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Abstract

Selective attachment dscherichia coliK-12 bacterial cells to charged gold surfaces was demonstrated. Electrostatic bin&ingoif
K-12 bacterial cells to positively charged surfaces was observed starting at +750 mV. The bingirpbK-12 cells to positively charged
gold surfaces is proposed to occur due to long-range electrostatic interactions between the negatively charged O-chain of lipopolysaccharic
(LPS) molecules protruding the bacterial cell body and the electrode surface. Removing LPS alters the cellular surface charge and results |
cellular attachment to negatively charged surfaces. Thus, applying an electrical potential allows for the direct, real time detection of live, deac
or damaged bacterial cells. The attachmenEo€oli K-12 bacterial cells to surfaces with an applied potential substantiates the hypothesis
that an electrostatic interaction is responsible for the binding of bacterial cells to positively charged molecular assemblies on surfaces use
for building bacterial microarrays.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction polysaccharides, polystyrene, poly-L-lysine, and even hyper-
branched polymer film templat¢,4,6,13,20-22].

A great deal of effort has gone into the development  Recently, microarrays of motile bacterial cells were pre-
of modified surfaces that resist cellular adhes[@r5], pared by attaching. coliK-12 cells to pre-designed micron-
and such surfaces have been used in sensor developmertized patterns of 16-mercaptohexadecanoic acid (MHA) pat-
[2,6], and biomaterialR,7-9]. Previous approachesto attach terned on gold surface via microcontact printing and treated
whole, motile bacterial cells to surfaces centered around with poly-L-lysine (PLL)[23]. Based on these data, a sin-
the random attachment of bacteria through their flagella gle motile E. coli bacterial cell can be attached to a pre-
as well as fimbriae and pill{10-12]. However, motile designed line or dot feature with binding occurring primarily
bacterial cells can adhere to surfaces through cell surfaceviathe cell body, however, some surface-flagella binding also
macromolecules via both specific and non-specific inter- occurred. In addition, surface bound bacteria were shown to
actions involving hydrophobic, hydrophilic and/or van der remain alive and motile after adhesion to a patterned surface
Waal forces[1,13,14]. It has previously been shown that for more than 4H23]. The observed binding d. coli K-
motile Escherichia colicells could be randomly adhered 12 bacterial cells to MHA—-PLL surface patterns at pH 7.8,
to a surface through interactions with an antibody[15,16], was proposed to be due to electrostatic interactions between
and similar results have been obtained for motile bacte- the negatively chargel. coli cells[24] and the protonated
rial cells, such aSalmonella typhimuriurandHelicobacter amino groups (NH") of poly-L-lysine.
pylori [14,17-19]. In addition, whole bacterial cells have In order to understand in greater detail the binding mecha-
been shown to randomly adhere to surfaces coated withnism ofE. coliK-12 motile bacterial cells to surfaces, we have

examined the effect of electrochemical potential applied to a
bare gold surface oR. coli binding. Our data indicate that
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cells. In addition, the electrostatic interaction betwEeooli
K-12 motile bacterial cells and charged surfaces was exam- BAS 100

ined by altering the surface chargem®fcoli K-12 bacterial
ceIIs'. These dqta verify the hypoth§:5|s that bacterial binding Ref. electrode (Ag/AGCH)
to microarrays is due to electrostatic forces. /-V
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2. Materials and methods N - orking electrode
2.1. Materials
—» Au substrate

The tetrasodium salt of ethylenediaminetetraacetate =~ M9 with
(EDTA) was purchased from Aldrich/Sigma Chemical Co. 2:[7;6"3'
(Milwaukee, WI) and used as received without further purifi-
cation. Milli-Q water (18.2 MQ2) was used for all aqueous Scheme 1. Sketch of the experimental setup used for the electrochemical
experiments. Gram-rods &. coli K12 bacterial cells were binding studies described herein fir coli K-12 bacterial cells to gold
purchased from the Carolina Biological Supply Company. ~ Substrates.

2.2. Bacterial cell preparation 100 electrochemical apparatus (Scheme 1). Briefly, a voltage
was applied between a gold substrate (working electrode)

E. coli K-12 bacterial cells were grown from a single and a platinum counter electrode and measured with respect
colony in Luria-Bertani (LB) broth in a rotary shaker incu- to a silver/silver-chloride reference electrode.coli K-12
bator at 37C and 225rpm for 7-8 h. When the optical bacterial cells were grown as previously descrifZ2] and
density (ORyoo) of the culture reached ca. 0.8-1.0 (Agilent transferred to M9 media at 3€. Approximately 25 ml of
8453 UV-vis spectroscopy system), the bacterial cells were M9 media containinde. coli K-12 bacterial cells (OD=1)
centrifuged at 4000 rpm for 20 min and resuspended in M9 was used for each electrochemical attachment experiment.
media prepared from commercially available M9 minimal In order to exclude unspecific binding, the gold substrate
salts. The final bacterial concentration was approximately was immersed and removed from cell containing M9 media
(1-2)x 10’ cells/mL, which was determined by measuring under the voltage conditions indicated for each experiment.
the absorbance at 600 nm and by counting cells methods usingzlectrochemical attachment &. coli K-12 bacterial cells

a Bright-Line hemacytometer (Fisher Scientific). was initially examined at potentials ®f=0 and+1000 mV
applied to a gold substrate fets5 min. After each experiment,
2.3. Imaging the substrate was removed from the M9 media, washed in

nanopure water, and dried in air and optical and AFM studies
Fabricated microarrays were characterized by optical andwere conducted.
atomic force microscopy’s (AFM). Either a Veeco CP- Optical images oE. coli K-12 bacterial cells bound to
Research or Nanoscope IV (Nanoman) was employed tobare gold surfaces at +1000, 0 ard000 mV indicate that
acquire topography and frictional force images. The can- negatively charged surfaces regetoliK-12 cells while pos-
tilever tip (Model # MSCT-AUHW, purchased from Veeco) itively charged surfaces attract them and cause cell-surface
had a spring constant of 0.05N/m. Optical images were attachment (Fig. 1). These data are consistent with the pro-
obtained with an Axiovert 100A optical microscope equipped posal thatE. coli cell surfaces are negatively charged due
with a Penguin 600CL digital camera and StreamPix soft- to surface phosphate and carboxylate groups composing the
ware. core region of lipopollysaccharide (LPS) molecul@d].
Applying a negative potential (—1000 mV) to electrochem-
ically attachedE. coli K-12 cells removes~60% of the
3. Results and discussion bacteria from the gold electrode surface. These data indicate
that the electrochemical attachment process is only partially
Recently, it was proposed thiat coli K-12 bacterial cells reversible. Based on atomic force microscopy (AFEl)¢oli
bind to MHA—-PLL modified gold surfaces through an elec- K-12 cells attached to gold surfaces at +1000, 86 8000 mV
trostatic interaction between the protonated amino groupsare significantly different in both shape and cell surface
(NHz™) of poly-L-lysine and the negatively charged surface integrity. E. coli K-12 cells attached to positively charged
of E. coli cells [23]. In order to test this hypothesis, we (+1000 mV) and neutral gold surfaces are in good condition
have examined the effect of electrochemical potential on and exhibit the shape and cell surface features expected for
E. coli K-12 bacterial cell adhesion to bare gold surfaces. a healthy bacterial celFig. 2A and B). In contrast. coli
The attachmerit. coli K-12 bacterial cells to bare gold sur- K-12 cells attached to negatively chargeelQ00 mV) bare
faces were performed under ambient conditions using a Basgyold surfaces experience cell wall destruction and exhibit
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Fig. 1. Optical images dE. coli K-12 bacterial cells attached to: (A) neutral, (B) positively and (C) negatively charged bare gold substrates.

fractured flagella that are not protruding from the bacte- was further probed by altering the charge on the cellular
rial cell bodies (Fig. 2C). Flagella binding to a negatively surface by treating bacterial cells with ethylenediaminete-
charged surface, indicates that bacterial flagella are posi-traacetate (EDTA). The addition of EDTA disrupts the LPS
tively charged. Archaeal flagellins composing the flagellum molecular assembly resulting in removal of O-antigen giv-
filament have positively charged amino aci@%], likely ing a positive charge to the cell surfaf@¥]. After bacteria
resulting in the electrostatic attraction to negative surfaces. were grown in LB media they were centrifuged and washed
Inorderto determine the minimum electrochemical poten- in nanopure water, recentrifuged and resuspendedina 10 mM
tial needed to attachdsl coliK-12 bacterial cellsto gold sur-  agueous solution of EDTA for 30 min after which they were
faces, voltages ranging from= +250,£+500 andt750 mV centrifuged and resuspended in M9 media and allowed to
were examined. Optical images®fcoliK-12 boundtobare  stand for~40min at 37C. A voltage was applied to a
gold surfaces at-250,£500 ancd=750 mV indicate thaE. gold substrate, immersed in M9 media containbgcoli
coli cells will bind to bare gold surfaces only at potentials K-12 cells treated with EDTA, for 5min at a potential of
>+750 mV (Fig. 3). These dataindicate tRatoliK-12 bac- V=-1000mV. The substrate was removed from the M9
terial cells can be attached to surfaces through electrostationedia, washed in nanopure water, dried in air and optical
forces and that the cell surface is negatively charged. While and AFM studies were recorded.
the majority of cells bind to positively charged gold surfaces, = Optical images oE. coli K-12 bacterial cells bound to
some bacteria attach to negatively charged surfaces indicaa bare gold surface with an applied potential-df000 mV
tive of some positive charge build-up on cellular surfaces. before and after treatment with EDTA are showrFig. 4.
Positively chargedE. coli cell surfaces are likely due to the Interestingly, EDTA treatecE. coli K-12 cells are now
destruction of negative O-chains of LPS molecules that shield attracted to the negatively charged surface, exactly oppo-
a positively charged core regig24,26]. The observed per-  site to what is observed with untreatéd coli K-12 cells.
turbations in the shape of the cell surface of bacteria attachedA positive charge build-up on the surface Bf coli K-12
to positively charged surfaces (Fig. 2C) are likely the result cells likely occurs due to the degradation of the O-chains of
of LPS damage. LPS molecules, which shield a positively charged core region
Examination of the role of LPS in forming negative charge [24,26]. High-resolution AFM images d&. coli K-12 cells
of the cell envelope and the electrostatic interaction betweenbefore and after treatment with EDTA (Fig. 5A and B) reveal
E. coli K-12 bacterial cells and positively charged surfaces the difference in the shape and size of the bacterial cells. The
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Fig. 2. AFM images oE. coli K-12 bacterial cells bound to: (A) neutral, (B) positively, and (C) negatively charged bare gold substrates.
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Fig. 3. E. coliK-12 bacterial cell attachment to bare gold surface250,+500 andt750 mV.

AFM image of an un-treateH. coli K-12 cell indicates the ~ PLL moleculg23]. Based on the data reported her&ngoli
presence of flagella and pili around a well-shaped cell body K-12 bacterial cells are only attracted to positively charged
(Fig. 5A). Conversely, an AFM image of & coliK-12 cell surfaces and only when a potential of at least +750mV is
treated with EDTA does not show any flagella or pili present, applied. These data indicate that the cell surface is negatively
but indicates that disruptions in the bacterial cell envelope charged, thus substantiating the proposed bindirg. @oli
occur (Fig. 5B). These data suggest that treatmeBt obli K-12 cellsto PLL. In addition, treatment &f coliK-12 cells
K-12 cells with EDTA causes damage to the LPS chains on with EDTA disrupted surface LPS molecules, which resulted
the surface of the cell body resulting in a positively charged in a loss of the negative charge on the cell surface. Therefore,
cell surface. LPS is likely the main negatively charged species on the cell

In conclusion, the attachmentBf coliK-12 bacterial cell surface and, therefore, accounts for most of the electrostatic
to MHA-PLL surfaces was hypothesized to be due to electro- interaction with PLL. These data also indicate that applying
static interactions between negatively charged groups on thean electrical potential allows the direct, real time detection of
cell surface oft. coli K-12 cells and the positively charged live, dead or damaged bacterial cells.

(A) B)
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Fig. 4. E. coli K-12 bacterial cell attachment to negatively charged gold surfaces: (A) before and (B) after treatment with 10 mM EDTA.
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Fig. 5. High-resolution AFM images d&. coli K-12 bacterial cells (A) before and (B) after treatment with EDTA demonstrating the presence of flagella and
pili for healthy cells (A) and absence of these features for the cells treated with EDTA (B).
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