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Recent papers have reported on the unusual sensitivity of Sl TN
fluorescent polyelectrolytes to quenching by neutral or oppositely ' ' ' ==
charged quenchets® The amplification of quenching sensitivity 500 550 600 650 700
was first observed with conjugated polymers such 1ds3 Wavelength (nm)

Subsequently, we showed the superquenching extends to formaIIyFigure 1. Emission spectra ol coated onto 0.2um microspheres:

nonconjugated but “J" aggregated polymers such as the Cyanineunquenched polymer~({L «M) (solid), AQ-B~ (2.6 uM) quenched

dye po_lyt-lysine derivative2.” The quenching amplification can polymer (dashed), and Avidin (3:iM) quench-recovered polymer (det
be attributed to two factors. The polyelectrolyte shows a strong dashed).

tendency to associate with the quenchers in aqueous solution
similar to the tendency of detergent micelles to “solubilize” many
organic molecules. Once bound, a quencher can extinguish
fluorescence from a large polymer segment due to a combination
of efficient energy migration and exciton delocalization over the
polymer®-1° The “Stern-Volmer” constants for fluorescence
guenching ofl and2 are related to the product of the estimated

we report a study of polymersand?2 in supported formats and

in combination in solution. This study demonstrates that many
of the same phenomena observed in solution can also occur in
interfacial and supported formats. Moreover, we find that the use
of supported or combined formats allows a remarkable tuning
and, in some cases, enhancement of superquenching with powerful

advantages for biosensifgln aqueous solution the anionic
S0, Li+ CoHg Caks

J_/ N Ne o polymer1 is stro_ngly quenched by c_ationic e_Iec_tron acceptors

o CI\Q >=ﬁ—ﬁ=ﬁ—</ :@: such as methyl viologen (M¥) or the viologer-biotin conjugate

N N o V—B*1u
M cl Catls (ers The “unquenching” observed when the protein avidin is added
" HN>= © to quenched solutions GfV—B™ provides a sensitive quantitative

MeG o {CHg)s. © assay for avidin. Similarly, the cationic polymé& exhibits
2 Ho//{ /H CH'\N (C/NHZ superquenching with the anionic anthraquinone-2,6-disulfonate

1 fr [0 H|nfRm AQ?% and the corresponding conjugate A®~." We have

examined the quenching with these quenchers when the polymers
are adsorbed onto oppositely charged supports. Polyinansl

2 can be coated onto commercial cationic or anionic polystyrene
beads® We observe “charge reversal” for the quenching of the
supported polymers. Thus, polystyrene-suppo#tésiquenched

by MV?2* but not by the AG~, and polystyrene-supportedis
guenched by A® but not by M\#*. The charge reversal for the
supported polymers can extend to biosensing applications. We
(1) Chen, L.; McBranch, D. W.; Wang, H.-L.; Helgeson, R.; Wudl, F.;  find polystyrene-supportetlis quenched by AQB~ (Ks, ~ 10°

binding constant and the number of repeat umitpér polymert

The amplified quenching can be used in sensing applicatignis.
Most previous studies have been carried out in aqueous solutions
Since polymerd(n ~ 3000) and2(n ~ 250) are polyelectrolytes,
they can be readily adsorbed as molecularly thin films onto
supports such as oppositely charged beads or sfdEderein

Whitten, D. G.Proc. Natl. Acad. Sci. U.S.A999 96, 12287-12292. M™%, and addition of avidin results in a regeneration of the
33é2)2$f§§ L.; McBranch, D.; Wang, R.; Whitten, Dhem. Phys. Let200Q polymer fluorescence (Figure 1). Addition of avidin to un-
(3) Chen, L.; Xu, S.; McBranch, D.; Whitten, D. Am. Chem. So200Q quenqhed pO'VSWrene'S.Upporﬂ?[bSU“S in no detectable chang_e_
122, 9302-9303. o _ ) _ in emission, and there is no fluorescence recovery when avidin
(4) Wang, J.; Wang, D.; Miller, E. K., Moses, D.; Bazan, G. C.; Heeger, g added to suspensions of polystyrene-suppdrtbat have been
A. J. Macromolecule00Q 33, 5153-5158.
(5) McQuade, D. T.; Pullen, A. E.; Swager, T. @hem. Re. 2000 100, quenched by A& The fluorescence of polystyrene-supported
38%—2574; Zhu, Q.; Swager, T. Ml. Am. Chem. Sod 995 117, 7017~ 1is also quenched by the anionic dyfeiotin conjugate D-B~.

(6j Harrison, B. S.; Ramey, M. B.; Reynolds, J. R.; Schanze, K. 8m. Here the quenChmg of pqumer fluoresce_znce_: occurs Vla eﬂergy
Chem. So0c200Q 122, 85618562, transfer, and accompanying the quenching is a sensitization of
©) Jone_s,z%bM.; Bezrggga_dzt, T.S.; Buscher, C. T.; McBranch, D.; Whitten, the fluorescence of BB~. Again a quantitative “unquenching”

D. Langmuir 1 17, 25 571. i i idi
(8) Nguyen, T-O. Wu, J.: Doan, V.: Schwartz, B. J.: Tolbert, SSHence pf 'ghe polymer fluorescence can bg obtained by adding avidin,

2000 288 652-656. indicating displacement of the conjugate from the polymer.

K (9)kFQOEttheriiJv,I _lll-- JT \K/’ldn,s Mi;h Pﬁp?fgg(iitrggoggulos, F.; Galvin, M. E; We recently reported that polym2ican be adsorbed onto glass

wock, E. K.; Miller, T. M. Synth. Me , 41. ; ; ; i

(10) Bredas, J.-L.; Cornil, J.; Beljonne, D.; Dos Santos, D. A.; Shuai, Z. f‘",(,jes coatedlwnh .Laponlte clayThe supported polymer exhlbltsf

Acc. Chem. Re<4.999 32, 267-276. J” aggregation similar to that observed for the polymer in
(11) Whitten, D.; Chen, L.; Jones, R.; Bergstedt, T.; Heeger, P.; McBranch,

D. In Sensors and Optical Switchédolecular and Supramolecular Photo- (15) Beads (Pharmacia Source 30Q or 30S) are loaded into auén45

chemistry Schanze, K. S., Ramamurthy, V., Eds.; Marcel Dekker: New York, ultrafiltration tube and washed three times with water under gentle centrifugal

in press; Vol. 7. force (10@) to remove preservative. Beads are resuspended in a polymer
(12) Decher, GSciencel997, 277, 1232-1237. solution and then incubated rfd h at room temperature. Separation of
(13) Decher, G.; Hong, J. Ber. Bunsen-Ges. Phys. Chetf91, 95, 1430. unadsorbed polymer from coated beads is effected by centrifugation for 3 h
(14) Place, 1.; Perlstein, J.; Penner, T. L.; Whitten, D.L@gmuir200Q at 10@. Coated beads are then washed three times with water before storing

16, 9042-9048. as an agueous suspension &C4
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4000° aggregate state &f. This interpolymer energy transfer can be
observed at very low concentrations and can be reasonably
assigned to association between the two polymers. Although the
predominant fluorescence of an ensemble formed from an
§ equimolar (in repeat units) mixture of the two polymers is from
the “J" aggregate band &f addition of M2 results in quenching
of this fluorescence. The ensemble is also quenched by the
addition of AQF~. Thus, the ensemble can be quenched by both
cationic and anionic electron acceptors, and the photophysical
properties of the individual polymers are strongly coupled. The
quenching by both cations and anions suggests that while the
ensemble is overall near neutral, individual regions of each
polymer possess sufficient residual charge to strongly bind small
counterions and permit superquenching by both types of quench-
ers. Other work has shown similar energy transfer effects for
ol Al s mixtures of conjugated polyelectrolytés.
0 0 tength o o o0 While the use of mixtures may provide a means for gaining
enhanced quenching, it is also desirable to be able to use mixtures
of fluorescent polymers in applications where their individual
behavior is retained. We accomplished this by using a format
. ) . where one of the two polymers is supported and the other remains
solutlon..We f]nd thaf; can also. be transferred to Laponltge .clay in solution. Thus, we find that coating @ onto Laponite clay
suspensions in solution; in this case the polymer exhibits an f4jiowed by addition ofl in aqueous solution leads to a mixture
absorption spectrum somewhat blue-shifted compared to thegnowing independent behavior of the two polymers both with
J-aggregate in solution (Figure 2) but still exhibiting chromophore yegpect to their fluorescence and quenching. The fluorescence of
aggregation. The quenching charge reversal may be tuned byinis mixture with no quenchers added is the simple sum of the
adjusting the level of coverage of the polymers on the clay flyorescence of each polymer individually: no energy transfer
pa_lrtlclesl.6 Although from size and charge consideratiéhse quenching is observed. Addition of MY quenches onlyt, while
might expect the clay to take up to 20 molecules of poly@er  aqgition of AG to the mixture results in the selective quenching
per particle, our results indicate that the number of polymer of 2 This result indicates that supported formats may allow

molecules adsorbed per particle may be much lower. Titration of imyltaneous sensing of different antigens by several different
the dye with Laponite suspensions until no additional uptake of polymers in the same suspension.

polymer occurs results in small changes in light-scattering from
dissolved?2 to Laponite-supporte@, suggesting that each clay
particle bears a small number of polymer molecules. Under these
conditions, supporte@® exhibits moderately enhanced super-
qguenching by A@™ (Ky, = 1.1 x 108 M~1) compared to aqueous
solutions of the same substrate and quenckgr € 7 x 107
M-1).7

Absorption

Figure 2. Absorption spectra of 0.1iZM 2 free in solution (solid), and
adsorbed onto 2.fig of Laponite RDS clay (dashed).

We recently reported th& in solution could be quenched by HN NN\
AQ—B~, but not unquenched upon addition of avidin, presumably ° N W am o H{ZTH
due to strong association of avidin add Remarkably, use a2 S\ H N\ 7 _)DKNV\NJK/\/"' s
in the clay-supported format as described above allows both ;@(NH ;
enhanced superquenching by AB®~, as well as quantitative HHN%O VB

unguenching upon avidin addition. Hence, the use of the supported

formats allows us to reduce the sensitivity of the polymers to  In summary, by layering fluorescent polyelectrolytes onto
nonspecific interactions with proteins and at the same time to 0ppositely charged surfaces, one may tune superquenching effects,
tune the polymerquencher interactions. In this way we are able eliminate nonspecific interactions, and optimize their use in
to use AQ-B~ as a quencher for both anionic and cationic quantitative bioassays. Also, mixtures of oppositely charged
polymers in supported formats and to demonstrate biosensing bypolyelectrolytes offer a means of both charge-tuning and enhanced
specific binding and removal of the bioconjugate by its receptor. light harvesting by energy transfer.
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(16) The clay has a higher charge density than the polymer; thus, even JAQ157797
fully loaded clay-2 can be quenched by both MVand AG~. The selectivity
or degree of quenching depends on charge density of the support and polymer (17) Wang, D.; Rininsland, F.; Yu, W.; Heeger, P. S.; Bazan, G. C,;
and the extent of loading. Whitten, D. G.; McBranch, D. W.; Heeger, A. J. To be published.




