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The ability of 21 nonencapsulated and 15 encapsulated coagulase-negative staphylococci (CNS) to adhere to
xylene in xylene-water emulsions and to fluorinated poly(ethylenepropylene) (FEP) films revealed remarkable
differences. Nonencapsulated CNS strains adhered well to FEP, whereas their adherence to xylene ranged
widely. Encapsulated strains with low adherence to xylene showed slight adherence to FEP. Encapsulated
strains which adhered well to xylene ranged widely in their adherence to FEP. It was concluded that results
obtained from the xylene adherence test were not predictive of the adherence of CNS to the hydrophobic FEP
surface. The number of nonwashed, slime-producing CNS strains adhering to FEP was similar to that of
washed bacteria of the same strains. Bacterial adherence to FEP was decreased when FEP films were exposed
to a solution containing extracellular products (EP) obtained from a slime-producing CNS strain. Bacterial
adherence to xylene also decreased when the bacterial suspensions contained EP. Apparently, initial adherence
of CNS to FEP and xylene is hampered by EP. Nonencapsulated and encapsulated CNS pretreated with
proteolytic enyzmes failed to adhere to xylene and FEP, indicating that intact surface proteins or constituents
associated with surface proteins mediated their adherence to xylene and FEP. Freeze-etch replicas of a CNS
strain adhering to FEP showed a smooth, flattened area on the bacterial surface at the contact site of the
bacteria with the FEP, indicating that an external layer was present at the bacterial surface.

Coagulase-negative staphylococci (CNS) have been rec-
ognized as important pathogens in hospitalized patients (17,
29, 35, 44). CNS are especially involved in infections asso-
ciated with prosthetic implants (4, 8, 26) and medical devices
(9, 36, 37). It has been reported that slime-producing CNS
cause intravascular catheter-associated bacteremia (9) and
ventriculoatrial shunt infections (5).
The initial step in the pathogenesis of implant- and medical

device-associated infections due to CNS has been consid-
ered to be bacterial adherence to artificial surfaces (18, 28,
34). However, it is not known which bacterial surface
structures or components of CNS are involved in the initial
adherence stage. It has been suggested that bacterial adher-
ence to artificial surfaces is mediated by hydrophobic bond-
ing (15, 20, 30). CNS show a wide range of cell surface
hydrophobicity (21, 22), but the relevance of this surface
property in relation to the ability of CNS to adhere to
surfaces of implants and medical devices has not been
determined. Capsular surface structures ofCNS may also be
relevant for adherence. The presence of encapsulated CNS
has been demonstrated (2, 21, 47). It was shown that the
majority of encapsulated CNS were hydrophobic, although a
strain with a definite hydrophilic capsule was also encoun-
tered (21). Slime production of CNS is thought to be a
critical factor in the colonization of medical devices by CNS
(11, 33), but the role of extracellular products (EP) in the
adherence of CNS has not been elucidated. In a recent
report, the importance of slime as a virulence factor of CNS
in experimental endocarditis in rats could not be established
(3).

In this study, we investigated the adherence of various
CNS strains to fluorinated poly(ethylenepropylene) (FEP), a
hydrophobic biomaterial used in various biomedical applica-
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tions. The CNS strains tested belonged to different species
and included nonencapsulated, encapsulated, and slime-
producing strains. The morphology of bacteria adhering to
FEP was examined by transmission electron microscopy
(TEM) of freeze-etch replicas.

MATERIALS AND METHODS

Bacterial strains and growth conditions. Thirty-six CNS
strains were used in this study. Slide and tube tests with rabbit
plasma (Sylvana, Grand Island, N.Y.) were performed to
determine the absence of ability to clot plasma. CNS strains
were classified according to the scheme of Kloos and
Schleifer (27) with the Staph gallery (API Systems S.A.,
Montalieu Vercieu, France). Eight National Collection of
Type Cultures strains were kindly donated by R. R. Marples,
Central Public Health Laboratory, London, England. These
strains had been isolated from six patients with prosthetic
valve endocarditis. Twelve strains were isolated from blood
samples taken from patients with bacteremia due to CNS (two
or more separate blood cultures were positive). Seven and
nine strains were isolated from the skin flora of open-heart
patients and laboratory staffmembers, respectively. Bacteria
stored in skim milk at -20°C were grown on sheep blood agar
plates (Oxoid Ltd., London, England) and maintained on
nutrient agar (Oxoid) slants at 4°C for 1 month.

Bacteria were cultured in Trypticase soy broth (TSB; BBL
Microbiology Systems, Cockeysville, Md.) for 24 h at 37°C.
Exponential-phase cells were obtained by culturing 2 ml of
overnight broth in 100 ml of fresh TSB for 5 h at 37°C in a
rotary shaker-incubator (New Brunswick Scientific Co.,
Inc., Edison, N.J., at 90 rpm. The bacteria were harvested
by centrifugation in a J2-21 centrifuge (10,000 x g, 40C, 10
min; Beckman Instruments, Inc., Palo Alto, Calif.), washed
three times with phosphate-buffered saline (PBS [8.1 mM
Na2HPO4, 1.5 mM KH2PO4, 140 mM NaCl, 3 mM KCl]) (pH
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7.2). After washing in PBS, standard bacterial suspensions
prepared from cultures grown for 5 or 24 h in TSB were
aspirated and ejected twice through a sterile steel needle
attached to a 60-ml syringe, then filtered through an 8-,um
(pore size) membrane filter (type SC; Millipore Corp.,
Bedford, Mass.) to remove bacterial clusters.

Bacteria were also grown in glucose-free TSB (GF-TSB;
BBL) to reduce production of extracellular slime (10). To
enhance production of slime, one strain (Staphylococcus
epidermidis SL76) was grown for 24 h at 37°C in modified
Staphylococcus 110 broth (46) additionally modified as de-
scribed by Caputy and Costerton (7). Glucose (1% [wt/vol])
was used instead of mannitol.

Detection of bacterial capsules and production of slime. To
demonstrate the presence of capsules, bacteria grown in
TSB or GF-TSB for 5 and 24 h at 37°C were washed with
PBS and stained by the India ink wet-film method (12). The
ability of strains to produce slime was tested by the method
of Christensen et al. (10). Briefly, bacteria were inoculated
into glass culture tubes containing TSB or GF-TSB. After
incubation for 24 h at 37°C, the tubes were emptied and then
filled with an aqueous solution of alcian blue (0.1% [wt/vol];
ICI, Macclesfield, Cheshire, England) or safranin (0.1%
[wt/vol]; Brocades, Maarssen, The Netherlands) to stain the
adherent slime layer.
A high-molecular-weight EP was isolated from strain SL76

grown for 24 h in 100 ml of modified Staphylococcus 110
broth by the method described by Ekstedt and Bernhard
(13). The bacteria were separated from the extrapolymer
layer by mixing the culture in a Waring blender for 15 min at
4°C. The bacteria were sedimented, and the supernatant was
concentrated 20-fold with immersible ultrafilters (type CX10;
nominal molecular weight limit, 10,000; Millipore). The
concentrate was then washed with PBS (60 ml) by the
ultrafilter system to remove low-molecular-weight com-
pounds. Protein content in the concentrate was determined
by the micro-biuret method (25), and uronic acid content was
determined as described by Blumenkrantz and Asboe-
Hansen (6) with D-galacturonic acid (BDH, Poole, England)
as a standard. The concentrate contained 2.4 mg of protein
and 0.84 ,umol of uronic acid per ml of PBS. This prepara-
tion, designated as EP concentrate, was stored at -20°C.

Pretreatment of bacteria with proteolytic enzymes. To
study the effect of pretreatment of bacteria grown for 5 h in
TSB with proteolytic enzymes on bacterial adherence, we
suspended bacteria for 1.5 h at 37°C in 0.2 M citrate buffer
(pH 3.0) containing 0.65% (wt/vol) NaCl and 0.1% (wt/vol)
pepsin in PBS (pH 7.2) containing 0.1% (wt/vol) pronase
(protease type XIV) or in PBS (0.2 M phosphate, pH 8.0)
containing 0.1% (wt/vol) trypsin, oa-chymotrypsin, or
subtilisin (protease type VII). The suspensions were rapidly
chilled and centrifuged (10,000 x g, 4°C, 10 min), and the
bacteria harvested were washed with ice-cold PBS. All
enzymes were purchased from Sigma Chemical Co., St.
Louis, Mo. Bacterial cells suspended in enzyme-free buffer
solutions were used as controls.

Bacterial adherence to xylene. Bacterial adherence to
xylene was determined in a xylene-water system as de-
scribed by Rosenberg et al. (41). A volume of 0.25 ml of
analytical-grade p-xylene (pro analisi; E. Merck AG,
Darmstadt, Federal Republic of Germany) was added to
disposable glass tubes (inside diameter, 10 mm) containing
late-exponential- or stationary-growth-phase bacterial cells
in 3 ml of PBS adjusted to an optical density at 540 nm
(OD540) of 1.0 (model 24 spectrophotometer; Beckman). The
tube contents were mixed on a mixer for 60 s, and after

phase separation occurred, the OD540 of the aqueous phase
was measured. The percentage of bacteria that adhered to
xylene was calculated by dividing the difference between the
OD540 values of the suspensions before and after mixing with
xylene by the original OD540 value before mixing and multi-
plying by 100%.

Bacterial adherence to FEP. Disks (34 mm diameter) of an
FEP [poly(tetrafluoroethylenehexafluoropropylene)] sheet
(type 500 A; E. I. Du Pont de Nemours & Co., Inc.,
Wilmington, Del.) were ultrasonically cleaned (50 kHz;
Bransonic 221; Branson Sonic Power Co., Danbury, Conn.)
in a 1% (vol/vol) detergent solution (RBS 25; Hicol,
Rotterdam, The Netherlands) for 30 min, followed by exten-
sive rinsing with distilled water-ethanol-diethyl ether. Disks
were tested for the presence of contaminating lipopolysac-
charides by the Limulus lysate test (Mallinckrodt, Inc., St.
Louis, Mo.) (20). The disks, sterilized by dry heat at 175°C
for 3 h, were placed into wells of polystyrene culture dishes
(six wells, 35-mm inner diameter; Costar, Cambridge,
Mass.) and fixed with dry-heat-sterilized glass rings. Suspen-
sions for testing were adjusted with PBS to an OD540 of 0.5
and contained 5 x 108 CFU/ml as determined by plate
counting.
The FEP disks were incubated with the bacterial suspen-

sions (3 ml) in a rotary shaker-incubator (90 rpm) at 37°C for
2.5 h and subsequently rinsed eight times with 3-ml amounts
of PBS. Adhering bacteria were fixed with 4% (vol/vol)
glutaraldehyde in PBS, and the number of adhering bacteria
was counted by examination of six 0.05-mm2 areas per disk
by light microscopy (BHB/PM-10; Olympus Optical Co.,
Tokyo, Japan). If bacteria adhered to FEP films in clusters,
the average number of cells per cluster was counted by
high-magnification light microscopy or scanning electron
microscopy (SEM). Samples of films with adhering bacteria
fixed with 2% (vol/vol) glutaraldehyde in PBS and washed
with water were dehydrated in a water-ethanol series,
mounted on aluminum stubs, gold coated with a sputtering
device (Balzers Union, Ltd., Principality of Liechtenstein),
and examined with a JSM-35CF SEM (Jeol, Ltd., Tokyo,
Japan).

Adherence of slime-producing CNS and the effects of EP
concentrate on bacterial adherence. Extracellular slime of
bacteria can be removed by washing (12). The adherence of
nonwashed bacteria grown in TSB or GF-TB to xylene and
FEP was compared with that of washed cells.
To study the effect of the presence of EP on bacterial

adherence to xylene and FEP, we added EP concentrate (0.1
to 1.0% [vol/vol]) to suspensions containing washed bacteria
immediately before performing adherence tests. We also
preexposed bacteria or FEP films to EP concentrate before
performing adherence tests. Bacteria were preexposed to a
solution of EP concentrate in PBS (0.6% [vol/vol]) for 15 min
at 37°C, sedimented, washed once, and suspended in PBS.
FEP films were preexposed to PBS containing various
amounts of EP concentrate ranging from 0.1 to 1.0%
(vol/vol) for 1 h at 37°C and subsequently rinsed eight times
with 3-ml amounts of PBS.

Preparation of freeze-etch replicas for TEM. FEP films
exposed for 2.5 h at 37°C to a suspension of S. epidermidis
SEP1 in PBS containing 109 CFU/ml were washed eight
times with 3-ml volumes of PBS. From these films, samples
(4 by 4 mm) were taken and prepared for examination of the
contact surfaces of adhering bacteria by the freeze-fracturing
and -etching technique (45). The samples were mounted in a
Messing double-replica holder and transferred into melting
nitrogen (-210°C). Fractures along the interface between
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bacteria and polymer film were made at - 170°C and 10-6
torr (133.322 x 10-6 Pa). Fracture faces were etched for 2
min at - 100°C in a modified Polaron device. The etched
surfaces were shadowed with platinum-carbon. Replicas
were cleaned overnight in 40% (wt/vol) chromic acid and
then in a 0.2% (wt/vol) sodium hypochloride solution. Sub-
sequently, the replicas were washed in distilled water,
mounted on 400-mesh copper grids, and examined in a
Philips EM 300.

Statistical methods. The Student t test (14) was used to
determine significant differences in bacterial adherence of
nonencapsulated and encapsulated CNS strains to FEP
films. Correlation coefficients (r) of linear regression analy-
ses of data were determined by standard methods (14).

RESULTS
Identification, capsules, and slime production of CNS. Iden-

tification of the 36 strains showed that seven different
species were present. Identified were 21 strains of S. epider-
midis, 8 of S. saprophyticus, 2 of S. hominis, 1 of S. cohnii,
2 of S. haemolyticus, 1 of S. warneri, and 1 of S. capitis.
Capsules were seen in 1 S. epidermidis strain and in all of the
15 strains not identified as S. epidermidis, except for one S.
saprophyticus strain. Encapsulation was demonstrated in
both exponential- and stationary-growth-phase cells. Slime
production was observed in stationary-growth-phase cells of
six strains by the alcian blue glass tube staining test (10). The
slime-producing CNS strains were identified as four S.
epidermidis (nonencapsulated), one S. saprophyticus (en-
capsulated), and one S. hominis (encapsulated).
Adherence of CNS to xylene and FEP films. The adherence

to xylene of nonencapsulated (Fig. 1A) and encapsulated
(Fig. 1B) CNS strains ranged from 7 to 95 and 6 to 93%,
respectively. Washed bacteria of the four slime-producing,
nonencapsulated strains showed different affinities toward
xylene. The two slime-producing, encapsulated strains had a
high affinity toward xylene. Adherence of exponential-phase
cells to xylene was similar to that of stationary-growth-phase
cells (data not shown).
The mean numbers of nonencapsulated CNS adhering to

FEP, ranging from 43 x 103 to 87 x 103 cells per mm2 of film
(Fig. 1A), were significantly higher (P < 0.01) than those of
encapsulated strains, which ranged from 1.6 x 103 to 84 x
103 per mm2 of film (Fig. 1B). Some encapsulated strains
with a low affinity toward xylene showed minimal adherence
to FEP. However, no correlation between adherence to
xylene and to FEP was observed (r = 0.58). Also, no
correlation between the adherence of nonencapsulated
strains to xylene and to FEP was found (r = 0.18).

Effect of pretreatment of CNS with proteolytic enzymes on
adherence to xylene and FEP. After pretreatment of S.
epidermidis and S. saprophyticus strains with pepsin, their
adherence to xylene was negligible (Table 1). Strains pre-
treated with pronase and subtilisin also showed slight adher-
ence to xylene. Pretreatment of nonencapsulated S. epider-
midis SEP1 with trypsin had no effect, whereas pretreatment
of encapsulated S. epidermidis NCTC 100892 and non-
encapsulated S. saprophyticus PRE40 with trypsin de-
creased their adherence to xylene and FEP. The adherence
of all CNS strains pretreated with pepsin to FEP was
significantly reduced (P < 0.001). Subtilisin pretreatment
also resulted in reduced adherence to FEP. Pretreatment of
nonencapsulated S. epidermidis SEP1 with pronase did not
affect adherence to FEP. In contrast, the adherence of S.
epidermidis NCTC 100892 and S. saprophyticus PRE40 to
FEP decreased after pretreatment with pronase. ot-Chy-
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FIG. 1. Adherence of 36 CNS to FEP films as a function of
adherence to xylene. Panel A: nonencapsulated, slime-producing
(0) and non-slime-producing (0) strains. Panel B: encapsulated,
slime-producing (A) and non-slime-producing (A) strains.

motrypsin-pretreated S. epidermidis SEP1 showed un-
changed adherence to xylene but slightly decreased adher-
ence to FEP.
Adherence of slime-producing and non-slime-producing

CNS to xylene and FEP. To test the effect of slime on
adherence, experiments were performed with three slime-
producing strains (SL58, SL76, and PRE69) and one non-
slime-producing strain (SEP1). When slime-producing
strains were grown in GF-TSB, slime could not be demon-
strated by the alcian-blue staining test (10) (Table 2). The
adherence of washed bacteria grown in GF-TSB to xylene
was similar to that of washed bacteria grown in TSB.
Nonwashed bacteria of the slime-producing strains grown in
TSB and GF-TSB were less able to adhere to xylene than
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TABLE 1. Effect of pretreatment of CNS with proteolytic enzymes on adherence to xylene and FEP films

Bacterial adherence to:
Staphylococcus strain Capsulea Pretreatment

Xylene (%)b FEP (cells [1031 per mm2)b

S. epidermidis SEP1 - Trypsin 68 (79) 68 ± 8 (67 ± 5)
S. epidermidis SEPI - Chymotrypsin 65 (79) 47 ± 6 (67 ± 5)d
S. epidermidis SEP1 - Pronase 20 (82) 76 ± 7 (66 ± 4)
S. epidermidis SEP1 - Subtilisin 13 (80) 3 ± 3 (80 ± 13)'
S. epidermidis SEP1 - Pepsin 0 (78) 1.4 ± 0.3 (68 ± 5)c
S. epidermidis SEP2 - Pepsin 0 (61) 11 ± 7 (43 ± 5)'
S. epidermidis NCTC 100835 - Pepsin 0 (0) 11 ± 5 (38 ± 4)c
S. epidermidis NCTC 100892 + Trypsin 6 (28) 13 ± 11 (28 ± 4)c
S. epidermidis NCTC 100892 + Pronase 0 (28) 7 ± 6 (28 ± 14)d
S. epidermidis NCTC 100892 + Pepsin 0 (22) 1.4 ± 1.2 (32 ± 18)d
S. saprophyticus PRE40 - Trypsin 0 (17) 30 ± 10 (90 ± 7)c
S. saprophyticus PRE40 - Pronase 0 (17) 8 ± 3 (90 ± 7)c
S. saprophyticus PRE4Q - Pepsin 0 (0) 1.7 ± 0.6 (49 ± 11)c
S. saprophyticus Al + Pepsin 4 (96) 23 ± 10 (92 ± 36)C
S. saprophyticus SAP1 + Pepsin 0 (0) 0.2 ± 0.2 (0.6 ± 0.3)

a +, Encapsulated; -, nonencapsulated.
b Mean or mean ± the standard deviation. Adherence values of controls (bacteria suspended in enzyme-free buffer solutions) are given in parentheses.
c Significant (P - 0.005) difference between treated and untreated bacteria by the Student t test.
d Significant difference (P - 0.05).

were washed bacteria (Table 2). The non-slime-producing
strain showed a similar effect. Adherence of CNS strains
grown in TSB to FEP films did not differ from that of strains
grown in GF-TSB (Table 2). Differences between non-

washed and washed bacteria with respect to adherence to
FEP also were not observed.
When EP concentrate was added to a suspension of

washed bacteria of S. epidermidis SL76, the bacteria did not
adhere to xylene and adhered slightly to FEP (Table 3).
Presence of EP concentrate in the bacterial suspension at a

final concentration of 0.2% (vol/vol) or higher resulted in a
reduction of bacterial adherence to xylene (Fig. 2). Bacteria
preexposed to the EP concentrate and then washed once
showed similar adherence to xylene and FEP as the controls
(Table 3). The number of bacteria adhering to FEP films
preexposed to solutions containing a minimal amount of
0.2% (vol/vol) EP concentrate was significantly (P < 0.001)
reduced (Table 4).
TEM of freeze-etch replicas. Freeze-fracturing of non-

encapsulated S. epidermidis SEP1 adhering to FEP resulted
in the separation of adhering bacteria from the FEP film
surface. After fracturing, FEP films showed no bacterial
remnants or surface defects.

Bacteria appeared to adhere to FEP via smooth, flattened

contact areas with various diameters (Fig. 3A). Between the
contact areas and the rough, irregular bacterial surface, a
slightly elevated edge could be observed. Beyond this ele-
vated edge on one part of the bacterial surface, concentric,
circular structures representing the circular arrangement of
peptidoglycan (1) were visible (Fig. 3B). Threadlike struc-
tures were seen at many sites, mostly extending from the
edges of contact areas (Fig. 3A and B).

DISCUSSION
Bacterial adherence to xylene is generally used to estimate

the hydrophobic or hydrophilic character of the bacterial cell
surface (40). Cell surface hydrophobicity of nonencapsulated
S. epidermidis strains ranged widely. For Streptococcus
mutans, a similar wide range in hydrophobicity within one

species was also reported (32).
Of 36 CNS strains tested, 15 had capsules. The majority of

the encapsulated CNS strains were hydrophobic indepen-
dent of growth phase. Capsules were present around both
exponential- and stationary-growth-phase cells (22). In con-
trast to our findings, it has been reported that various
Streptococcus pyogenes and Acinetobacter calcoaceticus
strains possessing capsules in the early-exponential growth
phase lost their capsules in the late-exponential growth

TABLE 2. Effect of glucose in the growth medium and of washing the bacteria on the adherence of CNS to xylene and FEP films

Adherence of bacteria grown inb:

S.epider-Slime production TSB to: GF-TSB to:

midis when grown a: FEP (no. of cells [103] Xylene ( FEP (no. of cells [103
strain per mm2) per mm2)

TSB GF-TSB Nonwashed Washed Nonwashed Washed Nonwashed Washed Nonwashed Washed

SL58 (+) - 73 1 82 1 37 ± 4 35 ± 4 52 + 1 79 1 34 3 39 9
SL76 (+) - 32 20 48 5 55 ± 12 58 ± 5 37 3 44 3 48 6 46 7
PRE69 (+) - 53 15 80 8 71 4 68 3 49 10 84 2 52 6 54 5
SEP1 (-) - 55 7 78 8 67 10 73 9 42 11 84 4 56 8 65 5

a Slime production ofCNS grown in TSB or in GF-TSB was determined by the alcian-blue glass culture tube staining test (10). +, Slime produced; -, no slime
produced.

b Mean + the standard deviation of at least duplicate experiments.
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FIG. 2. Effect of EP preparation on the adherence of S. epider-
midis SL58 to xylene. To study the effect of EP in suspensions of
nonwashed bacteria on bacterial adherence, we added various
volumes of EP preparation to suspensions of washed bacteria in
PBS. The EP preparation contained 2.4 mg of protein and 0.84 ,umol
of uronic acid per ml of PBS.

phase, coinciding with an increase in their hydrophobicity
(31, 42).

Slime production was demonstrated in 6 of the 36 CNS
strains tested. Washed bacteria of slime-producing strains
showed higher adherence to xylene than did nonwashed
bacteria, suggesting that slime present on the bacteria de-
creased bacterial hydrophobicity. However, nonwashed
bacteria of a non-slime-producing strain also showed lower
hydrophobicity than did washed bacteria. In addition,
washed and nonwashed CNS strains grown in GF-TSB (10)
showed a similar difference in hydrophobicity.

It was previously found that washed bacteria suspended in
PBS supplemented with small amounts of TSB showed a
reduction in adherence to xylene (21). Therefore, the pres-
ence of residual amounts of TSB in nonwashed bacterial
suspensions may explain the reduced adherence to xylene,
probably because of coating of the xylene droplets by
proteins (31) from the growth medium. The apparent reduc-
tion of the adherence of bacteria to xylene in suspensions
containing EP concentrate may be caused by the same
phenomenon.

All nonencapsulated CNS strains adhered well to FEP.
This suggests that these strains had hydrophobic sites at the
cell surface, which allowed the bacteria to adhere by hydro-
phobic bonding. From these results, it was expected that the
strains would show a hydrophobic character as determined
by the xylene adherence test. However, in this test the
bacterial surface character of the strains ranged from
hydrophilic to hydrophobic. Schulman and Leja (43) dem-
onstrated that the stabilization of benzene-water emulsions
by fatty acid- and alkyl sulfate-coated barium sulfate parti-
cles was related to the structure of the coating on the
particles. It has to be realized that the xylene adherence test
also provides information about the ability of bacteria to

TABLE 3. Effect of EP concentrate on the adherence of S.
epidermidis SL76 to xylene and FEP

Bacteria adhering to:

Bacterial suspension contained: FEP (no. of
Xylene (%W cells [103]

per mm2).,.b

Washed bacteria (control) 46 87 ± 11
Washed bacteria and EP concentrate 0 6 ± 5'
Washed bacteria preexposed to EPd 48 93 ± 12

aThe bacterial suspension (109 cells per ml) in the xylene adherence assay
contained 0.6% (vol/vol) EP concentrate of S. epidermidis SL76. The bacterial
suspension (0.5 x 109 cells per ml) used for the FEP adherence assay
contained 0.3% (vol/vol) EP concentrate.
bMean ± the standard deviation.
' Significantly different (P ± 0.001) adherence values compared with

controls.
"Bacteria were suspended in PBS containing 0.6% (vol/vol) EP concen-

trate. After incubation for 15 min at 37'C, the bacteria were sedimented,
washed once, and suspended in PBS.

stabilize xylene-water emulsions. Therefore, the molecular
organization and domain structure of hydrophobic and
hydrophilic sites at the cell surface of the different strains
determine their ability to stabilize xylene-water emulsions.
This implies that nonencapsulated CNS strains, which are
hydrophilic according to the xylene adherence test, have
sufficient hydrophobic sites at the cell surface to allow their
adherence to FEP.

Encapsulated CNS strains showed a wide range in their
adherence to FEP, indicating that the number or size or both
of hydrophobic sites at the capsular surface of these strains
differ. It is remarkable that encapsulated strains with low
adherence to FEP showed a high degree of partitioning
between the xylene and water phases. These phenomena
may be understood by assuming that xylene interacts with
the capsular layer, causing reorientation of capsular constit-
uents, resulting in the exposure of hydrophobic sites at the
surface. Since xylene-induced reorientation of hydrophobic
sites is less likely to occur at the surface of nonencapsulated
strains, it may explain the differences in partitioning to
xylene and adherence to FEP between nonencapsulated and
encapsulated CNS. From our results it can be concluded that
data obtained from the xylene adherence test are not neces-
sarily predictive of bacterial ability to adhere to hydrophobic
solid surfaces. This is also illustrated by the finding that
pronase-pretreated, nonencapsulated S. epidermidis SEP1
showed strongly reduced adherence to xylene but un-
changed adherence to FEP.

Differences in the effects of the treatment of bacteria with

TABLE 4. Adherence of S. epiderinidis SL76 to FEP films
preexposed to EP concentrate

Amt of EP concentrate in Bacteria adhering to
PBS exposed to FEP FEP (no. of cells
films (% [vol/vol])" [103I per mm2)b

0 (control) ................................. 74 ± 9
0.1 ................................ 34 21
0.2 ................................ 2.0 ± 1.5
0.3 ................................ 0.8 ± 0.7
0.5.................................0 .5 ± 0.4
1.0 ................................ 0.3 + 0.2

a FEP films were preexposed for 1 h at 37°C to 3 ml of PBS containing
different amounts of EP concentrate prepared from S. epidermidis SL76 and
subsequently rinsed eight times with PBS.

" Mean ± the standard deviation of at least three experiments.
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FIG. 3. Freeze-etch preparation of S. epidermidis SEP1 adhering to FEP film. (A) Overview of several adhering bacteria showing smooth,
flattened contact areas and threads (magnification, x 39,200; bar, 1 ,um). (B) The contact area is smooth, flat, and surrounded by an elevated
edge. The arrow indicates concentric circular structures representing the circular arrangement of peptidoglycan covered by an external layer.

various proteolytic enzymes on their adherence to xylene
and FEP reflect differences in the susceptibility of surface
proteins to enzymatic action. The cell surface of S. epider-
midis SEP1 differs from that of the other strains. Trypsin-
pretreated S. epidermidis SEP1 showed adherence to xylene
similar to that of untreated controls, whereas two other

strains adhered less after treatment with this enzyme. Addi-
tionally, pretreatment of all CNS strains (S. epidermidis and
S. saprophyticus) with pepsin significantly decreased bacte-
rial adherence to xylene and FEP. Streptococcus pyogenes
showed reduced adherence to hexadecane droplets after
release of protein and lipoteichoic acid due to pepsin treat-
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ment (31). It was concluded that lipophilic structures con-
sisting of glycolipids complexed to surface proteins mediated
the adherence of Streptococcus pyogenes to hexadecane.
Our results indicate also that adherence of CNS to xylene
and FE^P is dependent on the presence of intact surface
proteins or constituents associated with surface proteins.
Proteinaceous residues not associated with mucopeptide
have been demonstrated at the cell wall of S. epidermidis
(19). In capsules of S. epidermidis, which are mainly com-
posed of polysaccharides (23), proteins have also been
observed as spikelike structures protruding from the cell
wall (47).

Christensen et al. (10) suggested that slime-mediated ad-
herence may be a critical factor in the pathogenesis of S.
epidermidis infections on medical devices. Precoating of
FEP films with EP prepared from S. epidermidis did not
promote bacterial adherence but resulted in a significant
reduction of the number of adhering bacteria. This finding is
in agreement with that of Pringle et al. (38), who reported
that nonspecific adherence of Pseudomonas fluorescens to
hydrophobic solid surfaces was inhibited by extracellular
bacterial slime. To study the effect of slime on bacterial
adherence to FEP, we also studied the adherence of
nonwashed, slime-producing strains grown in TSB and GF-
TSB. No differences in the adherence of washed and
nonwashed bacteria to FEP could be demonstrated. Appar-
ently, the amount of slime present in suspensions of
nonwashed bacteria was not sufficient to affect bacterial
adherence to FEP, because addition of EP to bacterial
suspensions resulted in a reduction of bacterial adherence.

Morphological studies by SEM and TEM may give insight
into structures involved in bacterial adherence to biomateri-
als. However, classical preparation methods for SEM and
TEM have disadvantages such as shrinking of biological
structures due to fixation, dehydration, and embedding
procedures (39). Foot processes of CNS adhering to intra-
vascular catheters observed by Franson et al. (16) with SEM
should be considered an artifact due to such procedures.
Freeze-etch replicas of a nonencapsulated CNS strain adher-
ing to FEP revealed a smooth, flattened contact area at the
bacterial surface. This contact area may be the result of a
partial rearrangement of an external, irregular proteinaceous
layer at the bacterial surface (39) upon bacterial adherence to
FEP. Such a layer probably covers peptidoglycan, which is
partly arranged in concentric, circular structures in the cell
walls of young staphylococci (1).
The mechanism of in vivo adherence of CNS to biomateri-

als has yet to be defined, taking protein adsorption from
body fluids onto bacterial and biomaterial suifaces into
account.
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