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Abstract: Many pathogens that infect humans use cell surface carbohydrates as receptors to facilitate
cell—cell adhesion. The hallmark of these interactions is their multivalency, or the simultaneous occurrence
of multiple interactions. We have used a carbohydrate-functionalized fluorescent polymer, which displays
many carbohydrate ligands on a single polymer chain, to allow for multivalent detection of pathogens.
Incubation of a mannose-functionalized polymer with Escherichia coli yields brightly fluorescent aggregates
of bacteria. These results show that carbohydrate-functionalized fluorescent polymers are a versatile
detection method for bacteria. Future design of detectors for other pathogens only requires information on
the carbohydrates bound by the organisms, which has been exhaustively reported in the literature.

Introduction In many cases, pathogens bind to carbohydrates displayed
on the cells they infect. A series of carbohydrapathogen
interactions have been describeH: coli binds to mannose,

influenza virus binds to sialic acid, etcThe interactions of

Enterohemorragi&scherichia colicontaminated foods are
a major cause of infection outbreaks with serious consequences
One of the largest outbreaks occurred in Japan in 1996, where,aihqgens to cell surface carbohydrates are often multivalent,

over 10 000 people were infected and 11 digdne potential \yhich results in higher binding avidity compared to monovalent
reason for this outbreak reaching these catastrophic pl’OpOI’thﬂSoinding_lO Polymer-based detection methods for cells have the

was the absence of testing food for contaminants before public 4 antage of simulating multiple interactions through the display
consumption. Current methods that are used clinically for the ¢ many ligands on a single polymer chain. Here, we report a

detection of pathogepic bacteria, sucEasoIi, rely on selecyive carbohydrate-functionalized pofyphenylene ethynylene) (PPE)
growth of the bacteria from a contaminated sample, which can {h4t can be used for detection @&. coli by multivalent

take several daysMore recently, faster methods have been interactions. In contrast to previous examples of sugar-containing
developed that include pathogen recognition by fluorescently PPESs!! the polymer is functionalized after polymerization and

labeled antibodie3,DNA probes} or bacteriophagesWhile  yrovides a versatile scaffold for the rapid attachment of a variety
fluorescent conjugated polymers have found use in a variety of gifferent carbohydrates.

of biological sensing applicatioffssuch as recognition of
proteins by electrostatic interactidrend detection of pathogens
by DNA hybridization® detection schemes for cells have not
been reported.
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1 R=OH;x:y=0:1

2a R=0H or NH(CH,),OH; x:y=1:1

sugar = mannose

2b R=OH or NH(CH,),0H; x :y=1:1

sugar = galactose

Figure 1. Structures of the polymers used in this study.

Figure 3. Visualization of mutant, left, and mannose-binding, right,
coli strains after incubation with mannosylated polyrarApproximately
10ug of polymer was incubated with 1.0 @g of cells. Cells were imaged
under a transilluminator.

binding properties were used to assess whether the mannose-
functionalized PPRacan fluorescently staii. coli. In addition
to a strain that binds to mannose, a second strain was used where

= 2:5 —e : © O'“O its FimH protein was mutated to abolish mannose binding.

c 2.4 ® The nonfunctionalized polymet, the mannosylated polymer

-09; 2.3 1 ° 2a, and 2-fluorescein aminoethyl mannoside were individually

© ® incubated with these bacterial strains. After incubating a 1-mL

2 2.2 bacterial suspension at an @pof 1.0 (16 cells) with the

Y21 appropriate polymer or dye-labeled mannose for 30 min, we

3 centrifuged the suspensions to pellet the cells. The supernatant

o 2.0 solution containing unbound polymer or dye-labeled mannose

E 1.9 was discarded, and the cells were washed twice with phosphate-
1.8 : | | buffered saline (PBS, pH 7.2). The bacteria were then resus-

107 106 105 pended in PBS. Neither polymet nor the 2-fluorescein

aminoethyl mannoside appear to bind to eitkercoli strain.
The mannose-functionalized polym@&g, however, imparted a
strong fluorescent label to mannose-bindigeoli (Figure 3)
that is not removed even upon separation and rinsing. The
resuspended rinsed non-mannose-bindig coli gave no
polymer fluorescence after incubation wizla.
N,N'-diisopropylethylamine for 1624 h. This was followed by Binding of mannose- and galactose-functionalized polymers
guenching of unreacted succinimide esters via addition of excessto bacteria were microscopically imaged. After incubation with
ethanolamine. Uncoupled reagents were removed by dialysis2a, the mutant bacteria remain as individual cells that do not
of the reaction mixture against water for 2 days. A phenol bind to polymer (Figure 4A), while the mannose-binding
sulfuric acid tesé for carbohydrate loading showed that typically bacteria form clusters with fluorescent centers where the
25% of the reactive sites on the polymer were functionalized polymer is bound to many cells (Figure 4B). These brightly
with glycosides. fluorescent clusters are formed by thirty to several thousand
Fluorescence Resonance Energy Transfer (FRET) To Test  bacteria (Figures 3, 4B, and 4C). The larger clusters have the
Lectin—PPE Interactions. To ensure that the carbohydrate strongest fluorescence signal, while single cells in the culture
moieties conjugated to the polymer retained their ability to exhibited little fluorescence. Though aggregation of Jurkat cells
interact with carbohydrate-binding lectins, a FRET experiment has been previously observed with Con A attached to mannose-
was carried out between Alexa Fluor 594-labeled concanavalin functionalized ROMP polymer$, such direct polymer cell
A (Con A, a mannose-hinding protéffnand each of the sugar-  clustering has not been reported with the much smélesoli
functionalized PPEs (Figure 1). Titration of labeled Con Ainto nor has it been used for detection purposes. Additionally, the
a solution of mannose-functionalized polymer showed a con- fluorescence emission spectrum of the polymer in the bacterial
centration-dependent decrease in fluorescence signal (Figure 2)clusters exhibited a more red-shifted and aggregated behavior
Experiments with galactose-functionalized polymer showed no (increased emission at 550 nm) than spectra in PBS solution
fluorescence change, as expected. Thus, mannose-binding lectinfFigure 4D). This is consistent with increasedstacking
interact with mannose displayed on the polymer without interactions between the polymer strands as they are brought
affecting binding selectivity. Furthermore, the polymer does not into closer proximity by the bacteria. After incubation wih,
exhibit any nonspecific binding to Con A. neither mutant nor the mannose-binding bacteria were fluores-
Bacterial Detection Using Carbohydrate-Functionalized cently stained; this is expected sinEe coli does not bind to
PPEs.Two bacterial strains that differ only in their mannose- galactose (see Supporting Information).

[Concanavalin A]

Figure 2. Plot of the normalized fluorescence signal at 512 nm from
addition of Alexa Fluor 594-labeled Con A to a solution containing
mannose-functionalized polymer 2B)(or galactose-functionalized polymer
2b ©).
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Table 1. Inhibition of Sheep Red Blood Cell Hemagglutination?

compound inhibiting dose, M
mannose 0.02
2'-aminoethyl mannoside 0.01
2'-fluorescein aminoethyl mannoside 0.01
mannose conjugated polym2a 16x 1076
nonfunctionalized polymet N.D.P

a2 Inhibiting doses are the average of at least three independent
measurements and are expressed in the concentration of mannose residues.
b No inhibition was observed. The errors at&0%.

10 mM 1mM 100 uM

Figure 4. Laser scanning confocal microscopy image of (A) mutant

coli that does not bind t8a. Individual cells observed with no aggregation.
10 uM 1 uM OuM

(B) A fluorescent bacterial aggregate due to multivalent interactions between

the mannose-binding bacterial pili a@d (superimposed fluorescence and
Figure 6. Competition of2a binding to mannose-binding. coli by

transmitted light images). (C) Fluorescence microscopy image of a large
fluorescent bacterial cluster. (D) Conventional fluorescence spec®a of

p-mannose. In this experiment, the concentration of mannose displayed by
the PPE is 2.9« 1079, and the concentration @mannose varied and is

in PBS (black) and normalized fluorescence spectra of a bacterial cluster
indicated above each microscopic image.

S0 S0 S50 60 RSE 700
Wavelength {nm)

obtained using confocal microscopy (red).

108 107 108

b7

108

Competition experiments were also completed to determine
the concentration ob-mannose that inhibited the binding of
2ato the mannose-binding. coli. Experiments were completed
with 10 ug of 2aor 2.9 x 1072 mol of mannose conjugated to
the PPE and increasing concentration®ehannose. Results
show that a 10 mM concentration pfmannose was needed to

104 108
. - completely inhibit binding oRa to E. coli. At concentrations

Figure 5. The detection limit for the staining of the mannose-bindihg of mannose _that are less than/_lﬂl, the size of the bacterial .

coli by 2a. The number of bacteria incubated with the polymer-containing aggregates is not affected (Figure 6). The enhancement in

solution is indicated above each image. binding due to the multivalency ofa is 3.5 x 10*fold,
Serially diluted solutions of mannose-bindig coli were indicating significant enhancement in binding due to multi-

incubated with2a, washed to remove unbound polymer, and valency.

imaged using fluorescence microscopy to determine the detec- |nsights into Future Development of BiosensorsA catalog

tion limit. Results show that fluorescently stained clusters of f carpohydrate pathogen interactions is known in the litera-

cells can be observed with as little as*Hacteria (Figure 5).  {,re10 Some of these interactions, however, are not specific for

This is similar to the de'tecti.on limit that is observed using one type of pathogen; an example of this is the cross-reactivity
fluorescently labeled antibodies. Furthermore, the number of ¢ 1o nose towardSalmonella entericaand E. coli. The

cells that is present in the clusters decreases with diminishing”mit(,jmOn of having ligands with imperfect selectivities can be

cell numbers. ) ) . ~overcome through the use of cross-reactive sensor analysis.
These results suggest that multivalent interactions are critical | these experiments, the presence of a ligand is determined

for detection, since the mannosylated PPE allowed for fluores- thyough the binding of many different analytes; such a detection

cent detection ofE. coli while 2-fluorescein aminoethyl  gcheme is used by the nose. Thus, many different carbohydrates

mannoside did not. The multivalent binding nature2afwas can be coupled to polymers and analyzed in parallel, perhaps
demonstrated by testing this polymer for inhibition of Con j, 5 gg \yell plate format. This should allow detection of the

A-induced hem'agglutlnatlon of ;heep erythrocytes (Taple 1) presence of a single or multiple pathogens within complex
The concentration of mannose displayed by the PPE to inhibit mixtures

hemagglutination was more than 500-fold less than that for the '

monomerm man_nose derivatives, indicating that polymers blnq (17) Mortell, K. H.; Weatherman, R. V.. Kiessling, L. L. Am. Chem. Soc.
Con A in a multivalent manner. The observed enhancement is " 1996 118 2297-2298. .

similar to that reported with polymers prepared by ring-opening (18) A review of cross-reactive biosensors: Albert, K. J.; Lewis, N. S.; Schauer,

i _ X C. L.; Sotzing, G. A.; Stitzel, S. E.; Vaid, T. P.; Walt, D. Rhem. Re.
metathesis polymerization (ROMP). 200Q 100, 2595-2626.
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Conclusions water and other sources. Work in this area is underway in our

A new method for fluorescent detection of bacteria based on 'aboratories and will be reported in due course.

water soluble fluorescent-conjugated polymers has been devel-
oped. Glycosides displayed on the surface of the polymers retain
their ability to interact with known carbohydrate-binding lectins.
Incubation of the polymers witk. coli shows that the polymers
bind to the bacteria and yield brightly fluorescent cell clusters.
This aggregation is due to multivalent interactions between the
mannosylated polymer and mannose receptors located on th
bacterial pili, which was corroborated by microscopy, hemag-
glutination, and competitive binding experiments. This multi-
valency and resulting cell aggregation is essential for detection.
In contrast to methods for pathogen detection that use selective
growth in liquid media or on plates, which can take several
days, carbohydrate-functionalized PPEs can detect the presenc
of a pathogen in as little as 10 to 15 min. The preference of
different bacteria to bind to specific carbohydrates allows the
potential sensing of a range of pathogens such as cholera inJA047936I
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