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The adhesion of three fschericbia co/i strains on to six poly(methacrylates) differing in hydrophohicity and 

surface charge was measured as a function of time under laminar flow conditions. Polymers used were 

poly(methyl methacrylate) (PMMA), poly( hydroxyethyl methacrylate) (PHEMA) and copolymers of MMA 

or HEMA with either 15% methacrylic acid (MAA) or 15% trimethylaminoethyl methacrylate-HCI salt 

(TMAEMA-Cl). Bacterial and polymer surfaces were characterized by means of water contact angles and 

zeta potentials. Both the sessile drop contact angles and the zeta potentials of the bacterial surfaces were 

significantly different. No significant differences in the sessile drop contact angles of the polymer surfaces 

were observed. Using the Wilhelmy plate technique large contact angle hysteresis was observed for the 

different polymer surfaces. Surfaces of copolymers with MAA had more negative zeta potentials than those 

of the corresponding homopolymers. Surfaces of copolymers with TMAEMA-Cl had positive zeta 

potentials. The highest numbers of adherent bacteria were found on materials with positive zeta potentials, 

irrespective of the bacterial strain used. Bacterial adhesion on to copolymers with MAA was less than on to 

the corresponding homopolymers. Bacterial equilibrium adhesion values correlate with the zeta potentials 

of the polymer surfaces (r > 0.85). On substrates with less negative zeta potentials high numbers of 

adhered bacteria were observed. Additionally, the equilibrium bacterial adhesion values could be related 

with receding contact angles of polymer surfaces with negative zeta potentials (r > 0.88). High 

equilibrium adhesion values were obtained for polymers with high contact angles. No correlation between 

the zeta potentials and contact angles of the bacteria with the adhesion values was found. 
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Bacterial adhesion on to solid surfaces has been the subject 

of many studies in various areas, such as aquatic fouling 

research’ 2, soil and plant ecology3-5, oral microbiolog$-* 

and bromaterial-associated infectionsg, lo, Adhesion of 

bacteria on to inserted or implanted biomaterials is thought 

to be an essential step in the pathogenesis of implant- and 

medical device-associated infections”. 

Urinary catheters are the most widely used devices in 

hospitals’ ’ and urinary catheter-associated bacteriuria is the 

most frequently encountered hospital infection”. This 

infection, most often due to Escherichia CO/~‘~ 12-14 is 

commonly derived from the patient’s gastrointestinal tract 

flora, but the pathogenesis of catheter-associated bacteriuria 

is not clear. Nowadays bacteria will rarely reach the bladder 

along the internal lumen of the catheter because closed 

drainage systems are frequently used”. Most likely bacteria 
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gain entry into the bladder by migratron along the outer 

surface of the catheter or along the peri-urethral epithelial 

cells12. The mechanisms by which bacteria reach the bladder 

are still unclear. One mechanrsm may be that bacteria from 

the peri-urethral area spread along the catheter-urethra 

interface. Another mechanism may be that bacteria adherent 

on to the catheter are transferred to the bladder due to back 

and forth movements of the indwelling catheter in the 

urethra. This means that bacterial migration in the catheterized 

urethra is facilated by the presence of the catheter and that 

Interaction of bacteria with the catheter may play an 

important role. The extent of bacterial adhesion on to the 

surface of various catheter materials may therefore be 

related to the incidence of urinary catheter-related bacteriuria. 

In several studies attempts have been made to relate 

physico-chemical surface properties of bacteria as well as of 

solid surfaces to the ability of bacteria to adhere on to solid 

surfaces. Surface properties studied include hydrophobicity, 
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surface free energy, surface charge and zeta potential. A 
variety of techniques are applied to determine bacterial 
hydrophobicity, such as the hexadecane/water partitioning15, 
hydrophobic interaction chromatography16, contact angle 
determination’7, ” and salting out experiments”. Bacteriai 
surface charge and zeta potential are determined by 
electrostatic interaction ~hromat~raphy*’ and micro-electro- 
phoresis2’, respectively. Solid surfaces can be characterized 
by contact angle measurements, which can be used to 
estimate surface free energies and by micro-electrophoresis 
or streaming potential measurements** to calculate the zeta 
potential. 

We have studied the adhesion of three E.coli strains 
on to a series of poly(metha~~lates) with different surface 
charge and hydrophobicity. Zeta potentials and contact 
angles of the bacteria and the polymer surfaces were 
determined in order to relate these properties with bacterial 
adhesion on to these surfaces. Time dependent adhesion 
experiments were done in a parallel-plate perfusion system 
placed in a vertical position to prevent bacterial sedimentation 
on to the polymer surfaces. The flow rate used was low in 
order to obtain laminar flow. 

MATERIALS AN0 METHODS 

(1 X 3 inch, thickness 1 mm, Superior, Marienfeld, Bad 
Mergentheim, Germany), which were silanized with n- 
propylimethoxysilane (Polyscience) in case of PMMA and 
with y-aminopropyltriethoxysilane (Janssen Chimica, Beerse, 
Belgium) in case of PHEMA and the negatively charged 
polymers. HEMA (~o)polymers were cross-linked on to the 
glass slides using hexamethylene diisocyanate (Merck, 
Darmstadt, Germany). The polymer films were dried in vacua 
at 60°C overnight. 

Determination of contact angles 

Advancing and receding contact angles of polymer surfaces 
were determined with the Wilhelmy plate technique. Dry 
polymer surfaces as well as surfaces pre-equilibrated in 
0.01 M KCI buffered with 8 X 1 Om4 M Na2HP04 and 
2 X 1O-4 M KH2P0,, pH 7.4, for 18 h were used. Contact 
angles of uncharged polymers and of charged polymers 
were measured at 21 “C using water and the buffer 
mentioned above, respectively. 

Advancing water contact angles of polymer and 
bacterial surfaces were also determined using the sessile 
drop technique. Washed bacteria were collected on a 
cellulose acetate filter, pore size 0.45pm (Metricel GA-6, 
Gelman Sciences Inc., Ann Arbor, MI, USA). Uniform lawns 

Bacteria of bacteria consisting of at least 50 layers of close packed 
bactena were obtained. After a standard drying time of 

Escherichia co/i strains 0157 K-, 0161 K- and 01 11 K58 20 min plateau contact angles’7 3o were determined. Three 
were obtained from urine specimens collected from patients different overnight cultures of each strain were prepared. 
with bacteriuria. Identification was done using standard From each culture two bacterial lawns were made. The mean 
methods. Strains were biotypedz3 and serotyped according 
to 0rskov et akz4. Strains were maintained on Brain Heart 

contact angle of a strain was calculated from the values 
obtained from the six bacterial lawns. 

Infusion (BHI) agar (Difco Laboratories, Detroit, MI, USA) 
slants at 4°C for 4 wk. 

Strains were regularly applied to the API-20E gallery 
(API Systems S.A., La Balme les Grottes, 38390 Montalieu, 
Vercieu, France) in order to confirm their identity. 

For each experiment bacteria grown overnight in BHI 
broth at 37°C were harvested by centrifugation at 2000g 
for 10 min. Then bacteria were washed three times with 
0.01 M KCI buffered with 8 x 7 0e4~ Na,HPO, and 
2 X 10e4M KH2P04, pH 7.4. Finally, bacteria were resus- 
pended in the same buffer to an optical density of 1 .O 
(540 nm) representing approximately 1 OS colony forming 
units (c.f.u.) per ml, as determined by culturing and plate 
counting. 

Polymers and characterj~ation of polymer surfaces 

Polymers were synthesized by radical polymerization of the 
corresponding monomers using 2,2’-azobis(methyl 
isobutyrate) as an initiator25-2g. Methyl methacrylate (MMA) 
and trimethylaminoethyl methacrylate-HCI salt (TMAEMA- 
Cl) were purchased from Polyscience Inc. Warrington, PA, 
USA. Methacrylic acid (MAA) and Z-hydroxyethyl metha- 
crylate (HEMA) were purchased from Fluka Chemie AG, 
Buchs. Switzerland. 

The methacrylate polymers and copolymers used 
in this study were: poly(methyl methacrylate) (PMMA), 
poly(hydroxyethyl methacrylate) (PHEMA) and copolymers 
of MMA and MAA. MMA and TMAEMA-Cl, HEMA and 
MAA, HEMA and TMAEMA-Cl. The copolymers had a molar 
ratio of 85/l 5. 

Polymer films were prepared either by dip coating (for 
the adhesion experiments) or by spin casting (for the 
streaming potential measurements) as described elsewherez5. 
Coatings of the polymers were made on glass slides 

Zeta potentials 

The electrophoretic mobility of bacteria of the three strains 
was measured with a 500 Lazer Zee meter (PenKern, 
Bedford Hills, NY, USA) to calculate the zeta potential. 
Bacteria were resuspended in 0.01 M KCI buffered with 
8 X 10e4 M Na2HP04 and 2 X 10ea M KH,PO+ pH 7.4. 
Experiments were done three times with bacteria from 
different overnight cultures. 

Streaming potentials of polymer surfaces in contact 
with the same buffer were obtained using an apparatus 
developed by van Wagenen and Andrade22 in which two 
polymer surfaces are placed parallel to each other. This was 
done for non-equilibrated surfaces as well as for surfaces 
pre-equilibrated in the buffer for 18 h. Zeta potentials were 
calculated from the streaming potentials assuming that 
surface conductance is negligible. 

Bacterial adhesion 

Adhesion experiments were carried out with a perfusion 
system as described by Hogt et d3’ at 37°C. A flow rate of 
60 ml/h resulting in a laminar flow with a Reynolds number 
of 1.5 was used. Each perfusion chamber contained one test 
polymer and PMMA as the reference polymer. After 
equilibration of the system with theadheison buffer (0.01 M 
KCI, buffered with 8 X 1 Od4 M Na,HP04 and 2 X 1 0e4 M 
KH2P04, pH 7.4) the bacterial suspension (IO’ c.f.u./ml) 
was perfused for different time periods (5, IO. 15, 20, 60, 
120, 180 and 240 min). Then the system was perfused for 
30 min with the buffer to remove non-adherent bacteria. In 
order to fix adherent bacteria the system was perfused with 
2% (w/v) glutaraldehyde in buffer for 15 min. Finally, the 
system was rinsed with water for 50 min. After drying, the 
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bacteria adherent on the polymer coatings were counted 

microscopically with a calibrated eyepiece. The number of 

adhering bacteria on to the test materials (x,) and the PMMA 

reference material (y,) were counted on eight (i = 1,2,. .8) 

0.01 mm2 areas which were 0.5 cm apart on the axial 

midline of the slides at a distance of 1.5 to 5.0 cm from the 

entrance of the chamber. 

Mean numbers of adhenng bactena on to the test 

material (X) after each perfusion period were calculated 

from: 

r-8 
1 

x= c “. y, (i = 1.2,. 8) 
8 Y, 

(1) 

/= 1 

y, represents the mean number of adhering bacteria on to the 

corresponding PMMA area calculated from the number of 

adhering bacteria (y,,) determined In all (i = 1.2,. .n) 
experiments: 

,=n 

1 
Y, = c YV (2) 

n 

The mean number of adhering bacteria on to PMMAfor each 

perfusion period (Y) was calculated from y,: 

1-a 

1 
Y= 

8 ” c 
(3) 

!= 1 

Equilibrium adhesion values were obtained by a 

numerical least square fitting procedure of the data points 

with the following formula3’, 33 : 

n, =ne[ 1 - exp(zfJ] 

where n, is the number of adhering bacteria at time f, n, IS the 

number of adhering bacteria when equilibrium is reached 

andj, IS the initial rate of adhesion. This formula was derived 

assuming reversible adhesion and a desorption constant 

which is independent of the bacterial coverage of the 

polymer surface. The initial rate of adhesion was obtained by 

a polynomial curve fit of the data points. 

RESULTS 

Characterization of bacterial and polymer surfaces 

Contact angles (0). Sessile drop contact angles (Q,,) of the 

bacterial surfaces of the three E.coli strains were slightly but 

significantly different. E.co/iOl 57 K- is the most hydrophilic 

strain and 01 11 K58 is the least hydrophilic strain 

(Table 1). 

Water contact angles (sesslle drop) of the six polymer 

surfaces varied between 67” and 73’ (Table I). These 

values were not significantly different. Advancing (0,) and 

receding (6,) contact angles of the non-equilibrated polymer 

surfaces determined by the Wilhelmy plate technique 

showed a wide variation from 6 1” to 106” and from 19” to 

58”, respectively. Advancing contact angles of the co- 

polymers were always higher than those of the corresponding 

homopolymers, except for PMMALTMAEMA-Cl. As expected 

this polymer had a lower advancing contact angle than 

PMMA. Receding contact angles of the copolymers were 

lower than or equal to those of the corresponding homo- 

polymers. For all surfaces a large contact angle hysteresis 

was observed. After equilibration of the surfaces In buffer a 

decrease of the advancing contact angles was found, except 

for PHEMAand PHEMA/MAA. Also lower receding contact 

angles were obtained, except for PHEMA. 

Zeta potentials /<). Zeta potentials of the bacterial strains 

and the polymer surfaces are shown in Table 2. Zeta 

potentials of the three E.co/i strains were negative and varied 

widely. MAA containing copolymers had a more negative 

zeta potential than the corresponding homopolymers. 

Positive zeta potentials were measured for TMAEMA-Cl 

containing copolymers. Equllibratlon In buffer for 18 h of the 

uncharged polymers and PHEMAIMAA had little or no 

effect on their zeta potentials, whilst the zeta potential of 

PMMA/MAA became less negative and of PHEMA/ 

TMAEMA-Cl less positive. The zeta potential of PMMAY 

TMAEMA-Cl changed from posltlve to negative. 

Bacterial adhesion 

Numbers of bacteria adhering on to different polymer 

surfaces as a function of time are shown In Figures 1-7. 

Figure 1 shows the number of adhering bacteria of the three 

E.co/i strains on to PMMA (Y) as a function of exposure time. 

Table I Water contact angles of bactena determv?ed with the sew/e drop method and of polymer surfaces determined wjth the sew/e drop method and the 

W//he/my plate techmque 

Non-equlllbrated surfaces” Prwx~uilibrated surfaces” 
.~~ -__ 

Surface OFill i CJ, ‘jr Ii I f’, 
__~ --_____- _____~ 

Bacteria 
ECOII 01 1 1 K58 290 + 14’ 

0157K- 17 7 + 0.6 

0161K- 24.5 7 8 

Polymers 

PMMA 71 8 - 2.5 83.7 2 7 58.0 1 2 75.8 0 6 35 9 + 8.0 

PHEMA 72 7 - 3.2 61.1 4.1 233 23 727-05 27 3 3.6 
PMMA/MAA 70.0 - 1.7 909.35 276. 17 835-15 23 3 * 4.6 
PMMAAMAEMA-Cl 67.5 4 2.3 80.8 2.0 186 45 77.0 ’ 1 6 16 8 f 2.2 
PHEMA/MAA 72 2 - 3.0 70.9 - 5.6 22.6 3.9 898’ 18 7 2 + 2.2 
PHEMAAMAEMA-Cl 70 5 - 3.1 106 1 - 6.9 230. 20 1006 125 20.5 1 1 3 

aMeasurements after drying in vacua at 60-C overnIght 
bPre-equlllbratnn in 0.01 M KCI. buffered wth 8 X 10 4 M Na,HPO, and 2 x 10 4 M KH,PO,. pH 7 4 for 18 h 
‘Mean values of three determlnatlons s.d 
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Table 2 Zeta potentials f<) of bacteria and polymer surfaces 

Zeta potentials I” mV” 

Surface 
t=O 

After pre-eqwllbratton 

(t = 18 h) 

Bacteria: 

Ecoli 01 1 1 K58 
0157K- 

0161K- 

Polymers: 

PMMA 

PHEMA 

PMMAIMAA 

PMMAAMAEMA-Cl 

PHEMAx’MAA 

PHEMAAMAEMA-Cl 

-2.8 + 2.2 

-8.9 + 2.6 

-33.8 + 5.3 

- 13.6 + 0.6 -15.8 + 1.1 

13.4 + 1.3 -13.4 t 1.1 

-36.7 + 2.7 -28.7 + 2.4 

+16h -4.6 + 3.3 

-23.0 + 0.4 -21.7 + 0.5 

+9.8 + 0.7 +5.8 + 0.9 

aMean values of three measurements + s.d. 

?hls zeta potennal changes too fast to be measured correctly 

There is a significant difference in the adhesion char- 

acteristics of the three strains. Strain 0161 K-with the most 

negative zeta potential had the highest initial adhesion rate 

and equilibrium adhesion value. Strain 01 1 1 K58 with the 

least negative zeta potential had the lowest initial adhesion 

rate and equilibrium adhesion value. 

Figures 2 and 3 show the number of adherent bacteria 

(X) of strain 01 1 lK58 on to PMMA (co)polymers and 

PHEMA (co)polymers, respectively. The highest numbers of 

adherent bacteria were observed on the positively charged 
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Figure 1 Adhesion of the three E.coll strains on to PMMA as a function of 

time. Dotted lines represent the curves based on fitting the data points 

according to Equation (4). Barsindjcate 95% confidence limits. 0,O 7 I 1 K58; 

l , 0157K-; 0, 0161K-. 
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FIgwe 2 Adhesion of E.coll 01 1 7 K58 on to MMA (co/polymers as a 

function of time. 0. PMMA/TMAEMA-Cl: l , PMMA: q , PMMA/MAA 
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Figure 3 Adhesion of E.coll 01 11 K58 on to HEMA (co)polymers as a 

function of time. 0. PHEMAITMAEMA-Cl; 0, PHEMA: 0. PHEMA/MAA 
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F/gore 4 Adhesion of E.col~ 0 15 7K- on to MMA (co)polymers as a function 

of time. 0. PMMA/TMAEMA-CI; 0, PMMR’ 0. PMMA/MAA. 
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Figure 5 Adhesion of E.coll 0157K- on to HEMA fcojpolymers as a 

function of time. For reasons of convemence error bars are not gwen ,n the 

Inset. 0. PHEMA/TMAEMA-Cl; l , PHEMA; q , PHEMA/MAA 

surfaces PMMA/TMAEMA-Cl (Figure 2) and PHEMA/ 

TMAEMA-Cl (Figure 3). On the negatively charged surfaces 

PMMA/MAA (Figure 2) and PHEMA/MAA (Figure 3). 

lower numbers of adherent bacteria were found than on the 

corresponding homopolymers PMMA (Figure 2) and PHEMA 

(Figure 3). Similar findings were obtained for strain 0 1 57K- 

(Figures 4 and 5) and strain 01 61 K- (Figures 6 and 7). 

It appeared that strain 01 11 K58 gave the lowest 

equilibrium adhesion values for all polymer surfaces, except 

for PHEMA (Table 3). Strain 0161 K- gave the highest 

equilibrium adhesion values, except for the two positively 
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Figure 7 Adheston of E.coll 016 lK- on to HEMA (cojpolymers as a 

function of time. 7. PHEMA/TMAEMA-Cl: l . PHEMA; q , PHEMA/MM 

charged surfaces. On these surfaces adhesion values for 

strain 01 57K- were highest. 

Discussion 

The DLVO theory can be used to describe the long range 

interactions between bacteria and solid surfaces34. Two 

additive forces play a role in this theory: London-van der 

Waals forces and electrostatic forces. The zeta potentials of 

both the bacterium and the solid surface are the main factors 

in the electrostatic forces. When the two zeta potentials have 

the same sign the electrostatic force will be repulsive. This 

repulsive force will be higher when the product of the zeta 

potentials of the bacterium and the polymer surface is 

higher. When these zeta potentials are also involved in the 

short-range interactrons in principle less bacterial adhesion 

will occur when higher zeta potentials of the same sign are 

involved. 

Table 3 Equtlibrwm adhesion values of E.col~ strans on to various 

poly/methacn/lates) 

Numbers of adhermg bacteria per mm2 (X 1 O- 3, 

E.coli 01 1 1 K58 E.coh 01 57K- Ecoll 0161 K- 

PMMA 0.8 41 8.9 

PHEMA 05 01 0.9 

PMMA/MAA 0.2 1 1 17 

PMMAAMAEMA-Cl 8 1 36.3 33.4 

PHEMA,‘MAA 0.1 0.1 0.2 

PHEMA/TMAEMA-Cl 3 2 39.9 28.2 

Bactenal adhesjon- G. Harkes et al 

Zeta potentials of the three bacterial strains used in 

this study varied from -2.8 to -33.8 mV. Various authors 

have tried to relate the zeta potentials of bacteria to the 

number of adherent bacteria on to solid surfaces. Van 

Loosdrecht et a/.35 observed no correlation between the 

electrophoretic mobility of several bacterial species and the 

bacterial adhesion on to negatively charged polystyrene. In 

contrast, Weerkamp et a/.* reported that gram-positive 

bacteria with a small negative zeta potential adhered to a 

larger extent to enamel and dentin than bacteria with a more 

negative zeta potential. Relatively few studies on bacterial 

adhesion on to positively charged surfaces are known from 

the literature3’ 36,37. In these three studies a higher 

adhesion number of adherent cells was found on positively 

charged surfaces than on uncharged surfaces. Our results 

also showed that a very high number of adherent bactena 

was found on to positively charged surfaces (PMMA/ 

TMAEMA-Cl and PHEMMMAEMA-Cl) when compared to 

the number of adherent bacteria on to uncharged and 

negatively charged surfaces. Strains 01 57K- and 0161 K- 

adhered to a much greater extent on to the positive charged 

surfaces than strain 01 1 1 K58 which has the least negative 

zeta potential. Hogt et aL3’ suggested that adhesion of 

staphylococci on to positively charged surfaces is diffus’on 

limited. The initial adhesion of the strarns 01 57K- and 

0161 K- is also probably diffusion limited, because no 

energy barrier is present between the polymer surface and 

the bacterium. This assumption is supported by the calculated 

initial deposition rates of the bactena using the 

Smoluchowski-Levich equation3’ 38. The calculated initial 

deposition rate is in the same order of magnitude as the 

experimental initial rates of adhesion obtained for these 

strains on to PMMA/TMAEMA-Cl and PHEMAITMAEMA- 

C13’. The initial rate of adhesion of strain 01 11 K58 with a 

zeta potential of -2.8 mVon to these surfaces is much lower 

than for the other two strains and therefore most likely not 

diffusion limited. Assuming that in all cases equilibrium was 

reached, the low number of adherent bacteria of strain 

01 1 1 K58 indicates that the primary mlnimum for this strain 

is less negative than for the other two strains4’. 

The adhesion of the three E.co/i strains on to the 

uncharged and negatively charged surfaces with a negative 

zeta potential seems to have reached an equilibrium during 

the exposure time period of 4 h used in this study. Because 

in the adhesion experiments a buffer with a low salt 

concentration was used the occurrence of a secondary 

mrnrmum low enough to trap bacteria, IS very unlikely34, 4’. 

Therefore the depth of the primary minimum will determine 

the number of adherent bacteria. The number of adherent 

bacteria of strain 0161 K- on these surfaces was always 

higher than for the other two strains whilst strain 0161 K- 

has the most negative zeta potential. Therefore such a 

finding was not expected. This may indicate that bacteria do 

not have a homogeneous surface structure. The adhesion of 

E.co/i may be affected by the presence of flagellae and pili 

which may have a different (local) zeta potential than the 

overall zeta potential of bacteria measured by means of 

electrophoresis. 

When the equilibrium adhesion values of the bacteria 

for the MMA and HEMA (co)polymers are plotted against 

their zeta potentials (Figure 8) a linear relationship with a 

reasonable correlation coefficient (r > 0.85) was found for 

all three bacterial strains. As expected a higher number of 

adherent bacteria was found on polymer surfaces with a less 

negative zeta potential. It was also observed that negatively 

charged copolymer surfaces gave always smaller numbers 

Blomatenals 199 1 Vol 72 November 857 



Bacterial adhesion: G. Harkes et al. 
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technique. An explanation for this fact may be that with the 
Wilhelmy plate technique a dynamic contact angle is 
measured whereas with the sessile drop method a static 
contact angle is obtained. Pringle and Fletcher’ found a 

polymers (varying from 24” to 1 IO”) and the adhesion of 

relation between sessile drop contact angles of various 
substrates (varying from 0” to 1 1 O”) and adhesion values of 
four different kinds of bacteria. The highest number of 

five different kinds of bacteria, but Busscher3’ found no 

adherent bacteria was observed on materials with contact 

relation at all between contact angles of polymer substrates 

angles between 65” and 90”.Absolometal.‘sfound a linear 
relationship between sessile drop contact angles of various 

(varying from 58” to 1 IO’) and bacterial adhesion. In this 
study also no relation between the advancing contact angle 
of the substrates either determined with the sessile drop 

Figure 8 Equilibrium adhesion values against zeta potent/al of MMA and 

HEMA fcoJpolymers. 0. 0 1 1 lK58; l . 0 157K-: 0. 0 16 1 K-. 

of adherent bacteria than the corresponding homopolymers. 
This indicates that for this series of polymers the zeta 
potential of the polymer surface is predictive for bacterial 
adhesion. However, the zeta potential of the bacterium could 
not be directly correlated with the number of adherent 
bacteria. 

When only hydrophobic interactions between the 
bacterium and the solid surface are considered, a high 
number of adherent bacteria is expected for bacteria with a 
high contact angle. A high number of adherent bacteria may 
also be found on substrates with a high contact angle. 
Because hydrophobic interactions can only occur when 
water molecules are removed from the surfaces of both 
bacteria and solid substrate it is likely that the receding 
contact angle is most relevant to obtain insight into such a 
mechanism of the bacterial adhesion process. However, 
there is no method available to measure receding contact 
angles on bacterial surfaces as far as we know. 

Contact angles of the three E.co/i strains used in this 
study (Tab/e 7) are not different from those found in other 
studies’*. 42 Various attempts have been made to relate the 
contact angle of bacteria with the number of adherent 
bacteria on to solid substrates. Conflicting results of such 
studies are available in literature. Van Loosdrecht eta/.42 has 
found a correlation between contact angles on bacteria 
(varying from 16” to 70”) and their adhesion on to 
negatively charged polystyrene disks. Bacteria with a high 
contact angle adhered to a greater extent to these disks. 
Using a three-dimensional plot35 they found that the 
electrophoretic mobility of the bacteria with a high contact 
angle was not associated with the adhesion value. In 
contrast, when the contact angle of the bacterial strain was 
rather low the influence of the electrophoretic mobility was 

method or with the Wilhelmy plate technique and the 
bacterial adhesion on to these polymer surfaces was found. 
However, plotting the equilibrium bacterial adhesion values 
against the receding contact angles of the polymer surfaces 
with a negative zeta potential gave a linear relationship with a 
reasonable correlation coefficient (r > 0.86) for the three 
bacterial strains used (Figure 9). A high number of adherent 
bacteria was observed on polymer surfaces with high 
receding contact angles. This correlation was not found for 
polymer surfaces with a positive zeta potential indicating 
that the positive charge of the substrate plays a far more 
important role than hydrophobic interactions in the process 
of bacterial adhesion on to polymer surfaces. 

It has to be emphasized that surface characteristics of 
polymer surfaces as contact angle and zeta potential may 
change when these surfaces are in contact with a liquid 
medium (Tab/es 1 and 2). Therefore these effects have to be 
taken into account when performing long-term measure- 
ments. 

Bacterial adhesion is considered to be an essential 
step in the pathogenesis of catheter-associated bacteriuria. 
However, bacterial migration and growth also have to be 
taken into account. Although bacterial adhesion on to 
positively charged surfaces is relatively high, the bacterial 
migration and growth on such surfaces may be decreased as 
compared to uncharged and negatively charged surfaces. 
These aspects are currently under investigation. 
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much more pronounced resulting in high adhesion values for .B 
bacteria with a low electrophoretic mobility. Absolom et al. ’ * $ 
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found high adhesion values for five bacteria on to substrates d 
with high contact angles. 0thers7.32 did not find a relation- B 0.4 - 
ship between contact angles of bacteria and numbers of co 
adherent bacteria on to various substrata. In our study we 

X 
f 

found no correlation between the contact angles of bacterial 
surfaces and the ability of E.co/i to adhere on to various 
polymer surfaces. 

The contact angles of the polymer surfaces (Table 7 ) 
determined with the Wilhelmy plate technique were rather 

,o 
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0.0 - 
20 30 40 50 60 70 

receding contact angles (“) _ 
similarwith thoseobtained from previous experiments in our 
laboratoryz5. Sessile drop contact angles of the various 
polymer surfaces were not significantly different. Although 

Figure 9 Equilibrium adhesion values against receding contact angles 
of PMM4 PMMA/MAA. PHEMA and PHEMA/MAA. 0.0 111 K58; 
l , 0157K-; q , 0161K-. 
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CONCLUSIONS 

Higher numbers of adherent bacteria are found on 

positively charged surfaces with positive zeta potentials 

than on uncharged and negatively charged substrates 

indicating that electrostatic interactions play an important 

role in the adhesion process. 

For the polymer surfaces used in this study higher 

numbers of adherent bacteria are found on polymers with 

a less negative zeta potential. 

Using polymer surfaces with a negative zeta potential a 

high number of adherent bacteria is found on to polymers 

with high receding contact angles. 

Zeta potentials and contact angles of the E.co/i strains 

used have no predictive value for the ability of the bacteria 

to adhere on to the polymer surfaces used in this study. 
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