, IE186, JI6 and PE9 showed significantly
cause any agglutination of human erythrocytes. For thosedifferent abilities from the remaining strains to form biofilms
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Fig. 2. Biofilm formation ofS. epidermidistrains on glass'_) and acrylic @). (a) High biofilm producers on glas® (< 0.05); (b) high biofilm producers
on acrylic (P < 0.05).

on glass (8.2, 6.4, 6.0 and 15.0/ngm?, respectively), be-  with more rapid washing of adherent cells [20]. In a previ-
ing considered high biofilms producers on glags< 0.05, ous study [13], several different washing procedures were
ANOVA and Tukey’s multiple comparison test). On acrylic, assayed and the effect of each was evaluated as reported by
strains IE186, IE214 and M187 were the highest biofilm Suarez et al. [19]. The results obtained suggested that when
producers (16.9, 20.9 and 16.1/jmy?, respectively), be-  using hydrophilic glass no effect is observed from the dif-
ing markedly different from most of the remaining strains ferent washing procedures. Conversely, for the hydrophobic
(P < 0.05, ANOVA and Tukey’s multiple comparison test). acrylic substrate, an effect was sometimes observed, but was
Since only one strain, IE186, was a high biofilm producer attenuated by rapid washing to minimize the time of expo-
on both surfaces it appeared that different clinical isolates sure of the adherent cells to the air-liquid interface.
have differing abilities to form biofilms on hydrophobic ver- As expected, the clinical isolates exhibited differing abil-
sus hydrophilic surfaces. ities to adhere to the substrate surfaces and form biofilms.
A quantitative value of hydrophobicity, expressed in Inter-
national System (SI) units, can be obtained through the van
4. Discussion Oss approach [37,38]. According to this theory hydropho-
bicity is defined as the free energy of interaction between
S. epidermidiss now recognized to be one of the most two entities (i) when immersed in water (WAGiy;. If
common causes of serious nosocomial infections [39], and AGiwi < 0, there is a preferential interaction between en-
this is related to the organism’s ability to adhere to in- tities (i) rather than between an entity (i) and water, and
dwelling medical devices and form biofilms on them [41]. the substance (i) is considered hydrophobic. By the same
Bacterial adhesion is thought to be the first of two steps reasoning, ifAGji > 0 the substance (i) is hydrophilic.
of biofilm formation [10,41], the second stage being accu- For all strains used in this study, the highest level of initial
mulation of the bacterial cells in the biofilm mass. Biofilms binding occurred when the hydrophobic acrylis@ 9" =
play an important role in implant infections such as catheters —50.82 mJ¥m?) was used as a substratum, whereas a lower
[40], voice prostheses [7] and also bone-cement implants, in-level of initial binding was generally obtained with the hy-
traocular artificial lens and cranioploastic implants [14]. drophilic glass (XGLV?T =19.98 mym?). Clearly, substra-
In this study, we first evaluated the adherence of 9 clinical tum hydrophobicity greatly influences the initial binding of
S. epidermidistrains along with an isogenic pair of strains S. epidermidisa result implicated in other studies but never
with one lacking an intadta locus to 2 different substrata  fully examined with a range of clinical isolates of this organ-
using a static adhesion assay. This methodology of assessingsm.
adherence has been controversial due to the use of washing However, no relationship was found between the bacte-
steps necessary to remove non-adherent and loosely adherrdal strain’s surface hydrophobicity and the extent of initial
ent cells [4]. It has been demonstrated that the passage obinding to either a hydrophilic or hydrophobic substrate. For
an air-liquid interface through a lawn of adherent bacteria instance, strain FJ6 exhibited one of the lowest hydrophilic
can detach some of the cells [19], although this effect is at- surfaces (water contact angle of 30.but was also one of
tenuated in the presence of a more hydrophilic substrate orthe strains with high initial binding to the substrata. Con-



512 N. Cerca et al. / Research in Microbiology 156 (2005) 506-514

versely, strain 1IE214 had the highest hydrophilic surface dependent on the extent of initial adherence of bacteria to
(water contact angle of 18 yand was also one of the strains  the substrate. In a study with 54 clinical isolates, a qualita-
with high initial binding to the substrata. These findings are tive analysis of biofilm formation was performed and similar

similar to those of other authors [7,13,30]. conclusions were withdrawn [18]. However, the study con-

Strain IE214 had the greatest electron acceptor parameteducted here provides more detailed information because it
(Table 1). Interestingly, under the growth conditions used in is based on a quantitative analysis of biofilm formation and
this study, this strain grew as highly aggregated cells, form- thus it makes it possible to obtain a better evaluation of the
ing a flocculent suspension in the growth medium This can relationship between initial binding and biofilm formation.
be explained by both higher electron acceptor and donorHeilmann et al. demonstrated in 1996, that biofilm formation
parameters, meaning that this strain can establish a greaand initial adhesion were two distinct phenomena, using one
number of acid—base interactions between one cell and an-mutantS. epidermidisstrain [23]. However, a recent study
other [37]. by Maira-Litran et al. [28] demonstrated that the original

Many prior studies suggested that hydrophobic interac- conclusions from Heilmann et al. [22] reporting adherence
tions contribute to the initial binding of pathogens to tis- and biofilm formation on polystyrene plates, was dependent
sues, leading to colonization, invasion or tissue destruc- on the manufacturer of the plates, since different results ob-
tion [15]. A microorganism may adhere to a substratum via tained with the exact same strains and using the exact same
the hydrophobic effect if the associating sites possess suf-methodology were obtained with plates made in the US com-
ficiently high densities of apolar areas [15]. Compared to pared with those made in Germany.
glass, acrylic has such high densities of apolar areas, as can Biofilm formation is more likely to be dependent on cell-
be seen byg andy5+ values presented in Table 2, and the to-cell adhesion rather than on the amount of cells initially
bacteria bound better to this substrate than to glass. Thusattached to the surface. As no relationship between cell sur-
S. epidermidisnicroorganisms may be more prone to bind- face properties and biofilm formation was found, cell-to-cell
ing to hydrophobic surfaces such as acrylic compared to adhesion is probably established by specific interactions and
glass. not influenced by the physico-chemical interactions of the

It is generally accepted that the outermost cell surface bacteria with the attachment substrate. Likely, adherence is
plays a crucial role in bacterial binding to surfaces, as it a complex phenomenon involving a variety of surface fac-
interacts directly with the substratum surface [6,36]. In an tors on the bacterium. One such factor, that has been pro-
attempt to correlate adhesion results with surface elemen-posed is thes. epidermidisautolysin encoded by thatlE
tal composition, XPS analysis of the cell surface was per- gene [24]. However, while aatlE mutant was deficient in
formed. The ratios O/C, N/C and P/C of the various strains attachment to polystyrene and this was restored in a comple-
studied were in the same range of values reported by Van demented strain, it was never definitively shown in this study
Mei et al. [36]. In their study, a cluster analysis of 210 micro- that it was theatlE protein itself, and not a secondary ef-
bial strains, including 33 staphylococci, revealed that O/C fect of theatlE mutation, such as disruption in PNAG/PIA
values for staphylococci are very high, ranging from 0.355 production, that caused the defect in adherence.
to 0.638 [36]. It has been suggested that high O/C may be PNAG/PIA can also agglutinate erythrocytes [32] and a
an indicator of capsular polysaccharide material on the outerdirect relationship was found between the ability of a strain
membrane [36]. No relation was found between the extent of S. epidermidido agglutinate erythrocytes and to form a
of adhesion and XPS data. Nevertheless, N/C values can beiofilm. For 9 of the 11 strains, a linear relation was derived
correlated with cell surface hydrophobicity—Iless hydropho- describing the relationship between biofilm formation (B)
bic cells exhibited lower N/C. and hemagaglutination titers (T): 8 1.0807 x T + 3.6025,

In order to determine whether the initial adhesion event r = 0.9054. For instance, strain IE214 formed the greatest
was a determinant of the subsequent amount of biofilm amount of biofilm (21.2 pgmn? on acrylic) and exhib-
formed, biofilm dry weights were obtained on the same ited the highest hemagglutination titer (1:16). Conversely,
substrates used in the initial binding experiments. Severalstrain IE75 formed small amounts of biofilm on both sur-
prior studies evaluated biofilm formation on the bottom of faces (1.2 on glass and 2.7 sm? on acrylic) and no
U-shaped polystyrene microtiter plates [10,22,23,27,29], but macroscopic hemagglutination was observed, for this strain.
such studies did not consider the influence of different sub- However, via microscopic examination, it was possible to
strates on biofilm formation [29]. Furthermore, by weighing verify that strain IE75 could bind to human erythrocytes
the dried biofilm mass, a direct quantitative comparison of and cause some degree of agglutination. As expected, strain
biomass formation by different strains could be made. In the 9142-M10, the biofilm-negative control strain, did not ag-
present study, no direct relationship between the ability of glutinate human erythrocytes because this strain cannot ex-
strains to initially bind and subsequently form biofilms was press PNAG/PIA [27]. Probably the clinical isolate IE75 ex-
found. For instance, strains IE75, M129 and JI6 had compa- pressed small amounts of PNAG/PIA, giving rise to both low
rable initial binding levels; however, while the last 2 formed biofilm formation and small hemagglutination capabilities,
relatively thick biofilms, IE75 hardly formed more than a butthe amount of PNAG/PIA produced by this strain was not
monolayer. This result indicates that biofilm formation is not formally quantified. Taking together hemagglutination data
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that reflect the level of expression of PNAG/PIA, although ponents of static Gram-positive microbial biofilms, Colloids Surf. B
it may not be entirely quantitative, it is possible to conclude Biointerfaces 21 (2001) 299-310.
that PNAG/PIA is a clear determinant of biofilm formation, (6] G- fBr“i”hS’Ea' ?'I van ;Er dMei,th; Bussher, IBaCte”a' adheSio'I‘ to
L . . . . surface hydrophilic and hydrophobic contact lenses, Biomaterials 22
put not for_ initial adhesion (ﬁ epidermidisinder the condi- (2001) 3217-3224.
tions studied. However, using shorter-term adherence assays|7] H. Busscher, G. Geertsema-Doornbusch, H. van der Mei, Adhesion
to catheters, it has been found that PNAG/PIA contributes to to silicone rubber of yeast and bacteria isolated from voice prosthe-
adherence in this setting [30], emphasizing the effect of test ses: Influence of salivary conditioning films, J. Biomed. Mat. Res. 34
conditions on the outcomes obtained. (1997) 201-210. _
Overall, it also appears from our studies that there is a [8] H. Busscher, A. Weerkamp, H. van der Mei, A. van Pelt, H. De Jong,
. ! . Pp - o . J. Arends, Measurement of the surface free-energy of bacterial-cell
wide range of variation in adherence and biofilm formation surfaces and its relevance for adhesion, Appl. Environ. Microbiol. 48
among clinicalS. epidermidistrains. For instance, the num- (1984) 980-983.
ber of adherent cells of clinical strain LE7 was 23 times [9] H. Busscher, A. Weerkamp, Specific and non-specific interactions in
lower than that ofca-interrupted strain 9142-M10 (on glass) bacterial adhesion to solid substrata, FEMS Microbiol. Rev. 46 (1987)

. . 165-173.
and the number of adherent cells of clinical strain M129 was 10] N. Cerca, G.B. Pier, M. Vilanova, R. Oliveira, J. Azeredo, Influence

13 times lower than that of clinical strain FJ6 (on acrylic). of batch or fed-batch growth oBtaphylococcus epidermidisofilm
Strain IE214 formed a biofilm almost 8 times greater than formation, Lett. Appl. Microbiol. 39 (2004) 420-424.
that of strain IE75 and 5 times greater than that of strain LE7 [11] N. Cerca, G.B. Pier, R. Oliveira, J. Azeredo, Comparative evaluation

(on acrylic). Thus. initial adhesion and biofilm formation of coagulase-negative staphylococci (CoNS) adherence to acrylic by a
’ static method and a parallel-plate flow dynamic method, Res. Micro-

on inert surfaces, which are considered to be manifestations ), 55 (2004) 755-760.

of one of the major virulence factors & epidermidisare [12] S. Cramton, C. Gerke, N. Schnell, W. Nichols, F. Gotz, The intercel-
strain-dependent and not a consistent phenotypic character- lular adhesion (ica) locus is presentStaphylococcus aurewnd is
istic of the species or of clinical isolates. This means that required for biofilm formation, Infect. Immun. 67 (1999) 5427-5433.
when evaluating either bacterial adherence or biofilm for- [13] D. Cunliffe, C. Smart, C. Alexander, E. Vulfson, Bacterial adhesion at

. o . . synthetic surfaces, App. Environ. Microb. 65 (1999) 4995-5002.
mation, it Is Important to take into account that the relative [14] J. Dankert, A.H. Hogt, J. Feijen, Biomedical polymers: Bacterial ad-

Ievels_of these phenOtyp_e_S do no_t re_f_lect the potgntial of t_he hesion, colonization and infection, CRC Crit. Rev. Biocomp. 2 (1986)
organism to cause a clinically significant infection. Obvi- 219-301.

ously, host factors associated with susceptibility to infection [15] R Doy]e, Contribution of the hydrophobic effect to microbial infec-
make a major contribution to the outcome of an infectious _ _ tion. Microb. Infect. 2 (2000) 391-400.

. . . 16] W. Dunne Jr., Bacterial adhesion: Seen any good biofilms lately?,
process, and this cannot be determined by measuring bacter[— Clinic. Microbiol. Rev. 15 (2003) 155—166.

ial phenotypes. Therefore, it might be important to consider [17] A. Fonseca, P. Granja, J. Nogueira, R. OliveB&aphylococcus epi-
that properties of PNAG/PIA unrelated to bacterial adher- dermidis RP62A adhesion to chemically modified cellulose deriva-

ence and biofilm formation, such as providing resistance of tives, J. Mater. Sci. Mat. Med. 12 (2001) 543-548.

the bacteria to host immune effectors [33 42] may be impor- [18] J. Galdbart, J. Allignet, H.S. Tung, C. Rydén, N.E. Solh, Screening
tant in th t f a8 id idiént ' f ! for Staphylococcus epidermidisarkers discriminating between skin-
antin the outcome o - epidermidisniection. flora strains and those responsible for infections of joint prostheses,

J. Infect. Dis. 182 (2000) 351-355.
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