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Bacterial biofilms cause serious problems, such as antibiotic resistance and medical device-related infec-
tions. To further understand bacterium-surface interactions and to develop efficient control strategies, self-
assembled monolayers (SAMs) of alkanethiols presenting different functional groups on gold films were
analyzed to determine their resistance to biofilm formation. Escherichia coli was labeled with green florescence
protein, and its biofilm formation on SAM-modified surfaces was monitored by confocal laser scanning
microscopy. The three-dimensional structures of biofilms were analyzed with the COMSTAT software to obtain
information about biofilm thickness and surface coverage. SAMs presenting methyl, L-gulonamide (a sugar
alcohol tethered with an amide bond), and tri(ethylene glycol) (TEG) groups were tested. Among these, the
TEG-terminated SAM was the most resistant to E. coli biofilm formation; e.g., it repressed biofilm formation
by E. coli DH5a by 99.5% = 0.1% for 1 day compared to the biofilm formation on a bare gold surface. When
surfaces were patterned with regions consisting of methyl-terminated SAMs surrounded by TEG-terminated
SAMs, E. coli formed biofilms only on methyl-terminated patterns. Addition of TEG as a free molecule to
growth medium at concentrations of 0.1 and 1.0% also inhibited biofilm formation, while TEG at concentra-
tions up to 1.5% did not have any noticeable effects on cell growth. The results of this study suggest that the
reduction in biofilm formation on surfaces modified with TEG-terminated SAMs is a result of multiple factors,
including the solvent structure at the interface, the chemorepellent nature of TEG, and the inhibitory effect of

TEG on cell motility.

Bacterial biofilms are sessile microbial communities formed
on solid surfaces. They cause serious health problems in hu-
mans, such as dental decay and persistent lung infections in
cystic fibrosis patients (9, 30). Biofilms are also responsible for
medical device-related infections, including infections related
to intravenous catheters, joint prostheses, cardiac pacemakers,
prosthetic heart valves, peritoneal dialysis catheters, and cere-
brospinal fluid shunts (12, 39). Deleterious biofilms also cause
persistent biofouling and corrosion problems in water delivery
systems and many industrial processes (7, 46). Once bacteria
attach to a surface and form a biofilm, they are up to 1,000
times more tolerant to antimicrobials and disinfection treat-
ment than their free-swimming counterparts (9, 17, 38). Thus,
it is critical to understand biofilm formation and develop novel
strategies for efficient biofilm control.

Biofilm formation is a complex process that involves multi-
cellular behaviors, such as quorum sensing (bacterial gene reg-
ulation by sensing and responding to cell density [11, 42]) and
swarming motility (coordinated movement of hyperflagellated
and elongated cells [1, 21]). It is generally accepted that biofilm
formation is a dynamic process including initial attachment,
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microcolony formation, maturation, and dispersion (12).
Therefore, one promising approach is modifying the surface in
order to alter cell attachment, which can hinder the subsequent
steps in biofilm formation.

There are a number of different approaches that are used for
surface modification (32). Conceptually, the easiest approach
is to repress bacteria with bactericidal or bacteriostatic agents.
This approach could be achieved either by releasing antimi-
crobials from the surface (e.g., cross-linking a drug-containing
hydrogel to the surface) or through covalent modification.
While each of these methods has certain advantages, neither is
completely effective (10). In addition, there is increasing con-
cern that the release of antibiotics may cause the spread of
antimicrobial-resistant pathogens. Although it is not a problem
for covalent modification, the antimicrobial activity could be
masked by host proteins which quickly cover the surface of an
implanted device (10). Thus, it is important to develop novel
approaches for modifying the surface covalently with bioinert
groups.

Self-assembled monolayers (SAMs) formed by adsorption of
functional alkanethiols to a gold, silver, or copper surface are
particularly well-ordered monolayers compared to other sur-
face modifications (3, 23). Generally, SAMs formed by alkane-
thiols consist of three components. The first component is a
strong complex of an Au-S bond connecting alkanethiol to the
surface; the second component is a monolayer comprised of
aliphatic chains that allow close packing of the monolayer; and
the third component is a designed functional group covalently
attached to the aliphatic chain (37). With the versatility of
functional groups introduced by organic synthesis, the surface



VoL. 73, 2007

of SAMs can be tailored with a wide variety of chemical and
physical properties while the well-ordered monolayer structure
that is absent in other types of surface modifications is main-
tained. For instance, the functional group can be chosen so
that certain properties are obtained (e.g., properties that can
change the wettability of the surface so that it is hydrophilic
[hydroxyl groups] or hydrophobic [methyl groups]). The class
of functionally versatile surfaces presented by well-ordered
monolayer structures forms a well-defined system for studying
and controlling cell-surface interactions.

Recently, Luk et al. (25) found that SAMs of alkanethiols
presenting mannitol groups are inert to protein adsorption and
attachment of mammalian 3T3 fibroblasts. In addition, Hoff-
mann and Tovar (16) reported that nonspecific adsorption of
proteins on oxidic surfaces is significantly reduced by mixed
SAMs presenting methoxy-tri(ethylene glycol) and alkyl-termi-
nated silanes. Thus, SAMs presenting different functional
groups on gold-coated surfaces are promising model surfaces
for mechanistic studies of cell-surface interactions and the
development of novel biofilm control strategies. Another ad-
vantage of SAMs is that two different surface chemistries can
be presented on a single surface in patterns at the micrometer
scale using a technique known as microcontact printing or
stamping (20). The patterned surfaces have well-defined re-
gions with different chemical and physical properties (23).

While SAMs have great potential for controlling cell-surface
interactions, their applications in biofilm control have not been
well investigated. Wiencek and Fletcher (43) studied the at-
tachment of Pseudomonas sp. strain MI-1A cells on SAMs with
different hydrophobicities (terminated with a methyl group or
a hydroxyl group or a mixture of methyl and hydroxyl groups).
Ista et al. (18) reported that SAMs presenting hexa(ethylene
glycol) resist the attachment of Staphylococcus epidermidis and
Deleya marina based on cell counting. To control biofilm for-
mation using SAMs, it is necessary to compare the effects of
different functional groups, to analyze the biofilm structures on
SAMs, and to explore the mechanism by which biofilm forma-
tion is reduced. In this study, Escherichia coli was used as a
model system to study biofilm control by SAMs presenting
three different functional groups, methyl, L-gulonamide, and
tri(ethylene glycol) (TEG). We focused on E. coli strains as
their genotypes are well known and isogenic mutants are avail-
able (2, 6, 36). Thus, they are an ideal system for a fundamental
study and for comparison with our previous E. coli biofilm
results (33, 35). The E. coli cells were labeled with green
fluorescent protein (GFP) to study biofilm formation with con-
focal laser scanning microscopy (CLSM), which allows visual-
ization of the three-dimensional structure of a biofilm nonde-
structively. The surface coverage and maximum thickness were
calculated using the COMSTAT software (15). The biofilm
control by TEG-terminated SAMs was explored by studying
the effects of TEG on surface hydrophobicity and the growth,
chemotaxis, and motility of E. coli.

MATERIALS AND METHODS

Bacterial strains and growth media. The following three E. coli strains were
used in this study: DH5a [supE44 AlacUI69 ($p80lacZAM15) hsdRI7 recAl
endAl gyrA96 thi-1 relA1], RP437 [wild-type strain for chemotaxis; 7hr(Am)-1
leuB6 his-4 metF(Am)159 eda-50 rpsL13t65thi-1 ara-14 lacY] mtl-1 xyl-5 tonA31
tsx-78], and RP5700 [(tsr)A7028 chemotaxis mutant of RP437] (2, 6, 36). The
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strains were labeled with GFP by transformation of plasmid pGLO (Bio-Rad
Laboratories, Inc., Hercules, CA) to study biofilm formation on SAM-modified
surfaces with CLSM. E. coli strains were grown in Luria-Bertani (LB) medium
(36) containing 10 g/liter tryptone, 5 g/liter yeast extract, and 10 g/liter sodium
chloride. Ampicillin was added at a concentration of 100 pwg/ml to maintain the
plasmid. To induce the expression of GFP, arabinose was included in the media
at a final concentration of 6 g/liter.

For the chemotaxis assay, wild-type strain RP437 (2) and its isogenic Atsr
mutant strain RP5700 (6) were grown at 37°C with shaking (200 rpm) in tryptone
broth (28) containing 10 g/liter tryptone, 5 g/liter sodium chloride, and 1.12
g/liter sodium lactate. Each overnight culture was washed with and resuspended
in motility medium (pH 7.0) (28), which contained 2.7 g/liter KH,PO,, 3.5 g/liter
K,HPO,, 0.044 g/liter potassium EDTA, and 1.12 g/liter sodium lactate.

Preparation of SAM-modified gold surfaces. Preparation of SAMs on gold has
been described in detail previously (25). We compared biofilm formations on
SAMs presenting TEG, L-gulonamide, and methyl groups (Fig. 1). A bare gold
surface was used as the negative control. To corroborate the results for the
biofilm control, two microcontact-printed SAM patterns were also prepared
on gold surfaces: an HS(CH,),,CH; (hydrophobic) pattern with HS(CH),,
(OCH,CH,);0H (TEG, hydrophilic) as the background and an HS(CH,),,CH;
(hydrophobic) pattern with HS(CH),,-L-gulonamide (hydrophilic) as the back-
ground.

Fabrication of gold films on glass substrates. (i) Cleaning of the substrates.
Fisher’s Finest microscope slides were cleaned with a Piranha solution (26)
(warning: Piranha solution should be handled with extreme caution; in some
circumstances, probably when it has been mixed with significant quantities of an
oxidizable organic material, it has detonated unexpectedly). Slides were soaked
in a Piranha solution (3 parts 35% [wt/wt] H,O, in water and 7 parts concen-
trated H,SO,) at 75°C for 45 min. The slides were then thoroughly rinsed with
deionized water (18.2 MQ - cm), followed by ethanol and then methanol. The
cleaned slides were dried with a stream of nitrogen and were stored in an oven
at 100°C overnight prior to metal deposition by electron beam evaporation.

(ii) Gold deposition on the slides. Semitransparent gold films were deposited
onto glass slides with an electron beam evaporator (Thermionics, Santa Clara,
CA). The gold was deposited on plain microscope glass slides at a height of 43.2
cm from the gold source. The slides were positioned such that the angle of gold
incidence was 45° from the normal of the glass slides (26). A thin film of titanium
(18 A) was initially deposited to enhance the adhesion of the gold. After the
system was cooled, 370 A of gold was deposited onto the titanium-coated slides.
The rate of deposition was 0.2 A/s for both gold and titanium. The pressure was
maintained at no higher than 5 X 1077 torr during deposition.

Hydrophobicity of the modified surfaces. Hydrophobicity is an important
factor for understanding cell-surface interactions. To characterize this property,
3 pl of deionized water was dropped on different SAM-modified surfaces, as well
as bare gold surfaces. The diameter of each droplet was measured as an indicator
of hydrophobicity.

Microcontact printing of methyl-terminated SAMs surrounded by TEG- or
L-gulonamide-terminated SAMs. The gold slides were cut into 7.6- by 1.25-cm
pieces, washed with absolute ethanol (200 proof), and dried with a stream of
nitrogen. Microcontact printing was conducted using a slight modification of a
previously reported procedure (4). A solution of 1 mM pentadecanethiol in
200-proof ethanol was used for microcontact printing with polydimethylsiloxane
stamps. The polydimethylsiloxane stamps dabbed with pentadecanethiol were
placed in contact with the gradient gold slides for 15 s. The pentadecanethiol-
printed slides were then washed with ethanol, dried with nitrogen, and soaked in
1 mM solutions of the TEG- or L-gulonamide-terminated alkanethiols in ethanol
for 10 h. The slides were then taken out of the solutions, washed with absolute
ethanol (200 proof), and dried with nitrogen.

Growth measurement. To investigate the effects of TEG on E. coli growth,
DHS5a was grown in LB medium overnight at 37°C. Then it was used to inoculate
LB medium in a 96-well plate to an optical density at 600 nm (ODy) of 0.05.
The 96-well plate was incubated at 37°C with shaking (200 rpm), and the growth
was monitored by measuring the ODgy, with a microplate reader (FLx800;
Bio-Tek Instruments, Inc., Winooski, VT). The growth rates were calculated
based on the ODg, in the exponential phase.

Biofilm formation. E. coli cells were used to form biofilms on SAM-modified
surfaces. An overnight E. coli culture grown in LB medium with 100 pg/ml
ampicillin was used to inoculate biofilm cultures in the same medium supple-
mented with 6 g/liter arabinose to an ODg, of 0.05 as measured with a Genesis
5 spectrophotometer (Spectronic Instruments, Rochester, NY). The SAM-mod-
ified gold surfaces and bare gold surfaces were sterilized by soaking them in 70%
ethanol for 15 min and then dried with a vacuum at room temperature. Biofilms
were cultured in plastic petri dishes (100 by 15 mm) at 37°C without shaking. To
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FIG. 1. (A) Structures of the alkanethiols used in this work. (B) Schematic representation of SAM terminated with L-gulonamide-terminated-
undecanethiol (B1), (1-mercatpundec-11-yl)tri(ethylene glycol) (B2), and pentadecanethiol (PDT) (B3).

minimize the variation in sample preparation, different SAM-modified surfaces
were incubated in the same petri dish containing 20 ml medium. The experiment
was repeated four times, and consistent results were obtained.

CLSM and image analysis. To analyze the E. coli biofilms using CLSM, each
surface was washed gently by dipping it vertically in 0.85% NaCl buffer three
times (fresh buffer was used for each dipping procedure). Then the surface was
put upside down on a microscope cover slide and analyzed with a 5-pascal
inverted confocal LSM (Carl Zeiss, Inc., Berlin, Germany). GFP was visualized
by excitation with an argon laser at 488 nm. Emission of fluorescence was
detected with an LP 505-nm emission filter. A series of images were obtained for
each position at 1-wm intervals in the z section for a three-dimensional view of
the biofilm (from the substratum to the top of the biofilm). At least five spots
were examined for each sample. The surface coverage, maximum thickness,
biomass, and roughness were calculated using the COMSTAT software (15).
Since the biofilm formation on certain surfaces (e.g., TEG-terminated SAMs)
was strongly reduced, the roughness data were not useful. The biomass data were
consistent with the data for surface coverage; therefore, only the surface cover-
age and thickness were used to compare the biofilms.

Biofilm formation with TEG added as a free molecule in liquid medium. To
study if the biofilm inhibition by TEG is surface specific, TEG was also added as
a free molecule (final concentration, 0, 0.1, or 1.0% [wt/vol]) to LB medium
supplemented with 100 pg/ml ampicillin and 6 g/liter arabinose. Biofilms were
cultured on bare gold surfaces (in a plastic petri dish) at 37°C without shaking.
The experiment was performed in duplicate, and consistent results were ob-
tained.

Chemical-in-plug method for a negative chemotaxis assay. A negative chemo-
taxis assay was performed by following the procedure described previously (28),
with slight modifications. Overnight cultures of RP437 and RP5700 in tryptone
broth were harvested by centrifugation at 4,000 X g with a Marathon 21000
centrifuge (Fisher Scientific, Pittsburgh, PA) for 10 min at room temperature and
washed once with motility medium. The cells were concentrated, and about 10°
cells were mixed with 20 ml of motility medium containing 0.3% agar at 50°C.
The agar mixture was immediately poured into a petri dish. After the dish stood
for 5 min at room temperature, plugs of hard agar (2.0%) containing TEG at
different concentrations (0, 1.5 X 1073, 0.015, 0.15, 1.5, and 15% [wt/vol]) were
put into the cell-agar mixture. The petri dish was incubated for 60 min at 37°C,
and images were taken to evaluate the chemotaxis.

Motility assay. To determine the best agar concentration for the motility assay,
overnight cultures of RP437, RP5700, and DHS5« in LB medium were used to
inoculate soft LB agar plates with agar concentrations of 0.2, 0.4, 0.6, 0.8, 1.0, and
1.2% using toothpicks. The swarming colonies (with an agar concentration
higher than 0.3%) were measured every 2 h, and the swarming rates (mm/h) were
calculated. The agar concentration that gave the highest swarming rate (0.4%)
was used in experiments the effects of TEG (0, 0.15%, and 1.5%).

RESULTS

E. coli biofilm formation on SAM-modified surfaces. To test
the effects of surface modification with functional groups, three
SAM-modified gold surfaces (Fig. 1) and a bare gold surface
were used to form E. coli DHS« biofilms. The structural pa-
rameters of biofilms were calculated using the COMSTAT
software, and the relative amounts of biofilms (based on sur-
face coverage) are shown in Fig. 2.

The results suggest that SAM-modified surfaces presenting
TEG are strongly resistant to E. coli biofilm formation and that
L-gulonamide groups are only moderately resistant compared
to bare gold surfaces. SAMs presenting TEG reduced biofilm
formation by 99.5% * 0.1% (P < 0.01, as determined by a ¢
test) for 24 h after inoculation and by 93.1% * 0.8% (P < 0.01)
for 48 h after inoculation (based on surface coverage). In
comparison, the SAMs presenting L-gulonamide reduced bio-
film formation by 59.2% = 6.8% (P < 0.01) for 24 h and by
56.9% = 6.9% (P < 0.01) for 48 h. SAMs presenting methyl
groups did not show significant resistance to biofilm formation
(Fig. 2). A similar trend was also observed for biofilm thickness
(based on the average maximum thickness of four biological
replicates for each SAM with five positions on each sample).
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FIG. 2. Relative surface coverage of biofilms on bare gold and
SAM-modified surfaces presenting methyl, L-gulonamide, and TEG
groups. The coverage of a 48-h biofilm on a bare gold surface was
defined as 100%.
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For example, the thicknesses of the 24-h biofilms were 13.0
1.4 pm for bare gold surfaces, 12.0 = 1.4 pm for methyl-
terminated SAMs, 5.7 = 0.6 wm for L-gulonamide-terminated
SAMs, and 2.3 = 0.4 pm for TEG-terminated SAMs, while the
thicknesses of the 48-h biofilms were 16.0 = 2.0 wm for bare
gold surfaces, 14.0 = 1.8 pm for methyl-terminated SAMs, 9.8
+ 1.2 pm for L-gulonamide-terminated SAMs, and 6.2 * 0.7
pm for TEG-terminated SAMs.

Since a TEG-terminated SAM presents multiple water-sol-
uble ethylene glycol units and hydroxyl groups on the surface
(Fig. 1), we compared the hydrophobicities of the three sur-
faces studied. It was found that SAMs presenting methyl
groups were more hydrophobic than TEG- and L-gulonamide-
terminated SAMs based on a comparison of the droplet diam-
eters. TEG- and L-gulonamide-terminated SAMs were found
to have similar hydrophobicities, which is consistent with
the previous report based on contact angles of the droplet
curvatures on these two surfaces (advancing contact angle,
~37° [18, 29)).

Biofilm formation on SAM-modified surfaces with patterns.
To corroborate the results described above, SAM-modified
surfaces with different patterns were used to culture E. coli
DH5a biofilms; the patterns included microcontact-printed
HS(CH,),,CH; patterns with an HS(CH,),,(OCH,CH,),;OH
background and microcontact-printed HS(CH,),,CH; pat-
terns with an HS(CH,),,-L-gulonamide background. Consis-
tent with the biofilm inhibition on SAM-modified surfaces
presenting TEG groups, there was no noticeable biofilm
growth with the HS(CH,),,(OCH,CH,);OH background.
However, the alkanethiol HS(CH,),,CH; was not resistant to
biofilm formation. Thus, biofilms were formed only in the
areas modified with HS(CH,),,CH; patterns (125- by 125-um
squares), as expected, and the surface coverage and thickness
were consistent with those in nonpattern experiments (see Fig.
S1 in the supplemental material). Patterned biofilms were also
observed for SAM-modified surfaces with the HS(CH,),;-L-
gulonamide background. However, the shape was less regular
than the shape on the surfaces with the TEG background (see
Fig. S1 in the supplemental material), consistent with the find-
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FIG. 3. Relative surface coverage of biofilms on a bare gold surface
in the presence of 0, 0.1, and 1.0% TEG. The coverage of a 24-h
biofilm without TEG was defined as 100%.

ing that SAMs presenting L-gulonamide were less resistant to
biofilm formation than SAMs presenting TEG, as shown by the
nonpattern experiments described above.

Biofilm formation with TEG added as a free molecule in
liquid medium. To determine if the biofilm control by TEG is
surface specific, TEG was also added as a free molecule in LB
medium at final concentrations of 0, 0.1, and 1.0% (wt/vol).
Biofilms were grown on bare gold surfaces in batch cultures
and observed with CLSM at 24 and 48 h after inoculation. The
relative surface coverage on the substrate is shown in Fig. 3.
Addition of TEG greatly reduced the biofilm formation. For
instance, 1% TEG in the cell culture inhibited biofilm forma-
tion by 93.6% * 2.2% (P < 0.01) and 84.4% * 2.6% (P < 0.05)
at 24 and 48 h after inoculation, respectively (Fig. 3), whereas
0.1% TEG inhibited the biofilm formation by 67.1% * 9.0%
(P < 0.01) and 72.1% = 14.4% (P < 0.05) for 24 and 48 h,
respectively. Compared to the effect on surface coverage, the
effect of TEG on biofilm thickness was less apparent; e.g., the
biofilm thicknesses at 24 h after inoculation were 11.2 = 1.6
pm, 10.8 = 0.8 wm, and 7.0 = 0.7 pwm for cultures containing
0, 0.1, and 1.0% TEG, respectively.

TEG has no effect on E. coli growth. We noted that the TEG
concentrations used in the noncoating experiment were rela-
tively high. To investigate if the biofilm inhibition was due to
effects on cell growth, growth curves of DH5« in LB medium
supplemented with 0, 0.01, 0.1, 1, and 1.5% TEG were mea-
sured. TEG did not have any noticeable effects on general cell
growth since the specific growth rates were about 0.75 h™! for
all the samples (growth curves are shown in Fig. S2 in the
supplemental material). Oligo(ethylene glycol) and poly(eth-
ylene glycol) are in general nontoxic and have been used for
drug delivery and other medical purposes (13). Specifically,
TEG has been used for drug discovery and development (40).
These findings suggest that TEG inhibited biofilm formation
by interrupting bacterium-surface interactions.

Long-term resistance by SAMs on gold surfaces. To corrob-
orate the results described above and to study the biofilm
resistance of SAMs with extended exposure to cells, a long-
term experiment was performed involving SAM-modified sur-
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faces with the microcontact-printed HS(CH,),,CH; pattern
and the HS(CH,),,-(OCH,CH,);OH background. The me-
dium was replaced with fresh medium every day, and the sur-
faces were analyzed every 2 days using CLSM. Within 7 days,
the DHS5a cells spread and proliferated to occupy the nonre-
sistant region (pattern), but they did not invade the resistant
region (background) (see Fig. S3 in the supplemental mate-
rial). This result indicates that the TEG-terminated SAMs
were resistant to biofilm formation for at least 7 days under the
experimental conditions used in this study.

Negative chemotaxis to TEG. TEG inhibited biofilm forma-
tion without noticeable effects on growth, suggesting that TEG
controlled biofilm formation by interrupting bacterium-surface
interactions. Ethylene glycol has been reported to be a che-
morepellent of E. coli. It causes a decrease in the methylation
level of methyl-accepting chemotaxis proteins (MCPs) and an
increase in tumbling, which enables the cells to swim away
from it (28). We hypothesized that the TEG in our experi-
ments may have similar effects on chemotaxis. To test this
hypothesis, the method reported by Oosawa and Imae (28) was
used to study the chemotaxis of E. coli in the presence of
different concentrations of TEG (0, 1.5 X 1073, 0.015, 0.15, 1.5,
and 15%). Both wild-type strain RP437 and the Afsr mutant
RP5700 were tested.

On the RP437 chemotaxis plates, a clear zone around each
plug containing TEG was formed within 60 min after addition
of the hard agar plug (see Fig. S4 in the supplemental mate-
rial). This suggests that the cells were moving away from the
plugs containing TEG, similar to the results for ethylene glycol
reported by Oosawa and Imae (28). No clear zone was seen for
RP5700, except for the preparations with 15% (1 M) TEG (the
clear zone was much smaller than that of RP437 [data not
shown]). Thus, RP5700 demonstrated reduced but not fully
abolished chemotaxis. E. coli has different MCPs (e.g., Tsr,
Tar, and Trg) for sensing different chemicals (28). The results
described above suggest that Tsr plays an important role in the
response to TEG, but there might be redundancy in TEG
sensing by other MCPs since RP5700 also exhibited negative
chemotaxis in response to 15% TEG.

TEG controls the motility of E. coli. Interestingly, the biofilm
cells on bare gold surfaces were found to be elongated
(12.1 = 2.7 pm), while the few cells on TEG-terminated SAMs
were 3.1 = 0.8 wm long (see Fig. S5 in the supplemental
material). Bacteria are well known for a highly organized mul-
ticellular behavior called swarming, by which the elongated
cells move quickly across the surface (1). Swarming has been
reported for E. coli (14), and swarming cells have been ob-
served in biofilms (21). Thus, the elongated cells found on bare
gold surfaces in this study could have been swarming cells, and
this led to the hypothesis that the swarming motility might be
affected by TEG.

A motility assay was performed to evaluate the effects of
TEG on E. coli swarming. LB medium with different concen-
trations of agar were first tested to optimize the experimental
conditions for the swarming of DH5a. The best swarming
motility was observed with 0.4% agar, and these conditions
were used for the following experiments. Of the three strains
tested, RP437 exhibited the highest motility, with an average
swarming rate of 5.2 = 0.4 mm/h (based on the swarming in the
first 10 h after inoculation), followed by RP5700 (2.0 = 0.1
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FIG. 4. Swarming of E. coli in the presence of 0, 0.15, and 1.5%
TEG. (A) RP437. (B) RP5700. (C) DH50..

mm/h) and DH5a (1.3 = 0.2 mm/h). Addition of TEG (0.15
and 1.5%) resulted in clear inhibition of motility for all the
three strains (Fig. 4). For instance, the average swarming rates
for RP437 with different concentrations of TEG were 5.2 = 0.4
mm/h (no TEG), 4.3 = 0.2 mm/h (0.15% TEG), and 3.4 = 0.3
mm/h (1.5% TEG).
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FIG. 5. Representative image for RP437 biofilms formed on a SAM-modified surface with the HS(CH,),,(OCH,CH,);OH background and
microcontact-printed HS(CH,),,CHj; patterns. The image is a Z section of a 20-pm-thick biofilm obtained 10 pm from the substratum.

Biofilm formation by strains with different motilities. Mo-
tility has been shown to be important for biofilm formation (31,
44). Since TEG inhibited biofilm formation by DH5« and the
motilities of DH5a, RP437, and RP5700, it was interesting to
study the effects of TEG on the biofilm formation by the more
motile strains, strains RP437 and RP5700. These two strains
were labeled with GFP (pGLO) and tested for biofilm forma-
tion on a SAM-modified surface with an HS(CH,),,(OCH,
CH,);OH background and microcontact-printed HS(CH,),,
CHj; patterns. Consistent with the results for DH5a, the TEG-
terminated SAMs were also resistant to biofilm formation by
RP437, as biofilms were formed only in expected patterns (Fig.
5). In addition, RP437 was found to form more biofilm than
DH5«, consistent with its higher motility compared to the
other two strains. Interestingly, RP5700 did not form an ap-
parent biofilm. This suggests that #sr plays an important role in
biofilm formation (see Discussion).

DISCUSSION

In this study, we obtained evidence that SAMs presenting
certain functional groups are resistant to E. coli biofilm for-
mation, and the TEG group was found to be the most resistant;
e.g., it repressed DH5a biofilm formation by 99.5% =+ 0.1% for
24 h after inoculation. These results were corroborated by
experiments using surfaces with regions consisting of nonresis-
tant SAMs surrounded by resistant SAMs. TEG added as a
free molecule in growth medium also inhibited biofilm forma-
tion and motility but had no effect on general cell growth,
suggesting that TEG inhibited biofilm formation by interrupt-
ing cell-surface interactions.

The results of this study indicate that different functional
groups have different effects on cell attachment. Specifically,
the resistance to biofilm formation was found to increase in the
order methyl < L-gulonamide < TEG. Previously, Tidwell et
al. (41) found that the growth of bovine aortic endothelial cells
on SAMs increases in the following order: hydroxyl
(—CH,OH) < methyl ester (—COOCH;) < methyl (—CHs;)
<< carboxyl (—COOH). In addition, Lee et al. (22) found that
the strength of adhesion of K100 erythroleukemia cells to
functional groups has the following trend: methyl (—CH;) <

carboxyl (—COOH) =~ epoxide << amine (—NH,). Therefore,
altering the adhesion strength could be a mechanism for con-
trolling cell attachment, and it would be helpful to test our
system with other bacterial species.

Since hydrophobic surface structures of bacteria (e.g., fim-
briae) have been shown to mediate cell attachment (27, 31, 33,
45) and TEG is hydrophilic, it’s possible that a TEG-termi-
nated SAM created a hydrophilic surface which increased the
energy barrier for cell attachment. For the early stage of bio-
film formation, we studied the attachment of RP437 cells on
bare gold surfaces and on TEG-terminated SAMs at 2 and 6 h
after inoculation. It was found that cells attached to bare gold
quickly, with 0.54% = 0.17% and 2.65% = 0.92% of the
surface covered at 2 and 6 h after inoculation, respectively.
However, no noticeable attachment was seen on TEG-termi-
nated SAMs (see Fig. S6 in the supplemental material), sug-
gesting that the initial attachment was inhibited. This is con-
sistent with the data obtained at 24 and 48 h after inoculation.
Our data also suggest that the reduction in biofilm formation
on SAMs is caused not only by the increase in hydrophilicity
since the TEG-terminated SAMs were more resistant to bio-
film formation than the L-gulonamide-terminated SAMs (Fig.
2), while these SAMs have similar hydrophobicities and both
present highly water-soluble functional groups (hydroxyl
groups). In an earlier report, D. marina was found to attach
more to SAMs presenting a hexa(ethylene glycol) group than
to SAMs presenting a COOH group, although COOH is more
hydrophilic than hexa(ethylene glycol) (18). This finding and
our results indicate that the hydrophobicity is not the deter-
mining factor in biofilm formation. Our motility assay and
chemotaxis results indicate that TEG may affect biofilm for-
mation at the molecular level.

It has been reported that motility is critical for initial attach-
ment during E. coli biofilm formation (31). Wood et al. (44)
reported that motility also influences the maturation of bio-
films of E. coli since strains with higher motility (MG1655 >
ATCC 25404 > BW25113 > JM109 > DH5«) can form
thicker biofilms with greater surface coverage than strains with
lower motility. Consistently, we also found that RP437 (the
most motile strain in this study) formed more biofilm than
RP5700 and DHS5a formed. Interestingly, RP5700 formed
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much less biofilm than RP437 and DH5« formed [no apparent
biofilm was seen with the HS(CH,),,CH; pattern (see Fig. S7
in the supplemental material)], even though the motility of
RP5700 was slightly higher than that of DH5«. Burkart et al.
(5) showed that either Tsr or Tar alone can support E. coli
swarming, which is consistent with the finding that RP5700 has
some motility. RP5700 lacks the serine chemoreceptor Tsr
compared to RP437. Although the mutation in fsr did not
completely abolish motility, the role that tsr plays in biofilm
formation may be critical. Previously, a brominated furanone
from a marine alga, Delisea pulchra, was found to inhibit E. coli
biofilm formation, and DNA microarray results suggest that
furanone represses the motility genes, including zsr (34).

In the experiment in which TEG was added as a free mol-
ecule in liquid medium, although the surface coverage of bio-
film was significantly reduced, SAMs did not have effects on
the maximum thickness of biofilm to the same extent. It is
generally accepted that biofilm formation includes attachment,
microcolony formation, maturation, and dispersion (12). Our
results suggest that TEG may have stronger inhibition on cell
attachment than on biofilm maturation. However, the biofilms
in this study were relatively thin (10 to 20 wm). Further study
with thicker biofilms (e.g., biofilms in flow cells [S. Hou and D.
Ren, unpublished data]) should help test this hypothesis.

Although surfaces modified with certain SAMs are resistant
to biofilm formation in vitro, the in vivo applications may have
additional challenges. It is well documented that medical de-
vices are quickly covered by host proteins once they are im-
planted in the human body (8, 10); therefore, the surfaces must
resist both bacterial attachment and protein absorption in vivo.
In an earlier study, TEG-terminated SAMs were found to
resist protein absorption (25). Thus, this surface modification
strategy is promising for biofilm control, and further tests of
biofilm formation in the presence of proteins should be helpful
for evaluating the application of these SAMs in vivo.

To conclude, this work demonstrated that bioinert SAMs of
TEG-terminated alkanethiols on gold films that resist protein
adsorption and mammalian cell adhesion also resist bacterial
biofilm formation. Our results further indicate that surface
hydrophobicity is not the determining factor in biofilm forma-
tion, as L-gulonamide-terminated SAMs have hydrophobicity
similar to that of TEG-terminated SAMs but exhibit signifi-
cantly lower resistance to biofilm formation than TEG-termi-
nated SAMs. The results of chemotaxis and motility experi-
ments suggest that TEG-terminated SAMs may also repel cells
and have an inhibitory effect on cell motility, which is known to
be important for biofilm formation (31). Thus, the reduction in
biofilm formation on TEG-terminated SAMs is a result of
multiple factors, including the solvent structure at the interface
(19, 24), the chemorepellent nature of TEG, and the inhibitory
effects of TEG on cell motility. With the ability to resist bac-
terial adhesion and biofilm formation, SAMs are potential
materials for development of antibiofilm coatings for medical
applications.
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