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The ability to control the interactions of bacteria with receptors wm mm
and surfaces is fundamental to pathogen detection, anti-infection oMo o
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strategies and, ultimately, to public healtMany bacteria have = z
evolved specific adhesion structures such as fimbriae that bind to — TStEh ’&é
host cell glycoconjugates, thus exploiting the recognition and N"" o il Comms & E B ET

signaling pathways of sugar-bearing biopolymers that constitute the
“glycocode”? Oligosaccharides have been used to block bacteria
cell interactions as a means to combat infection, while artificial

Figure 1. Structure of thermoresponsive glycopolymers and phase behavior
in PBS (pH 7.4) solution.

glycopolymers that agglutinate bacteria through multiple co- B

operative polymercell interactions have been described for K Y K

detection and deactivation of pathogéridowever, for practical — } J

use, reversibility in the materiakell-binding behavior is needed, L . 20°C
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next assay. In addition, reversible cell binding could be used as a
means for controlling biofilm formation. Here we describe the
reversible aggregation of a specific bacterial strain controlled by
thermoresponsive glycopolymers as the first step toward robust and TRt e e
reusable cell-sensing materials. Furthermore, we show that polymer Wavelensth (om) Wavelenath (om)
activity in bacterial agglutination is achievable with rather simple Fig“’ezﬁ I(TOP% \f/tis“a|di”5l|‘))ec“°[‘cosf_l‘_“°|_bri]”di;‘g a”‘? :T?Efs?aat temper-
sugar functionality, employing multiple glulcos.e residues able to étgrrrizsspoen?jxg( gugrzgceﬁcgvsepectra us(lr:?g XRO;n’?JOgBA in (g;I)cl)ggtT)buﬁer
control cell aggregation through a combination of the cluster (9.1 m, pH 9.3).
glycoside effect and polymer conformation.
e 8t 0 aups nduces emission at 576 i Th invoducton o ghcose
-globule phase transiticghWe used polyl{-isopropylacrylamide) which h?s high gfflm_ty _to PBA’ in the polymer results in

:;%P?e cen[:ral component, owing topits well-ﬁ)(nc?v)\//n Io}\:ver critical competition for diol-binding sites on PBA between AR and

. ! . . polymer-bound glucose. Binding of glucose to PBA was thus
solution temperature (LCST) of 3 in water, and incorporated

) o ; monitored by variations in the ARPBA complex fluorescence
glucose fu?ctlonallty into the chain such that_ the LCST occurred intensity as the concentration of glucose from the glycopolymer
above 37°C. Two sets of thermoresponsive polymers were

synthesized, and glucose residues were attached via either thechanged. The polymer-bound glucose reacted with PBA when the

. : o . polymer was in a soluble phasgé £ LCST) as shown by reduction
anomeric carbonR1) or the 2-amino position of glucosamine2). . . .
o n AR—PBA complex fluorescence intensity. By contrast, an
For both polymers, sharp phase transitions (LS 41°C, P2 : piex T ! . By

— 44°C) wer. rent for relative ratios of Fthermor nsiv increased fluorescence intensity of the ARBA complex was
N ) were apparent fo elalive ratios of sugar-Inermoresponsive . cerved atr > LCST, when the polymer was in a globular state
segments 0f0.22 mol % (Figure 1).

. . .. and the glucose residues were not available for competitive binding
To demonstrate the reversible display of the sugar moieties

. . ) .~ with AR for PBA. The effect was apparent to the naked eye, with
.a“’““d ) the L.CST we |nve§t|g_a_ted both multlple_ aggrega_mve the color change of a vial containing all three components (AR,
interactions with lectins and individual glucose-binding reactions

. . PBA, andP1 or P2) from burgundy to orange at low and high
with small-molecule ligands. As expected, both glycopolymers - -
bound with high ificity t lin A at low t t temperatures, respectively (Figure 2).
205u ? c w d Itg tSFéeg ! '8\)/ tog%ptcanavaln Aa ?]W et;]n per? UreS - The experiment could be repeated for several temperature cycles
\(Nere i?l?r?e Sh?a?neextgn de dléll):]fér)/mi\st?c?g:;ﬁil fVL\I/ II;QOIthF;?:i{)rQEJ r\z with consistent oscillation in fluorescence intensity for both
. i . : | [ t to t ture, thus d trating th -
their LCST (ESI). To probe the mechanism underlying the changed pOTlymers In respect fo temperature, thus demonstating the revers

accessibility of the sugars below and above LCST we employed a ible binding character in a “switchable” manner. Thermoresponsive
- o olymers without glucose residues and nonresponsive glycopoly-
three-component system comprising alizarin red S dye (AR), poly 9 P glycopoly

. . o mers did not show temperature-dependentAMBA fluorescence
phenylboronic acid (PBA), and®l or P2. AR is inherently intensity cycles (ES) P P
nonﬂ.uorescer?t. but fluoresces strongly wheq bou.nd to PBA in Having established that the synthetic glycocode could be hidden
alkaline conditions. The covalent, but reversible (in response to

T . . and revealed by a temperature switch, we carried out bacterial
5
pH® and temperatuR, binding of PBA with the catechol diol binding assays with polymeiR1l and P2 and a green fluorescent

t School of Pharmacy. protein-taggedEscherichia colistrain (MG1655pGFP). This strain
*Institute of Infection, Immunity and Inflammation. produces Type 1 fimbrae containing tiH protein that possesses

g 8 8 8
B E 2

3

Fluorescence Intensity (A.U.)

Fluorescence Intensity (A.U.)

11014 = J. AM. CHEM. SOC. 2007, 129, 11014—11015 10.1021/ja074349z CCC: $37.00 © 2007 American Chemical Society



COMMUNICATIONS

[Glucose]

Temperature (°C)

Figure 3. Polymer-bacteria aggregation studies uskgcoli MG1655pGFP
(O.D. 0.8). (Top) Polymer (10 mg/mE)glucose competition assay; gradual
reduction of cluster size due to glucose increase. (Bottom) Control of
bacterial aggregation formation by thermal oscillation across LCST in
presence oP1 andP2 (white bars, 1Qum).

carbohydrate recognition sites (CRS) with high affinity for mannose
(K¢ 2.3uM) and glucoseq 9.24 mM)? The interaction between
cell-surface receptors and the multiple copies of sugar moieties on
the polymers resulted in bacteripolymer complex formation
(Figure 3), and the mode of interaction was probed by competition
assays withfimH ligands. Increasing amounts of added glucose
showed a gradual decline in the size of the aggregates formed with
respect to glucose concentration increase (Figure 3, upper panel)
Total inhibition of bacterial cluster formation occurred when the

andE. coli. This was most likely due to the higher molar mass of
P2 (My ~ 20 kDa) compared t®1 (M,, ~ 16 kDa) and sugar
content (~12 glucose units per chain f@&2 compared to 6 for
P1). However, it is also probable that the different-length spacers
and attachment positions of the glucose residues in copolyRiers
andP?2 affected ligane-receptor accessibility and hence extent of
cell interactions. Control experiments using a sedandoli strain,
Topl10, which does not produce Type 1 fimbriae, dt] P2
showed no aggregation behavior or thermal response, and the same
experiments with precursor polymers lacking sugar residues and
the MG1655pGFP strain also showed negligible bacterial aggrega-
tion under both temperature conditions (ESI).

In conclusion we have shown that it is possible to place bacterial
aggregation under external control through a combination of
thermoresponsive polymer chains, accessible functionality, and
choice of sugar moiety. The advantages of using synthetic polymeric
materials for bacterial interactions are numerous; the intrinsic “soft”
nature of polymers confers compatibility with biological organelles,
while the variety and flexibility of polymer architectures and
structures through design suggests polymers can be highly effective
materials for bacteriamatter interaction8.Future applications of
these materials as mediators and controllers of-a@ll signaling
are currently in progress.
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concentration of added glucose in the polymer-bacterial suspension

(300uL) reached 0.01 mM, which correlated well with the numbers
of glucose residues on the polymers (effective glucose concentration
~0.04 mM). By contrast, addition of sucrose, which exhibits lower
affinity for fimH than glucose, did not inhibit formation of bacteria
polymer clusters.

The key experiment was to establish the reversibility of
polymer—cell interactions via temperature-mediated ligand display.
The strength of glucose binding fionH is lower than that to PBA
(Keq for the diol-boronate ester: 4.6 M pH 7.4), but crucially,
the affinity constant for glucosefimH? is lower than that of
mannose-fimH, the principal biological target sugar f&. coli
MG1655. We therefore hypothesized that the polyvalent interactions
of the glucose-polymers would be strong enough to promote
bacterial aggregation below LCST but sufficiently weak to facilitate
reversibility upon application of a thermal stimulus, since the
polymers showed reversible binding with PBA. Indeed, thermal
cycling of bacteria-polymers suspensions revealed reversible
bacterial aggregation (Figure 3, lower panel).

In cell suspensions at temperatures above LCST@)5wvhere
the polymers were in a globular phase, bacteria were uniformly
dispersed, but when left at room conditions below LCST, large
aggregates were formed (ranging from 15 to 126?, ESI). Re-
incubation of the suspensions at high temperatures for 5 min,
followed by mild vortexing to break preformed clusters, and
subsequent maintenance at45showed no aggregation. To close
the thermal loop, cooling to room temperature promoted bacterial
aggregation once more (Figure 3). This behavior was repeatable

over three cycles. Larger bacterial aggregates were formed between

P2 and E. coli MG1655pGFP compared to those formed BY
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