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Attachment of bacteria to model solid surfaces: 
oligo(ethylene glycol) surfaces inhibit bacterial attachment 
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Abstract 

Bacterial cell attachment to the surfaces of self-assembled monolayers formed by the adsorption of osubstituted 
alkanethiols on transparent gold films has been studied under defined bacterial culture and flow conditions. Phase contrast 
microscopy was used to quantify the attachment of two organisms, one of medical (Staphylococcus epidermidis) and one of 

marine (Deleya marina) importance. Self-assembled monolayers terminated with hexa(ethylene glycol), methyl, carboxylic acid 
and fluorocarbon groups were investigated. Over the range of experimental conditions, self-assembled monolayers formed 
from HS(CH&(0CH&H2)sOH were found to be uniformly resistant to bacterial attachment, with a 99.7% reduction of 

attachment for both organisms when compared to the most fouled surface for each organism. On other surfaces, S. epidermidis 

and D. marina were shown to exhibit very different attachment responses to the wettability of the substratum. While the 

attachment of S. epidermidis correlated positively with surface hydrophilicity, D. marina showed a preference for hydrophobic 
surfaces. This study suggests that surfaces incorporating high densities of oligo(ethylene glycol) are good candidates for 
surfaces that interact minimally with bacteria. 
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1. Introduction 

The growth of unwanted living organisms on sol- 

id, synthetic surfaces exposed to aqueous interfaces 
is often a problem in industry and in medicine [l]. 
The attachment of bacterial cells to surfaces is an 

important component of the biofouling process, 

and therefore development of ways to prevent, or 
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at least attenuate, microbial attachment is desirable. 
Poly(ethylene glycol) (PEG), also referred to as 

poly(ethylene oxide), has been explored as fouling- 

resistant material [2-4]. Investigators have found 
that bacteria do not attach well to surfaces com- 
posed of PEG-modified polymers [3,4]. Due to the 

method of preparation of the surfaces used in these 
initial studies, however, chemical homogeneity of the 
PEG exposed at the interface often could not be 

assured, thus the specific contribution of the PEG 
to the fouling-resistant properties could not be ade- 
quately assessed. 
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Fig. 1. (A) Schematic structure of model surfaces. (I) Self-as- 

sembled monolayer of o-substituted alkanethiolates (thickness: 

- 15-25 A, depending on terminal functional group), (2) gold 

(thickness: 200 A), (3) chromium (thickness: 10 A), (4) 24x60 

mm glass coverslip (thickness: 0.160.19 mm). (B) Parallel flow 

cell. (1) Aluminum cover, (2) glass coverslip (SAM side down), 

(3) 0.127 mm Teflon gasket, (4) plexiglass base with stainless 

steel inlet and outlets. The whole assembly is held together by 

stainless steel screws (not shown). Drawings not to scale. 

Self-assembled monolayers (SAMs) formed by ad- 

sorption of o-substituted alkanethiols on gold have 
been used to study a variety of chemical and physical 
interfacial phenomena [2]. Recently, methyl and hy- 

droxyl terminated SAMs have been used to study 
surface energy effects on bacterial adhesion [5]. The 

surfaces of SAMs are well suited to studies of micro- 

bial attachment because they are chemically well-de- 
fined, easy to prepare, and the gold substrata can be 
made optically transparent. They present an advan- 
tage over the use of modified commercially available 
polymers because a wide variety of functional groups 
can be expressed at the surface with controlled con- 
centration and controlled morphology (i.e. surface 
roughness). 

In this report, we present studies of the adhesion 

of two microorganisms to SAMs formed from four 

w-substituted alkanethiols which present surface 

functional groups that vary widely in their polarity, 

hydrophobicity, and ionic nature. We were also in- 

terested in testing a prevailing paradigm that pre- 

sents surface tension of the substratum as the pri- 

mary determinant behind attachment for a given 
bacterium in a controlled environment. As proposed 

by Absolom et al. [6], this model states that interac- 

tions between bacteria and material surfaces can be 

predicted from the surface free energies of the bac- 

terium, the bulk medium and the material surface. 
The present study used bacteria grown in a chemo- 

stat, thus cells of the same species should be in the 

same average metabolic state, and, presumably, their 

average surface energy will be the same for each 

experiment. Because the bulk medium is also con- 

stant, the only variable should be the surface com- 
position of the SAM. 

We selected two species of bacteria for this inves- 
tigation. The first, Staphylococcus epidermidis, has 
been shown to be involved in sepsis and failure of 

a number of different medical implants [7]. The sec- 

ond, Deleya marina, a marine bacterium, has many 

characteristics that make it interesting with regard to 
the overall understanding of bacterial interactions 

with surfaces: in addition to the capacity for gliding 

motility and exopolysaccharide (EPS) production, 

variants are capable of flagellar motility, and several 

mutants have been isolated that differ in their surface 
features and attachment qualities [8]. 

2. Materials and methods 

2.1. Bacterial strains 

The type strains of Staphylococcus epidermidis 

(ATCC 14990) and Deleya marina (ATCC 25374) 
were resuscitated from lyophilized stocks (American 
Type Culture Collection, Bethesda, MD) and stored 
at -70°C as a suspension in 20% glycerol in nutrient 
broth (S. epidermidis) or marine broth 2216 (D. ma- 
rina). Both were cultured on slants of the appropri- 
ate medium for 1 day, single colonies were then in- 
oculated into 5 ml chemostat medium (see below) 
and grown overnight prior to introduction into the 
chemostat. 
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2.2. Growth conditions 

For both organisms, continuous cultures were es- 
tablished in a 1 liter Virtis continuous culture vessel 

fed with medium from Pyrex bottles. Flow rate for 

both organisms was 80 ml/h, giving a dilution rate of 

0.16 h-l. Medium for the growth of S. epidermidis 
was peptone supplemented minimal salts medium 
with 1 mM glycerol as a carbon source and limiting 

nutrient [9]. Temperature was maintained at 37°C. 

Cell density of S. epidermidis grown using this medi- 

um and the given dilution rate was 5 X lOa cells/ml. 
D. marina was grown at room temperature in basal 

medium with 1 mM glycerol as a carbon source and 
limiting nutrient (BMG) [lo]. The cell density of this 

organism in this medium at the given dilution rate 

was 1.5 X lo8 cells/ml. 

2.3. Preparation of self-assembled monolayers 

SAMs were formed on ethanol-washed coverslips 

onto which was evaporatively deposited 200 A gold 
over a base of 10 A chromium (see Fig. 1A). The 

gold coated slides were rinsed with ethanol and 

placed in 1 mM solution of the appropriate alka- 
nethiol in ethanol overnight. Four different o-sub- 

stituted alkanethiols were used. HS(CHs)&H8 

(referred to herein as CH3) was obtained 

from Aldrich Chemical, St. Louis, MO. 

HS(CHz)z(CF&CF8 (CF3), HS(CH2)&OOH 

(COOH), and HS(CH2)r1(OCHsCHs)80H (EG6) 
were synthesized according to published protocols 
[2,11]. The advancing contact angles of water for 

the resulting SAMs were: CF3 (120”), CH3 (107”) 
EG6 (37’) and COOH (< 5”) and agreed well with 

the published values for these SAMs [2,11]. 

2.4. Attachment studies 

The SAM under consideration was placed into a 
parallel flow cell with a total volume of 0.097 ml (see 

Fig. 1B). For experiments with D. marina, 10 ml 

artificial sea water (ASW: 400 mM NaCl, 100 mM 

MgS04, 20 mM KCl, CaC12*2H20) [lo] was flushed 
through the flow cell to wet the substrate before 

switching to the outflow from the chemostat. A sim- 
ilar procedure was conducted for S. epidermidis with 
the substitution of phosphate buffered saline (PBS) 

for ASW. Cells were allowed to attach for 2 h at a 

flow rate of 1.5 ml/min. Non-attached cells were re- 
moved by flushing with 10 ml of ASW or PBS, fol- 

lowed by 20 ml of deionized water to remove salts. 

The surfaces were evaluated using a Nikon Labo- 

phot microscope at a total magnification of 900X 

with phase contrast. A Student t-test was used to 

test the significance of differences (P < 0.05) among 

the mean numbers of attached cells for each bacte- 

rium on each surface. 

3. Results and discussion 

The results of the above experiments are summa- 
rized in Fig. 2. For both organisms, EG6 attached 

99.7% less cells when compared to the most fouled 

surface for each organism. In our experiments, this 

reduction is independent of the response of either 

organism to the wettability of the other substrata. 

In all cases, the differences between attachment to 
surfaces were significant by the Student t-test 

(P-C 0.05). The small numbers of bacteria (4 f 0.9 

cells/mm2 for S. epidermidis and 7.4 + 1.4 cells/mm2 
for D. marina) which do attach to EG6 may be due 

to undetected irregularities in our surfaces due to 
adventitious defects. 

Different models have been proposed to explain 
the non-fouling nature of PEG surfaces using both 

enthalpic and entropic arguments [2]. Favorable en- 

thalpic properties of PEG arise from the high degree 
of hydration of the ethylene glycol subunits. This 
property is thought to result in osmotic repulsion 

of colloid particles and bacteria. Favorable entropic 

properties of PEG chains are thought to be due to 
their high excluded volume. Upon binding of a par- 

ticle, freedom of movement is restricted, leading to a 
decreased entropy in the system. The resulting in- 
crease in enthalpy and decrease in entropy would 

lead one to predict that attachment of a particle to 
surfaces composed of PEG would not be thermody- 
namically favored. 

The attachment of S. epidermidis to the surfaces 

other than EG6 shows results similar to those ob- 
tained in previous studies [12], in that the adherence 
of this organism is directly related to the hydrophil- 
icity of the substratum. Since the surface wettability 
of S. epidermidis does not change significantly from 

D
ow

nloaded from
 https://academ

ic.oup.com
/fem

sle/article/142/1/59/610752 by guest on 18 M
ay 2023



62 L.K. Ista et al. I FEMS Microbiology Letters 142 (1996) 59-63 

CF3 CH3 EG6 COOH 

Surface 

B 
3000 

“E E 2500 

2 

3 2000 

P 
r: 

I Iso 

0 

CF3 CH3 EG6 COOH 

Surface 

Fig. 2. Attachment of bacteria to SAMs formed of o-substituted 

alkanethiolates on gold. (A) Staphylococcus epidermidis (ATCC 

14990). (B) Deleya marina (ATCC 25374). For all surfaces, dura- 

tion of attachment was 2 h at a flow rate of 1.5 mUmin. Each 

data point represents the average f standard error of 10 samples. 
For each sample, 68 fields of view were averaged. Surfaces are 

arranged in order of increasing hydrophilicity. 

strain to strain and is hydrophilic [13], this result is 
predicted from the model proposed by Absolom et 
al. [6]. 

This relationship is not observed for D. marina 

(ATCC 25374). Although this organism attaches 

more readily in our studies to hydrophobic surfaces 

than hydrophilic surfaces, no clear trend is seen be- 

tween the degree of hydrophobicity and attachment. 
These results differ from previous studies, which in- 

dicated that this strain adhered more strongly to 

hydrophilic than to hydrophobic surfaces [14]. The 

previous study noted that EPS deficient mutants pre- 

fer hydrophobic surfaces. While the previous study 
used rich medium (W-broth: 1% tryptone and 0.5% 
yeast extract in ASW), our medium was more mini- 

mal and may not have supported EPS production. A 

qualitative test for EPS based on the method of 

Christensen [I 51 was conducted on 48 h D. marina 

cultures grown in different media in both glass and 

polystyrene culture tubes. Large amounts of EPS 
were detected as stained material following the addi- 

tion of 0.2% saffranin to emptied tubes in which cells 

had been grown in W-broth and marine broth 2216, 

whereas none was detected for BMG (data not 

shown). Observations of colony morphology and ag- 
gregation patterns for BMG-grown cells also suggest 
that no EPS was produced. 

Our results indicate that SAMs composed of oli- 
go(ethylene glycol)-terminated alkanethiolates resist 

attachment of D. marina and S. epidermidis. Because 

these two organisms differ in phylogeny and natural 

environment, these results suggest that the non-foul- 
ing properties of PEGS may be applicable to most, if 

not all, environmentally encountered bacteria. It is 
also clear from this investigation that the wettability 

of a surface is only one factor in determining 
whether bacteria will adhere to it. The observation 

that EG6 does not follow trends of adherence pre- 
dicted by its relative surface hydrophilicity, along 
with the results obtained for D. marina, indicates 
that other physicochemical factors may be involved. 

Our studies in the immediate future will focus on the 
physicochemical interactions between bacteria and a 

variety of SAMs with different surface characteris- 
tics. 
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