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Summary

The use of carbohydrate microarrays to investigate
the carbohydrate binding specificities of bacteria, to
detect pathogens, and to screen antiadhesion thera-
peutics is reported. This system is ideal for whole-
cell applications because microarrays present carbo-
hydrate ligands in a manner that mimics interactions
at cell-cell interfaces. Other advantages include assay
miniaturization, since minimal amounts (~ picomoles)
of a ligand are required to observe binding, and high
throughput, since thousands of compounds can be
placed on an array and analyzed in parallel. Pathogen
detection experiments can be completed in complex
mixtures of cells or protein using the known carbohy-
drate binding epitopes of the pathogens in question.
The nondestructive nature of the arrays allows the pa-
thogen to be harvested and tested for antibacterial
susceptibility. These investigations allow microarray-
based screening of biological samples for contami-
nants and combinatorial libraries for antiadhesion
therapeutics.

Introduction

Carbohydrates displayed on the surface of cells play
critical roles in cell-cell recognition, adhesion, signaling
between cells, and as markers for disease progression.
Neural cells use carbohydrates to facilitate develop-
ment and regeneration [1]; cancer cell progression is
often characterized by increased carbohydrate-depen-
dent cell adhesion and the enhanced display of carbo-
hydrates on the cell surface [2]; viruses recognize car-
bohydrates to gain entry into host cells [3]; and bacteria
bind to carbohydrates for host cell adhesion [4]. Identi-
fication of the specific saccharides involved in these
processes is important to better understand cell-cell
recognition at the molecular level and to aid the design
of therapeutics and diagnostic tools.

Many interactions at cell-cell interfaces involve multi-
ple binding events that occur simultaneously [5, 6]. This
“multivalent” type of binding amplifies affinities relative
to interactions that involve only a single ligand [6]. This
effect has led to the development of multivalent antiad-
hesive therapeutics against bacteria [7, 8] and viruses
by displaying carbohydrates on flexible polymers [9-
11]. Dendrimers and bovine serum albumin (BSA) have
also been used as multivalent scaffolds [8]. Addition-
ally, devices that are responsive to the presence of a

*Correspondence: seeberger@org.chem.ethz.ch

pathogen use multivalent binding for recognition [12,
13, 14].

The use of carbohydrate microarrays to study the in-
teractions of bacteria with carbohydrates is reported.
Cell-surface carbohydrates are exploited by many pa-
thogens for adherence to tissues and entry into host
cells. Microarrays present carbohydrates in an ideal
manner to study cell-cell interactions because they can
accommodate multivalent binding. Our results show
that, after incubation of Escherichia coli with a carbo-
hydrate array presenting a variety of monosaccharides,
binding of the bacterium is observed to mannose on
the array. Binding can also be observed when the bac-
terium is present within heterogeneous solutions of
cells or protein. These results suggest that arrays can
be used to detect pathogens. Bacteria captured by the
arrays can also be harvested and tested for antibiotic
susceptibility. In addition, we also show that rapid
screening of potential antiadhesion therapeutics can be
facilitated with this platform. The miniaturized and high-
throughput nature of microarrays makes them a prom-
ising tool to screen combinatorial libraries for discovery
of antiadhesion therapeutics, test organisms for their
carbohydrate binding epitopes, and to detect patho-
gens. Since carbohydrate-cell interactions are ubiqui-
tous in nature, these investigations have the potential
to impact a variety of important areas.

Results and Discussion

Cell Adhesion to Carbohydrate Arrays
Five different monosaccharides equipped with an etha-
nolamine linker on their reducing ends were used to
construct the carbohydrate arrays (Figure 1). Function-
alized sugars were spotted onto glass slides that had
been coated with the amine-reactive homobifunctional
disuccinimidyl carbonate linker. In initial tests, 10 pl of a
20 mM carbohydrate solution was placed onto different
positions on the surface. Slides were hybridized with
10° E. coli (ORN178) cells that had been stained with
a nucleic acid staining dye (Figure 2). After removing
unbound bacteria by washing, slides were scanned
using a fluorescent array scanner. Results show that a
strongly fluorescent signal (signal to noise [S/N] >10)
was observed at positions where mannose was immo-
bilized; hybridization with unstained E. coli resulted in
a weak signal (S/N ~2). The remainder of the slide ex-
hibited no signal above background (data not shown).
Next, an arraying robot was used to construct high-
density arrays. The robot spatially delivered 1 nl of car-
bohydrate-containing solutions that ranged in concen-
tration from 20 mM to 15 pM, and the resulting spots
had a diameter of ~200 um. Several types of slides
were tested to optimize array performance. Standard
amine-coated glass slides were reacted with either di-
succinimidyl carbonate or disuccinimidyl tetrapolyethy-
lenglycol linkers, alternatively CodeLink polymer coated
slides were used (data not shown). For each of these
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Figure 1. Carbohydrates Used to Construct the Microarrays and to
Study Interactions with Bacteria

slides, ORN178 bound to mannose and not to the other
carbohydrates. Furthermore, binding occurred with a sig-
nal to noise ratio of >100 despite the small size of the
spots (Figure 3). CodeLink slides had the best perfor-
mance since they gave the highest binding signal and
the lowest background. These slides were used in all
subsequent array experiments where monosaccharides
were displayed. Most likely, the three-dimensional man-
ner in which the carbohydrates were immobilized on
these slides is responsible for the enhanced perfor-
mance.

Other arrays that displayed mono- to nonamanno-
sides, which were constructed as described [15], were
tested for binding to ORN178 (see Supplemental Data).
Results from these experiments show that ORN178 has
little preference for binding to these mannosides, de-
spite varying lengths and linkage stereochemistry. This
likely reflects that recognition of mannose residues by
this strain occurs through only a single mannose resi-
due, and that stereochemistry of the linkage plays little
role in binding.

The observation of cell adhesion to arrays con-
structed using an arraying robot with microarray-size
spots is promising. A previous report studied adhesion
of chicken hepatocytes and human T cells to carbohy-
drates arrays that were manually constructed. These
spots were 1.7 mm in diameter and allowed for ~200
spots to be placed on a single slide [16]. The arrays
described here show that the interactions of bacteria
to carbohydrates can be studied in a high-throughput
manner with the arrays. Due to the smaller spot size
used here, a much larger number of interactions can be
screened in parallel.

The minimal amount of carbohydrate sufficient to de-
tect binding was determined. Analyte consumption is
an important aspect for carbohydrate arrays, since
materials isolated from natural sources are in short sup-
ply. Several 1 nl aliquots of serially diluted solutions of
carbohydrate that ranged in concentration from 20 mM
to 15 pM were arrayed. A concentration-dependent
decrease in signal was observed, and delivery of as lit-
tle as 20 fmol to a slide was sufficient to obtain a signal

Pour onto Slide
—_—

Cell Suspension

1. Wash off Unbound
2. Scan

Figure 2. Schematic Representation of the Method Used to Study
Carbohydrate-Cell Interactions and to Detect the Presence of Pa-
thogens within Complex Mixtures

Either homo- or heterogeneous samples containing bacteria were
stained with a cell-permeable fluorescent dye and then hybridized
with the carbohydrate arrays. Fluorescent staining of the cells was
necessary to increase the signal observed using a fluorescent slide
reader; a weak but observable signal was found without staining
the cells.

above background (Figure 4). Different concentrations
of bacteria were next hybridized with the arrays to de-
termine the bacterial detection limit. As expected, a
concentration-dependent decrease in signal was ob-
served. When 10° or greater ORN178 were incubated,
signals were well above background (Supplemental
Data); however, hybridization of 10° cells gave signal
that approached background, thus defining the current
detection limit. This sensitivity rivals or exceeds that
used in methods requiring a bacterial enrichment step
prior to detection [17].

Standard microscopic images were taken of ORN178
bound to three mannose-containing spots. Images show
that ORN178 only adhered to these positions, they are
densely covered with bacteria (Figure 4), and no bac-
teria are observed outside of this area. This illustrates
that these slides are resistant to nonspecific adhesion
of bacteria.

Assessing the Carbohydrate Binding Specificities

of Different Bacterial Strains

The arrays were tested for their ability to probe differ-
ences in carbohydrate binding affinities between re-

Man Glu %c% Fuc

Figure 3. An Image of a Carbohydrate Array after Incubation with
ORN178 that Were Stained with SYTO 83 Cell-Permeable Nucleic
Acid Staining Dye

Each concentration was spotted with three rows of five spots. Each
spot is the result of delivery of 1 nl of a 20 mM, 5 mM, 1.25 mM,
310 puM, 63 uM, or 15 uM carbohydrate-containing solution. The
spot diameter is ~200 pm.
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Figure 4. Adhesion of Different E. coli Strains to Carbohydrate
Microarrays

(A) Images of mannose positions on the arrays after hybridization
with mannose binding E. coli, ORN178, or mutant E. coli, ORN209,
which has a greatly diminished mannose binding affinity [18].

(B) Plots of the experimental data from these two slides; the errors
are the standard deviations in each measurement.

(C) A bright-field microscopic image of three spots on a carbohy-
drate array after hybridization with ORN178. Each spot is the result
of delivering 20 pmol of mannose.

lated strains. Two E. coli strains were used, ORN178
and a mutant strain, ORN209, which exhibits a reduced
affinity to mannose [18]. As expected, incubation of
ORN209 gave a much lower signal than ORN178 (Figure
4). A 7-fold decrease was observed at the highest spot
concentration, and no signal was observed at lower
concentrations (Figure 4). The difference in signal is not
due to differences in uptake of the dye (data not shown)

These findings demonstrate that the arrays allow for
screening of mutants that have altered carbohydrate
binding affinities. The ability to distinguish the different
affinities of cells may have clinical applications since
the virulence of many pathogens correlates with carbo-
hydrate binding. For example, clinical isolates of E. coli
that cause urinary tract infections bind to mannosides
with a much higher affinity than strains that do not
cause infections [19, 20]. Thus, the carbohydrate bind-
ing profiles determined with the array can aid in assess-
ing pathogenicity and the design of strain-specific ther-
apies.

ICeo

Screening for Inhibitors of Carbohydrate-

Cell Interactions

Antiadhesion compounds can be used as therapeutics
against pathogens and other infectious agents. Our ar-
ray-based method was used to measure the ability of
compounds to inhibit binding of ORN178 to mannose.
Inhibitors were placed in array hybridization solutions
that were incubated with 108 ORN178 cells. Com-
pounds tested included mannose, p-nitrophenyl-o-D-
mannospyranoside (p-NPMan), and a water-soluble,
mannose-functionalized polymer [21]. The ICgys were
measured and showed that mannose-functionalized
polymer (50 wM) was significantly more effective at in-
hibiting bacterial adhesion than p-NPMan (1000 p.M),
which was a better inhibitor than mannose (50,000 M)
(Figure 5 and Supplemental Data).

These results agree with previous reports that
showed that p-NPMan is a better adhesion inhibitor
than mannose. Structural information obtained for the
mannose binding pocket in E. coli aided the develop-
ment of p-NPMan as a tight binder to E. coli due to
forming stabilizing interactions with the aromatic resi-
dues in this protein [22]. Also, the mannose-function-
alized polymer displays the carbohydrate in a multiva-
lent manner. Multiple ligand-polymer interactions will
increase the binding affinity to whole bacterial cells,
since there are 100 to 400 mannose binding lectins that
are displayed on the surface of E. coli [22, 6]. Further-
more, other multivalent scaffolds such as polymers and
BSA exhibit enhanced binding to bacteria and mamma-
lian cells compared to monovalent ligands [8, 14, 21, 23].

Carbohydrate Microarrays as a Means

to Detect Bacteria

The carbohydrate array platform has the potential to be
used as a biosensor because many different cell types
bind to carbohydrates, and the carbohydrate binding
“fingerprint” can be used to disseminate the type of
bacteria present within a complex mixture [6]. Strain
ORN178 was placed as a contaminant into solutions
that included sheep erythrocytes and serum. SYTO 83
dye was added to these solutions, and they were di-
rectly applied to the arrays without removal of the ex-
cess dye (Figure 2). Non-cell-associated dye did not
have to be removed since it did not exhibit any nonspe-
cific binding to the array surface.

The results show that, in both cases, binding of
ORN178 to the arrays is observed. Bacterial detection
of ORN178 in serum showed signals well above back-
ground, which are ~2-fold lower than that observed

Figure 5. Antiadhesion Compounds Studied
with the Carbohydrate Arrays
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Various concentrations of inhibitors were
placed into a hybridization solution that con-
tained 102 ORN178, and binding to mannose-
containing spots was measured. The data
were then plotted versus the concentration
of inhibitor (for the polymer this is moles of
mannose) to determine the 1Cq.

50,000 M



Chemistry & Biology
1704

A

2x10°

2x108

2x107

16000

14000 -
12000 4
10000 -

8000

Fluorescence Signal

20 pmoles

B 2x10°

Erythrocytes

2x107

6000 -
4000 1
2000 1

epsadeo

1x10°
s5x10°
2x10"
1x10"
1%10°
oul

HOPH

@iH N

Mannose Spots

t
|

Non-Mannose Spots

0.35

0.30 4
0.25 4
0.20 1
0.15 4
0.10 4

Absorbance 660 nm

0.05

0.00

(-1
ce

v

E @pOmade

Ampramyein
Ampicillin
Amikacin
‘Gentamycin
Kanamycin A
Neomycin

s 8

0.01

0.1 1 10
[Antibiotic],

100

g/mL

1000 10000

1013 16'12 16*” 1010
Mannose Delivered to the Surface, Moles

D Serum
16000 | |

14000 { 3 e 3
12000 | i
10000 |

8000 | ¥ }

6000
4000 |
2000 - } § E

Fluorescence Signal

10 102 1o 16710
Mannose Delivered to the Surface, Moles

Figure 6. Image of Arrays that Have Been Hybridized with 10°
ORN178 and Are Present in a Mixture Containing Different Concen-
trations of Erythrocytes

(A) A picture of the 20 nmol spots taken using a fluorescent slide
scanner after hybridization of a solution containing ORN178 with
various concentrations of erythrocytes. The amount of mannose
that has been delivered to the surface is 20 pmoles.

(B) Bright-field microscopic image of arrays after hybridization with
ORN178 and 10° or 107 erythrocytes.

(C and D) Plots for data after array hybridization of 1028 ORN178 in
a background of erythrocytes (C) and in serum (D).

with a homogeneous sample (Figure 6). For experi-
ments with erythrocytes, samples that contain equal
amounts of ORN178 and erythrocytes result in signals
that are equal to that observed with a homogeneous
sample (Figure 6). Further addition of erythrocytes to
10-fold excess over the bacteria decreases the signal
~6-fold (Figure 6). Despite this decrease, the signal is
still well above background. Brightfield microscopic

Figure 7. Growth of Bacteria that Have Been Harvested from a Car-
bohydrate Array and Testing for Antibacterial Susceptibility

The top shows an image of an LB plate after bacteria are harvested
from an array and streaked onto the plate from mannose-contain-
ing spots and nonmannose spots. At bottom are results from anti-
bacterial susceptibility testing of the harvested bacteria.

images of the mannose positions on the arrays at dif-
ferent erythrocyte concentrations were taken to deter-
mine if decreased signal was due to less efficient up-
take of the dye or erythrocyte binding to the arrays.
Images clearly show that only bacteria bind and that
the decrease in signal is due to decreased cell density
(Figure 6).

The observation that ORN178 adhesion can be de-
tected in complex mixtures is encouraging for the use
of this array-based technique as a fast medical diag-
nostic. Traditional assays for pathogen detection re-
quire selective growth of bacteria in media, and such
experiments may take days [17]. Recently, several plat-
forms have been developed to accelerate this process.
Colorimetric detection using bacteriophage may re-
quire a few hours [24], and other methods such as anti-
body staining and PCR require 6 to 48 hr to test a sam-
ple [17, 25, 26].

To further illustrate the nondestructive nature of this
technique, bacteria captured on the arrays were har-
vested and tested for antibacterial susceptibility (Figure
7). After incubation of a homogeneous solution of
ORN178 to a carbohydrate array and washing off the
unbound cells, bound bacteria were removed from the
array by placing an inoculating loop over the mannose-
containing positions. These bacteria were streaked
onto LB plates and incubated at 37°C overnight. Colo-
nies were observed on plates after samples were har-
vested from mannose-containing positions. The bacte-
ria were then further tested for antibiotic susceptibility,
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including minimum inhibitory concentrations for a vari-
ety of different antibiotics (Figure 7). Thus, not only can
the arrays allow for pathogen detection, but they can
also be used to harvest the pathogens to allow for fur-
ther testing. This is not possible with other destructive
methods, such as those that require PCR.

One of the major impediments of using carbohydrate
ligands to detect pathogens is the lack of specificity
to different cell types. Crossreactive chemical sensors
have been developed using ligands that have low spec-
ificity to circumvent this problem [27, 28]. The presence
of a pathogen is determined through the binding en-
semble from many different analytes. Such a scheme is
used by the ~1000 different olfactory receptors that
are present in the nose. The spatial nature and the abil-
ity to spot several thousand ligands on a single array
using the techniques described here should simplify
application of the crossreactive sensing technique.

There are several methods that have the potential to
improve the detection limit of this method. These in-
clude using a different cell staining method, such as
using fluorescent dyes with enhanced fluorescence
properties to stain the cells or using antibodies to stain
the cell membrane. Alternative array-scanning tech-
niques have also been developed that are 100-fold
more sensitive than standard slide scanners [29]. De-
tection down to the 100 binding events per 100 pm? or
in the zeptomolar range can be accomplished using
this instrument [29]. Studies to increase the carbohy-
drate arrays are under investigation and will be re-
ported in due course.

Significance

Microarrays have proven to be a versatile technique
to rapidly assess the interactions of ligands and ana-
lytes. For example, gene chips are used to determine
gene expression profiles [30], chemical microarrays
allow screening of combinatorial libraries [31-33],
and protein arrays are used to determine protein-pro-
tein interactions [34, 35]. Carbohydrate arrays have
been developed to probe carbohydrate-protein in-
teractions [36-39, 40, 41] and to study the interac-
tions of aminoglycoside antibiotics with their RNA
targets as well as with resistance-causing enzymes
[42, 43]. We demonstrate that interactions of bacteria
with carbohydrates can be probed in a microarray for-
mat. These results and another report showing the
binding of mammalian cells [16] to carbohydrate ar-
rays suggest that arrays are a general platform to
study the carbohydrate-cell interactions. We have
also expanded the scope of these methods to include
the detection of pathogens within complex mixtures.
Pathogens captured by the arrays can be cultured
and further tested for antibacterial susceptibility. It is
likely that these assays will allow for rapid screening
and testing of pathogens and aid in uncovering new
roles for carbohydrates in cellular biology.

Experimental Procedures
General Methods

All aqueous solutions were made from nanopure water. Solutions
used for chip hybridizations were sterile filtered through a 0.2 pm

syringe filter prior to use. Each array was equipped with a hybrid-
ization chamber with dimensions of 6.5 x 2.5 cm (Grace Labs). All
chemicals were purchased from Sigma Aldrich or Fluka and used
without purification. Sheep erythrocytes were purchased from
Sigma. Amine-coated glass slides were Coring GAPS Il slides and
were purchased from Corning Inc. CodeLink slides were purchased
from Amersham Biosciences. NMR spectra were recorded on a 300
MHz Varian Inova spectrometer at room temperature. Mass spectra
were recorded on an Agilent Series 1100 LC/MS. The running
solvent for each measurement was acetonitrile/water (1/1) contain-
ing 5 mM ammonium formate. Arrays were constructed using a
Perkin EImer noncontact printer. Slides were scanned using a Scan
Array 500 scanner from GSI Lumonics and quantified using Scan
Array Express Software. All data are the average signal from at
least 15 spots on a single array; errors are the standard deviations
of those measurements. Brightfield microscopic images were taken
using a Nikon Eclipse TS100 inversted microscope, with images
captured using an attached digital camera.

Cell Culture

Bacterial strains ORN178 and ORN209 were a gift from Prof. P
Orndorf (University of North Carolina) [18]. The ORN209 stain is
a mutant derived from ORN178 where the FimH protein, which is
responsible for mannose binding, is mutated to diminish mannose
binding. All cultures were grown in LB media at 37°C with shaking
to an ODgg Of ~1.0 (108 cells/ml).

Chemical Synthesis

2'-aminoethyl-B-D-mannopyranoside, 2’ -aminoethyl-3-D-glucopyra-
noside, 2'-aminoethyl-a~L-fucopyranoside, and 2’-aminoethyl-3-
D-galactopyranoside were synthesized according to published
procedures [44, 45].

2'-Azidoethyl, 3,4,5-Tri-O-Acetyl-2-Acetylamino-2-
Deoxy-a-D-Glucopyranoside

To a solution of N-acetyl-D-glucosamine (3.2 g, 14 mmol) was
added 2-chloroethanol (20 ml, 300 mmol) and Dowex resin 50 x 8
(2.0 g), and the solution was heated to 80°C for 2 hr. The reaction
was filtered to remove the resin, and the excess 2-cloroethanol was
removed by distillation on a rotary evaporator. The crude mixture
was added to pyridine (20 ml), acetic anhydride (10 ml), and a cata-
lytic amount of 4-dimethylaminopyridine, and the reaction was
stirred for 2 hr. Approximately 100 ml of a mixture of water and ice
(~1:1) was added to the reaction mixture, and the aqueous solu-
tion was extracted with 3 x 100 ml dichloromethane. The organic
layer was subsequently washed with 1 N HCI, brine, and dried over
Na,SO,. The product was purified by silica gel flash column chro-
matography using EtOAc:hexanes (5:3).

To a solution of 2’-chloroethanol, 3,4,5-tri-O-acetyl-2-acetyl-
amino-2-deoxy-o-D-glucopyranoside (1.7 g, 4 mmol) was added
sodium azide (2.7 g, 40 mmol) and sodium iodide (0.6 g, 0.4 mmol)
in 18 ml DMF, and the reaction was heated at 80°C overnight. The
DMF was evaporated and the crude mixture was resuspended in
200 ml CH,Cl,, washed with H,O (150 ml), brine (3 x 150 ml), dried
with Na,SO,, and concentrated. The product was purified by silica
gel flash column chromatography using EtOAc:hexanes (7:5) to
afford 1.50 g of 2’'-azidoethyl-3,4,5-tri-O-acetyl-2-acetylamino-2-
deoxy-a-D-glucopyranoside (27% over three steps). '"H NMR (300
MHz, CDCl,): § 5.81 (d, J = 9.3 Hz, 1H), 5.19 (t, J = 8.1 Hz, 1H), 5.07
(d, J = 9.6 Hz, 1H), 4.85 (d, J = 3.3 Hz, 1H), 4.32 (td, J = 10.5, 3.3
Hz, 1H), 4.19 (m, 1H), 4.04 (m, 1H), 3.93-3.83 (m, 2H), 3.61 (m, 1H),
3.51 (m, 1H), 3.35 (m, 1H), 2.04 (s, 3H), 1.98 (s, 3H), 1.96 (s, 3H),
1.89 (s, 3H). '3C (75 MHz, CDCly): § 171.4, 170.8, 170.3, 169.5, 97.7,
71.1, 68.2, 67.6, 62.1, 51.8, 50.5, 23.2, 20.8. ESI-MS (positive
mode) = 417.3 (M + H*).
2’-Aminoethanyl-2-Acetylamino-2-Deoxy-a-D-Glucopyranoside
To 2’'-azidoethyl-3,4,5-tri-O-acetyl-2-acetylamino-2-deoxy-o.-D-glu-
copyranoside (1.5 g, 4 mmol) in 20 ml methanol was added a cata-
lytic amount of sodium methoxide (0.05 g, 0.25 eq). The reaction
was stirred for 2 hr and neutralized with Dowex 50x resin. The solu-
tion was filtered and concentrated.

2'-Azidoethyl-2-acetylamino-2-deoxy-o-D-glucopyranoside was
dissolved in 30 ml methanol and stirred overnight under an atmo-
sphere of hydrogen in the presence of 100 mg of Pd/C. The reac-



Chemistry & Biology
1706

tion mixture was filtered through a pad of celite and concentrated.
The compound was isolated without purification to yield 1.2 g of
product. 'TH NMR (300 MHz, H,0): § 4.85 (d, J = 3.3 Hz, 1H), 4.80-
3.65 (m, 6H), 3.45 (m, 2H), 2.80 (m, 2H), 2.01 (s, 3H); °C (75 MHz,
H,0): & 174.44, 97.09, 71.89, 71.03, 70.27, 69.37, 60.57, 53.70,
40.08, 21.82. ESI-MS (positive mode) = 265.0 (M + H*).

Carbohydrate Arrays

Carbohydrate microarrays were constructed using a robotic non-
contact printer. For arraying onto CodelLink slides, sugars were dis-
solved in 50 mM sodium phosphate buffer (pH 9.0). For the other
slides, carbohydrates were dissolved in a 25% aqueous solution of
DMF as described previously [42, 43]. After printing, slides were
immediately placed in a sealed chamber that contained a slurry of
sodium chloride in water to result in an atmosphere of ~70% hu-
midity. After incubation overnight in the chamber, slides were
washed several times with distilled water to remove the unreacted
carbohydrates from the surface. Remaining amine groups were
quenched by placing slides in a solution preheated to 50°C that
contained 100 mM ethanolamine in 50 mM sodium phosphate
buffer (pH 9.0) for at least 30 min. Slides were removed from this
solution, washed exhaustively with deionized water, briefly shaken
in ethanol, dried by centrifugation, and stored in a dry box until use.

Cell Staining and Array Hybridization

Aliquots of the bacterial cultures were centrifuged to isolate the
cells and were washed twice with an equal volume of PBS buffer
(pH 7.2). After each wash, bacteria were resuspended and centri-
fuged. Cells were fluorescently stained with SYTO 83 orange-fluo-
rescent cell-permeable nucleic acid dye (Molecular Probes, Eu-
gene, OR). Dye was added to a 1 ml suspension of bacteria at a
concentration of 50 pM in PBS buffer and shaken for 1 hr. After
incubation, the cell suspension was centrifuged, isolated, and
washed twice with 1 ml PBS buffer. Solutions of bacteria that con-
tained either serum or erythrocytes were suspended in PBS buffer,
stained with 50 .M of SYTO 83 dye, and incubated for 30 min. After
staining, samples were directly applied to the arrays. Dye that was
not cell associated did not nonspecifically bind to the CodeLink
slides.

Each array was equipped with a hybridization chamber, and then
800 pl solution of E. coli in PBS buffer that contained 1 mM CacCl,
and 1 mM MnCl, was applied to the surface. The arrays were gently
shaken on a platform for 1 hr at room temperature. After incuba-
tion, the hybridization chamber was removed, and unbound cells
were washed away from the array by dipping it into a 50 ml solution
of the hybridization buffer. This step was repeated twice, and the
buffer was changed between washings. A final wash with nanopure
water was used to remove salts from the array. Slides were then
briefly centrifuged at ~1000 rpm for 1 min to dry the arrays. The
arrays were then scanned using a fluorescent slide reader.

Harvesting Bacteria from an Array and Antibiotic Testing

Strain ORN178 was stained with a 50 .M solution of SYTO 62 dye
as described above and incubated with the array, unbound bacteria
was washed off, and the slides were scanned. Positions on the array
where the various carbohydrates were immobilized were mapped out
using the fluorescent scan of the array. An inoculating loop was
scraped over each position where a carbohydrate had been deliv-
ered to harvest bound E. coli. The loop was then streaked onto
LB plates and incubated at 37°C overnight. After incubation, many
(hundreds to thousand) colonies were observed when the samples
were taken from the mannose-containing positions, and few (two)
to no colonies were observed from samples taken at other posi-
tions. Bacteria from the LB plate were then transferred to LB broth
and grown. The number of bacteria were diluted to ODgg, of 0.001
and placed into a 96-well plate with or without serially diluted con-
centrations of antibiotics. Plates were then grown for 24 hr at 37°C,
the culture was pippeted up and down to resuspend the cells in
the media, and ODgg, were immediately taken using a Sepctra Max
250 microplate reader. Dose-response curves were then plotted as
the absorbance at 660 nm versus the concentration of antibiotic.

Supplemental Data

Data for studies of antiadhesion inhibitors, for testing a series of
high-mannosides for binding to E. coli ORN178, and for measuring
the detection limit for E. coli binding to mannose on the arrays are
included in the Supplemental Data available at http://www.chembiol.
com/cgi/content/full/11/12/1701/DC1/.
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