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2. Small lon Sensing with AFPs 1342 The dominant attribute that has driven interest in fluores-
2.1. Crown Ether-Based Materials for Metal lon 1342 cent CP sensory materials is their ability to produce signal
Sensing gain in response to interactions \_N|t_h analytes. This has led
2.2. AFPs with Nitrogen-Based Ligands for Metal 1347 to them be'Ug referred to as amplifying fluorescent p.olym.er"s
lon Sensing (AFPs), while some res_earchers have referred_ to this gainin
2.3. The Detection of Fluoride and Other Anions 1351 terms of superquenching. In analogy to microelectronic
3. Detection of Explosives 1352 devices, the increased sensitivity (amplification) is derived
' . . from the ability of a conjugated polymer to serve as a highly
4. Conjugated Polyglectrqutes as Blosensors 1356 efficient transport medium. However, unlike a silicon circuit,
4.1. Early AFP Biosensing Reports 1356 which transports electrons or holes, AFPs transport electronic
4.2. Conjugated Polyelectrolytes and Viologen 1357 excited states. The geometric relaxation of molecular struc-
Quenchers _ ture around an excited state gives it a finite size. As a result,
4.3. Detection of Small Biomolecules 1362 it is typical to refer to these excited states as quasiparticles
4.4. Detection of Proteins 1363 called excitons. Excitons in AFPs are highly mobile and can
4.5. Nonspecific Interactions of CPES 1367 diffuse throughout an isolated polymer chain or within an
4.6. Nonionic AFPs for Biosensing 1371 AFP solid by mechanisms that involve both through space
4.7. AFPs for Biosensing on Unique Substrates 1375 dipolar couplings and strong mixing of electronic states.
5. Detection of DNA 1376 The conceptual underpinnings of this field began with a
5.1. Regioregular Cationic Poly(thiophene)s for 1376 model study published by our group in 199®&lthough
DNA Detection others have more recently used exciton mobility within
5.2. DNA Detection Based on Fluorescence 1379 conquated polymers to Qevelo_p other mechanisms for
Resonance Energy Transfer from Cationic amplified fluorescent detection, this study serves as a general
Poly(fluorene-co-phenylene)s introduction to the prototypical mechanism of chemical
6. Concluding Remarks 1383 sensing by amplified fluorescence quenching with conjugated
7. Note Added after ASAP Publication 1383 polymers. We demonstrated amplification in a poly(phen-
8. References 1383 ylene ethynylene) (PPE) possessing well-defined cyclophane

receptors integrated directly into the polymer backbone,
effectively connecting the receptors in series. Cyclophane
1 Introducti receptors were chosen because they form complexes with
. Introauction paraquat, a powerful electron acceptor and well-known
The field of chemical sensing is becoming ever more electron-transfer quenching agent. To determine the ability
dependent upon novel materials. Polymers, crystals, glassespf exciton transport to amplify binding events, a model
particles, and nanostructures have made a profound impaceompound containing a single receptor with the same local
and have endowed modern sensory systems with superioenvironment was synthesized. The large binding constant of
performance. Electronic polymers have emerged as one ofthe receptors resulted in paraquat quenching processes that
the most important classes of transduction materials; theywere static in nature. In other words, the quencher is bound
readily transform a chemical signal into an easily measuredto the receptor and, once generated, the excited state is
electrical or optical event. Although our group reviewed this immediately and quantitatively quenched. Quenching due to
field in 2000! the high levels of activity and the impact of  diffusion of the quencher to an excited state was insignificant
these methods now justify a subsequent review as part ofin this case. The quenching processes in AFPs can be
this special issue. In this review we restrict our discussions analyzed by SteraVolmer relationships (egs 1 and 2), where

to purely fluorescence-based methods using conjugated —

polymers (CPs). We further confine our detailed coverage FofF = (11 KaQD) (1)

to articles published since our previous review and will only tfr=(1+ qu [Q]) )
0
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quencher [ is the fluorescence intensity as a function of
quencher concentration [Q]s is the lifetime without added
guencher, and is the lifetime at [Q]. The slope of the plots

gives the SterrVolmer quenching constank§,) or the
diffusional quenching constanky].

A linear relationship of [Q] withF¢/F implies a purely
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is the intrinsic nonradiative rate of decay, akgis the
bimolecular rate constant of fluorescence quenching. In the
case of static quenching, a fluorophore bound to a quencher
is in a dark nonemissive state. The unbound fluorophores
exhibit their natural lifetimes, and the slope BfF vs [Q]
yields a binding constant.

The apparent binding constant of the receptor-containing
AFP measured by the Sterivolmer method is the individual
repeating unit binding constant multiplied by the amplifica-
tion factor. Comparison of the apparent binding constant
(Ksy) of receptor PPEs revealed a linear increase with
molecular weight up to a critical molecular weight~fl.3
x 10 phenylene ethynylene repeating units (Figure 1).
Higher chain lengths did not increase the apparent binding
constant. These results reveal that the exciton was not able
to visit the entire length of the higher molecular weight
polymers because of its limited mobility and its finite lifetime
(there is always competitive relaxation to the ground state).
The amplification is due to exciton mobility and should be
properly separated from the binding constant. However, this
analysis is seldom performed because of the need for
nontrivial synthesis and other complexities inherent to

Monomeric Chemosensor: Sensitivity determined by the equilibrium constant
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static (bound to the polymer) or dynamic (diffusion limited)

quenching. Moderate to large binding constants give rise to
Stern-Volmer quenching constantkdy) that exceed the rate

achievable at the diffusion limit, and hence, static quenching
can be inferred. Another method to determine if quenching

Receptor Wired in Series: Amplification due to a collective system response
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in an AFP is static or dynamic is to determine the dependence

of the lifetime on the quencher concentration (eq 2). When
the quencher is not bound to the fluorophore, the additional

K= K, * (Number of Receptor Sites Visited by the Exciton)
Exciton Diffusion Length = 134 (Ph-CC-) Units = 91.8 nm

deactivation pathway (diffusional quenching) shortens the

observed lifetime of the fluorophore according to eq

7= (k + ky + k[QD) €)

whereink; is the radiative (fluorescence) rate of dechy,

3 Figure 1. Demonstration of amplified quenching in a CP. The
' determination of the SterfiVolmer quenching reveals the constant
for binding of paraquat to a single cyclophane receptor (top). In
the polymer the larger (amplified) quenching constant reflects the
fact that the quencher can be bound to any of the repeating units
visited by the exciton (bottom).
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polymer aggregates and thin filmaide infra). This method the case where the AFP sensory signal is fluorescence
also can be used to determine the exciton diffusion length attenuation (quenching), the sensitivity of the polymers de-
of a CP in solution (Figure 1). creases at higher analyte concentrations, because the distance
The subsequent discussion emphasizes that quantifyingoetween quenchers bound to the AFP can be less than the
amplification requires knowledge of the actual binding exciton diffusion length. This can be easily understood by
constant of an analyte to a polymer and is intended to guide considering the polymer in Figure 1. The binding of a second
the reader to scrutinize claims encountered in this field. quencher to a quenched segment of the polymer will have
Indeed, if one simply looks at thi€sy with no knowledge  no effect. Indeed, th&sy is only linear at low [Q] and
of the binding constants, then the amplification due to exciton becomes sublinear at higher quencher concentrations. As a
mobility cannot be quantified. As a result, researchers result, in the absence of analyte-induced changes in binding
(especially those new to the field) should be wary of claims constants or degrees of aggregation, AFPs are most sensitive
of extraordinary amplification that lack proper control at very low quencher concentrations and are thereby ap-
experiments. To make this point explicitly and hopefully propriate for application in ultratrace chemical sensors.
prevent future misconceptions, we draw attention to one of An alternative method to utilize AFPs is to remove
the most highly cited papers that was detailed in our 2000 quenching sites by interactions with an analyte and create
review that reported biosensing with an AFAn which the an increase in fluorescence. The virtues of such a “turn-on”
authors reported amplification factors of 51@s will be response relative to the “turn-off” quenching response are
discussed in the section of the review concerning biosensorsoften espoused in the literature. “Unquenching” schemes with
the AFPs were polyanions and the quenchers were cationica completely dark or highly quenched AFP, however, require
whereas the reference fluorescent compound (stilbene) waghat the interquencher spacing is less than the exciton
neutral. It is not likely that the cationic quencher would have diffusion length. In this case, the sensitivity of the turn-on
strong interactions with the neutral reference fluorophore in response will be decreased relative to the case of the turn-
water, whereas polyanion AFPs exhibit very high binding off method. Specifically, removing a quenching site may not
constants with the cationic quenchers. Considering that thegive the fully desired response because another quencher’s
binding constant of the oppositely charged species is likely influence could overlap much of the same quenching volume.
more than 1€ the intrinsic amplification due to exciton Also, contrary to many claims in the literature, a “turn-on”

transport is 18 in accord with earlier reports. signal (increase in fluorescence) is not always easier to detect
than a quenching signal. As long as the background noise

1.2. Role of Dimensionality, Dynamic Range, and of the fluorescence detection electronics does not fluctuate

Sensory Mechanism strongly with the intensity of the signal, a “turn-on” signal

) . is only easier to observe if the new signal is detected on a

The physical state of an AFP has profound effects on its completely dark background so that the detection is not
ability to amplify. In the case of rigid AFPs, which often  gimply pased on a ratio of signals. However, when there is
exhibit large persistent lengths in solutiorwe can ap-  packground fluorescence, as is often the case, there is no
proximate them as presenting the exciton with a one- sensitivity advantage of a turn-on over a turn-off response.
dimensional dlff_usmngl conduit. The excitons therefore Eq trace detection in complicated environments, however,
undergo a one-dimensional random walk when the polymersyin-on detection schemes do have an advantage in selectiv-
are in solution, which is inefficient for amplification: the iy a5 there are many more environmental interferants that
exciton visits the same receptor many times. If the exciton yould cause a “false-positive” by adventitious quenching as
can be made to undergo vectorial transport in a given gnnosed to adventitious fluorescence enhancement.
direction, then much higher amplification factors can be "y, kigure 2 we illustrate the features of dimensionality
achieved. Vectorial transport is not easily achieved in most 5q quenching mechanism as they relate to the sensitivity
systems; however, greatly enhanced amplification can beqt 50 AFP-based sensor. The horizontal direction illustrates

achieved by simply increasing the diffusional pathways iyt the guenching (or unquenchina) of polvmer chains in
available to the exciton. In other words, the greater the au ing (or unqu Ing) of poly e

number of possible exciton migration pathways, the higher R
the probability that an exciton will visit a new receptor and /\l— Increasing Sensitivity >
detect an analyte. The situation is more complicated in Quenching Mechanisms

polymer films, however, wherein receptors may only be able c

to bind some analytes when located at a surface. Hence, for .
the detection of large biomolecules, either polymer ag- |- Q
gregates or very thin films are optimal. Analyte vapors that

can diffuse rapidly into a polymer are best detected by an
AFP film that has more three-dimensional charabten-
hancements of the performance of AFPs in aggregates or
films are also possible due to greater rates of energy transfer.
Close proximity of the neighboring polymer chains facilitates
interchain energy migration, and AFPs often exhibit more
planar conformations in thin films and aggregates, which @] ) @
appears to promote exciton diffusiéds a result of these — '

issues, new methods for assembly of AFPs into optimal Figure 2. Role of mechanism and dimensionality in determining

organizations for energy transfer remain an important areaEggurltes""’i‘ﬂ";\/:ﬁgs't:‘r’l't'eigrf]Cﬁﬁﬂp Sg”msgiass' ;l%qigﬁggg'ggng%ggﬁg’n
for future investigations. bpIng g g

. . quenching. Sensitivity increases as polymer chains are assembled
_ The range over which a sensory response is well behavedinto structures that provide the exciton with additional energy
(ideally linear) with analyte concentration is important. In migration pathways that exhibit greater efficiency.

Unquenching Mechanisms

Increasing Sensitivity
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solution is generally much less sensitive than that in thin (‘0’\
films, because the dimensionality of the exciton transport is o)
reduced. In addition, the vertical axis shows that unquenching
(turn-on) is generally less sensitive than quenching, because 5\
many guenchers may have to be removed in order to observe
a signal enhancement. We further note that the quencher can .
also be emissive and thereby function as a turn-on sensor. Sl /_f\
We point out that the specific application can dictate the Sllemmy >\ /
best mechanism and form of the AFP. In the case of sensors CyoH240 Me
for ultratrace detection, quenching mechanisms with the
highest level of dimensionality for exciton diffusion are most l

K*

appropriate. For less sensitive detection wherein the analyte
concentration of interest may_be higher, an ungquenching - 0/\3 6/\\8’%
scheme may be most appropriate. O
The assembly of polymer chains into aggregates and films - ., O:)
is not without difficulties. A general phenomena is the QN g o0
tendency of polymer chains to assemble parallel to neighbor-
ing chains, which leads to strong self-quenching. These
strong electronic interactions generally give rise to new,
broad emission peaks at longer wavelengths that are often ¢, H..
described as having excimer-like behavior. The characteriza- €10H210
tion of the emissive species as excimers (excited-state dimersfigure 3. K*-induced aggregation of crown ether-functionalized
is often tenuous: it is not clear that the ground state Polymerl.
necessarily has a repulsive interchromophore potential. o
Nevertheless, structurgroperty studies of polymer chains ~ conjugated-polymer-based sensor for potassium ion that
aligned face-to-face at the aiwater interface reveal that —Operates via ion-induced aggregati§ithe sensor relies on
cofacial spacing of polymer chains less than about-4.3 15-crown-5-functionalized polptphenylene ethynylene)
A gives rise to dominant excimer-like emissions with (Figure 3). This system takes advantage of the ability of 15-
dramatically reduced quantum yielisThe excimer-like ~ crown-5 to form a 2:1 complex with Kions. Exposure of
states of these materials generally provide traps that restricithe functionalized polymer to K generated potassium-
the mobility of the excitons and reduce the sensory perfor- bridged polymer aggregates containing nonemissive traps.
mance of the AFPs. These issues have been particularlyThe potassium-aggregated polymer displayed a red-shifted
problematic in the formation of AFPs that function optimally ~absorption spectrum in whichmay had shifted from 434 to
in aqueous environments. As a result, strong interchain 459 nm, consistent with the formation af-stacked ag-
interactions are often purposely avoided and rigid scaffolds gregates in which polymer chains are brought together
appended to polymers have been developed to provide robusthrough intermolecular complexation of'Kons. The K
excimer-free film$.On the other hand, the general tendency ion-induced aggregation resulted in fluorescence quenching
of AFPs to exhibit Se|f-quenching also has presented op- as well; emission intensity decreased 82% at the fluorescence
portunities for transduction mechanisms wherein interactions Amax (452 nm) at a 2:1 crown ether to*Kmole ratio. The
with target analytes either promote aggregation of polymers Weak emission of the potassium-aggregated polymer was
to give a quenching response or reduce self-quenching tobroad, and the emis_sion maximum had s_hifted from 452 to
give a turn-on response. Indeed, examp|es of both mecha-540 nm, further evidence of the formation afstacked
nisms will be covered in this review. aggregates. In fact, the potassium-aggregated polymer dis-
In this Introduction, we have endeavored to bring the Played almost identical absorption and emission spectra to
reader up to speed on general issues regarding AFP sensor{hose obtained from a LangmuiBlodgett film of polymer
materials. The physics of these systems and a comprehensivé in which the polymer chains were co-facialtystacked.
understanding of the dynamics of energy migration is an The authors explored the effect of polymer structure on this
active area of study and is complicated by the fact that Sensing scheme. As the steric demand of the side chains
polymers have inherent disorder. Nevertheless, generalincreased, the ability of K ions to bring about polymer
guiding principles have been established that allow for the aggregation decreased. Consistent with Kn-induced
rational design of sensory materials for specific applications. @ggregation producing the observed spectral changes, a 1500-
In the following sections, there are many examples with fold excess of either Lior Na® did not significantly change
innovative transduction mechanisms and an expandingPolymer absorption or emission, as these cations form 1:1

diversity of polymer structures. complexes with 15-crown-5. o
Leclerc et al. synthesized a 15-crown-5-functionalized
2. Small lon Sensing with AFPs poly(thiophene) as a fluorescent probe for.K This material

exhibited selectivity for K over Li* and Na, although all
2.1. Crown Ether-Based Materials for Metal lon three catiqns did quench polymer emission at miIIimoIa}r
Sensing concentrations. The authors.pos_tulalted that the quen_chlng
response was due to potassium ion-induced aggregation.
Although great lengths have often been taken to prevent Xi et al. developed a similar assay for Kising a crown
polymer aggregation in solution and in thin films, analyte- ether-functionalized polptphenylene vinylene2.’? In this
induced aggregation and the subsequent optical response cacase, the crown ether was based upon the larger benzo-18-
be used as a sensitive transduction mechanism for analytecrown-6. These authors also observed red-shifted and
detection. In 2000, Swager and co-workers reported adiminished emission in the presence of potassium ion.
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Smith and co-workers synthesized a benzo-15-crown-5-
containing polyp-phenylene vinylene) that responded to
Ew'.2 The polymer fluorescence intensity increased more
than 8-fold upon exposure to Euin 99:1 methanol/
chloroform solution. The absorbance spectrum was un-
changed upon addition of Ey demonstrating the greater
sensitivity of the fluorescence response relative to changes
in absorption. A static event was responsible for the emission
) ) o response, as time-resolved experiments revealed that the
However, polyme® did not display selectivity for Kover  44ded E#* did not affect fluorescence lifetime. The authors
Na*_ orLit, as 5_1|| t_hree cations quen_ched polymer €MmISSION. proposed that the increase in emission was due to inhibition
While the emission was responsive to metal ions, the of an internal change-transfer process upon cation binding.
absorption spectra remained unchanged. Films of the polymergg|yent effects supported this mechanism; in acetonitrile,
obtained by spin casting fror_n solutions co_ntaining 6 equiv g p+ guenchegolymer emission, in contrast to the emission
of K* revealed the formation of wormlike aggregated ephancement observed in 99:1 methanol/chloroform.
structures (as determined by AFM) whereas films generated  vjiyaveettil et al. investigated the optical responses of

from solutions containing Li or Na" were made up of
largely isolated individual particles.

In 2004, Liu and co-workers reported a pgyghenylene
ethynylene) functionalized with triethylene glycol mono-
methyl ether groups3| that responded to iand Na but
not K*.13While the absorption spectrum of the polymer was
largely unresponsive to the addition oftLor Na* ions, its
fluorescence was significantly quenched by these cations.

o
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By tuning the steric demand of the comonomer, the authors
were able to produce a polymef) (with selectivity for Li"
over Na". This polymer responded selectively to"Lat a
concentration of 4x 10°° M even in the presence of &

1074 M Na'. The authors proposed thatwvas selective for
Li™ because the tri(ethylene glycol) monomethyl ether groups
on the comonomer limited the ability of the podand binding
sites to expand and accommodate larger cations.

phenol-containing polytphenylene)s to metal catiofsThe
metal-free polymer had an emission maximum at 403 nm.
The authors obtained red-shifted fluorescence spectra in the
presence of Na(474 nm), C&" (436 nm), Cé" (436 nm),

and F&" (509 nm). They observed similar effects in the
absorption spectra, but they did not report any quantitative
guenching studies.

Recently, Wang and co-workers developed a mercury-
sensing strategy based on #gnduced aggregation of a
conjugated polymer and subsequent fluorescence self-
qguenching® Their system also relied on*Kinduced ag-
gregation of crown ether-functionalized conjugated poly-
mersi® Exposure of thymine-functionalized polymérto

Ny~
O
S

n
5

(o}

M

N
\Qfo
Me

Hg?t resulted n a 5 nm redshift in the absorption maximum
and substantial fluorescence quenching. These changes were
attributed to Hg™-induced polymer aggregation via coordi-
nation of thymine residues to Ag Thymine-Hg?* coor-
dination formed cross-links between conjugated polymer
chains and led to the generation afstacked polymer
aggregates. The assay allowed for the determination &f Hg
over a concentration range from 3:010°to 30 x 10
M. In addition, the fluorescence quenching response of
thymine-functionalized was selective for H over Mg+,
C&", Mn?*t, Co?t, Ni?t, Cl#', and Zi#*. CU?* provided the
most interference but was still 2.5-fold less effective at
quenching polymer emission than HgThe authors dem-
onstrated that the fluorescence quenching responseb Hg
could be reversed by the addition of Cl

Bunz and co-workers have explored the use of sugar-
functionalized polyg-phenylene ethynylene)s and 7 as
fluorescent sensors for Figand PB* in dimethyl formamide
(DMF) solution!” Polymer6 exhibited the highest sensitivity
toward Hg', as its emission was efficiently quenched by
HgClh (Ksy = 1.1 x 10%, Hg(OAc) (Ksy = 1.6 x 10%,
Hg(NO3)2 (st = 3.8 x 104), and Hg(tfa) (st = 4.8 x
10%. The sugar residues 6fwere critical for achieving high
sensitivity toward Hg" salts; polymes, which lacked sugar
functionalization, was unresponsive to Hg@hd Hg(OAc).
Hg?" salts containing more easily dissociated counterions,
Hg(NGs), and Hg(tfa), did quench the emission of polymer
8, but this polymer was still more than 10-fold less sensitive
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to these salts than the sugar-functionalized polyrGer
Polymer7, which contained two sugar moieties per repeat
unit, was most sensitive to Pb(Ksy = 7.2 x 10* for
Pb(OAc)) but was almost unresponsive to Hgsalts.
Polymer 7 was almost 5-times more sensitive toward
Pb(OAc) than polymer8, a further demonstration that the

Thomas et al.

Figure 4. lllustration of HF™induced agglutination of th&0—
papain complex. Top left:10 alone. Top right: Electrostatic
complex betweed0and papain. Bottom: Agglutination of tH&—
papain complex in the presence of#gpink) through H§"-based
cross-links. (Reprinted with permission from ref 19. Copyright 2006

American Chemical Society.)

sugar residues were necessary to achieve high sensitivit . . . . . .
9 y 9 yThe authors examined a variety of divalent cations including

The authors also examined a small molecule m&déel
The sugar-functionalized small molec@alid not respond
to HgChL or Hg(OAc) and was more than 30-fold less
sensitive to Hg(N@, and Hg(tfa) than polymer6. In
addition, sugar-functionalized polymétr was more than
1000-fold more sensitive toward Pb(OAchan 9. The
increases in sensitivity observed upon moving from a small
molecule,9, to the conjugated polyme&and7 were too
large to be completely accounted for by the transport

P+, Ca&t, Zret, Hg?, Mg?*, Cwt, Mn?t, and dimethyl

viologen. Polymerl0 was most sensitive to Pbsalts;10

exhibited more than 10-fold higher sensitivity toward
Pb(NQGy), (Ksy = 8.8 x 1(°) and Pb(OAc) (Ksy = 6.9 x
1) than any of the other cations investigated. The sensitivity

was more than 100-times lower for the detection of'Ah

phosphate buffer than in PIPES (piperazine-1,4-bis-2-ethane-
sulfonic acid) buffer. The lower sensitivity in phosphate
buffer was likely due to the ability of phosphate anions to

properties of the conjugated polymers alone. The authorsjsieract with metal cations such asZPbPolymer10 was
reasonably suggested the enhanced quenching responses gf{ore than 1500-fold more sensitive to%Plihan the small
the conjugated polymers could be attributed to a combination yglecule modell The superior sensitivity of the conjugated
of the polymer transport properties as well as to acooperativepmymer was ascribed to a combination of the transport

binding event (multivalency) in which the sugar-containing
conjugated polymer§ and 7 bound Hg" and PB* metal
ions with more than one sugar residue simultaneously.

Bunz and co-workers, in the development of a more

properties of the conjugated polymer and a multivalency
effect through which the Ph cation could be simultaneously
bound by more than one carboxylate from the same polymer
chain. Consistent with the involvement of a cooperative

sensitive second-generation lead sensor, further exploited theévinding contributing to the high sensitivity @D, the addition

benefits of multivalent interactions between a functionalized
conjugated polymer and a metal cati§nhe fluorescence
of the carboxylated, water-soluble pgiydhenylene ethynyl-
ene) 10 was quenched by metal ions in agueous solution.

NaO
2:0
P NaO
+©_}: =
n
e}
o
10 — —
7 N\ — —
o:g MeO . =\ /7 —\ / OMe
ONa >_/

of polymer 10 to a concentrated solution of Pb(OAc)
resulted in the formation of a weakly emissive yellow
precipitate.

Bunz et al. have also applied carboxylated polyt@to
a creative fluorescence-based sensory scheme for'fighe
assay relied upon the formation of an electrostatic complex
between the anionic conjugated polynidr and papain, a
cationic cysteine protease (Figure 4). In addition tolhe
papain complex, the authors examined complexes between
10 and poly(dimethyldiallylammonium chloride) (Pdac),
histone, and bovine serum albumin (BSA) for their ability
to detect cations in water. In each case, ilfe-cofactor
complexes had unique response profiles to the variety of
metal cations assayed. For instance, IBe Pdac complex
was unresponsive to metal cations with the exception &f,Fe
which weakly quenched0—Pdac emission. Polymet0
alone was relatively insensitive to Fg 0.1 mM Hg™ was
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required to achieve readily observable fluorescence quench-

ing. ThelO—papain complex, however, was most sensitive
to Hg?t. The high sensitivity o 0—papain toward HY was
due to agglutination of0—papain in the presence of as little
as 20uM Hg?". Papain contains free thiol groups and is
known to bind Hg". The authors proposed that th€—
papain complex is a mixture of oligomers in which protein
chains are effectively cross-linked by the anionic conjugated
polymer. Due to the cross-linking, the supramolecular

assemblies were more prone to agglutinate in the presence

of Hg?" than eitherl0 or papain alone. The agglutinated
complex precipitated at sufficiently high concentrations of
Hg?". Mercury-induced precipitation provided a very weakly
emissive precipitate and a fluorescence-free solution. To
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demonstrate selectivity, the authors showed that an agqueougigyre 5. K+ detection using polymet3 in conjunction with

solution containing HY and nine other metal cations at a
concentration of 0.4 mM each was easily distinguished from
a mixture of the nine metal cations in the absence of'Hg

In the solution containing Hg, 10—papain agglutinated and
formed a weakly emissive precipitate, leaving the solution
nonfluorescent. The Hg-free mixture, on the other hand,
retained the bulk fluorescence from solution.

In 2004, Leclerc and co-workers reported a conjugated
polymer/DNA-based aptamer complex that was optically
responsive to K.2° The combination of a cationic poly-
(thiophene)12 and ssDNA produced an electrostatically
bound complex. Such complexes between DNA and conju-

Me O\/\N c;|e

=
A5y
S

Me
n
12

gated polyelectrolyt@shave found excellent use in biosens-
ing applications (see sectids). Upon forming a complex
with ssDNA, the poly(thiophene) absorption was red-shifted
due to an increase in the effective conjugation length upon
going from a random-coil conformation in solution (yellow
in color) to a more planar, potentially aggregated, structure
in the polymer-ssDNA adduct (red-violet in color). They

ssDNA. The ssDNA folds into a quadruplex in the presence of
K*. (Reprinted with permission from ref 22. Copyright 2005
American Chemical Society.)

detection was also reported and is described in greater detail
in section 4.4.

Building on the work of Leclerc et al., in 2005 Wang and
co-workers reported a Ksensor based upon energy transfer
from the water-soluble cationic polyfluoreds to a dye-
labeled DNA G-quadruplex (Figure %) Cationic polyfluo-
rene 13 formed a complex with a G-rich DNA sequence
through electrostatic attraction between the cationic polymer
backbone and the anionic phosphate groups of the ssDNA.
The ssDNA used in this study was labeled at its terminus
with a fluorescein dye. The authors asserted that the
conjugated polymetrssDNA complex was weakly bound and
that fluorescence resonance energy transfer (FRET) #®m
to the fluorescein dye was inefficient in this loose complex
due to a large average distance between the conjugated
polymer donor and the dye acceptor. The addition of KClI
produced a change in the ssDNA conformation from an
unfolded state to a more compact#ound G-quadruplex.

It was proposed that the space-charge density of the sSDNA
increased upon adopting the G-quadruplex structure, which
in turn created a stronger electrostatic attraction between

examined an ssDNA sequence that formed a quadruplex inPolyfluorenel3and the G-quadruplex. The distance between

the presence of K The formation of the ssDNA quadruplex-

conjugated polymer adduct produced an absorbance spectrunq

that was in between (in terms of energy) that of the free
conjugated polymer and that of the unfolded ssDNA-
conjugated polymer complex. The change to a quadruple
structure in the presence oftkcould be detected visually

by a change in color from red-violet (unfolded ssDNA) to
orange (K-bound quadruplex). The poly(thiophene) absorp-
tion change upon going from a complex with unfolded
ssDNA to a complex with the ssSDNA quadruplex was likely
due to the greater degree of twisting required of the
conjugated polymer backbone in order to wrap itself around
the quadruplex as compared to unfolded ssDNA. Application
of ssDNA aptamerpoly(thiophene) complexes to protein

the polyflouorene donof3 and the fluorescein acceptor
ecreased as a result and led to more efficient FRET in the
presence of K. The FRET ratio of the emission intensity at
527 nm (fluoresceinrssDNA emission maximum) to the

xintensity at 422 nm (polymet3 emission maximum) was

16-fold higher in a solution containing 50 mM *Kin
comparison to a K-free solution. In the K-bound quadru-
plex state, emission from fluoresceissDNA was more than
10-fold more intense when polyméB was excited at 380
nm followed by energy transfer to fluorescein than when
fluorescein was directly excited at 480 nm, a testament to
the light-harvesting capability of the conjugated polymer
employed in this system. This sensory methodology was
selective for K over Na, NH,*, Li*, Mg?", and C&".
Swager and co-workers reported rotaxanated conjugated
polymers that were sensors for alcoh&!3he syntheses of
phenanthroline-containing polymetgl and 15 were aided
by microwave irradiation during the polymerization step. The
vapor of acidic alcohols, including various phenols (phenol,
4-nitrophenol, and 4ert-butylphenol) and 2,2,2-trifluoro-
ethanol, quenched the emission of thin fiimslgfand 15.
The most efficient quenching response was between phenol
vapor and a thin film ofl5; emission from15 decreased
more than 40% upon exposure to phenol vapor for 5 min.
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. O B0 Stern—Volmer qu_en_ching constants to the combin_ati(_)n ofa
very large association constant between the cationic poly-

O electrolyte and the anionic quencher, driven primarily by
electrostatic interactions, and to facile exciton transport

tBu O Q 00 0 O O t-Bu within the conjugated polymer. The quenching response was

O OH @ highly dependent upon the polymer concentration; the Stern
o O Volmer quenching constant decreased by a factor of 175
+Bu L ° L £Bu upon increasing the concentration1d from 1.0u4M to 10
- =R, uM. The large decrease in sensitivity was ascribed to
o increased polymer aggregation at higher polymer concentra-
O O tion. The combination of large StertVolmer constants and
<> the short fluorescence lifetime @b is most consistent with
' OCsthz a dominant static quenching event involving an ion-paired
14:R= O 15:R = fluorophore-quencher complex. Small molecule modé&l
. e (at 10uM) was also quenched by Ru(phefr and Fe(CNy*,
> e but to a much lesser extent. When compared to polytfer
O O at the same concentratioh7 was more than 30-fold less

sensitive to fluorescence quenching by Ru(ppén The
greater sensitivity of polymet6 was likely due both to the
transport properties of the conjugated polymer (rapid migra-
tion of excitons to quenching sites) and to stronger associa-

Two control polymers, one that lacked the rotaxinated thread
present inl4 and one that replaced the entire phenanthroline-
containing macrocycle with diethylene glycol monomethyl .. o .
: ion of the anionic quenchers to polycationi€ than to
ether groups, did not respond to phenol vapors. These Cc’mrotlicationic small molgculéj. The St%rH)fVolmer plots for
gxperlmentlsbs'ug'port thek authors_ dh;(;pg)thﬁSls that the three'ﬂuorescence guenching of polym#&é by Ru(phet)s*~ and
Imensional binding pockets provided by the rotaxane groupsF P
" . . - e(CN)* displayed upward curvature as quencher concen-
were necessary recognition sites required for efficient alcqhol tra§ion évas ingre};sed.pThis effectis inconsqistent with simple
binding. NMR experiments suggested that hy(_jrogen bondlng’quenching responses, that should display downward curva-
not cor_n_plete proton transfer, was responS|bIe for alcqhol twre. The upward cu,rvature was attributed to quencher-
reC(I)(gnl;uon. Th? _rotaégag_e un;gﬁls?lprow;jedla prigrga(;uzed mediated aggregation df6.26 More efficient fluorescence
pocket for metal ion binding. Thin films of polymetgl an hi di : . .
: - the aggregate due to increased exciton
15 cast in the presence of Znwere sensitive to alcohol quenching oceurred int : : o
vapor. Exposure of the Zn-containing thin films to methanol, migration facilitated by interpolymer interactions. Thin films

4— _
ethanol, 2-ethylhexanol, or cyclohexanol produced an un- of polymer 16 could detect Ru(phe®™ and Fe(CNy

quenching response. The response was largest for methano ,own t0 20 nM. ) .
which brought about a 25% increase in emission intensity. 1uang and co-workers have also examined cationic
Although conjugated polyelectrolyféshave been used conjugated polyelectrolytes as fluorescent sensors of anionic
extensively in biosensing applications (see sections 4 andM€t@l complexes. The fluorescence of water-soluble poly-
5), they have also been effectively employed as metal ion (P-Phenylene ethynylene)8 was quenched by Fe(CK)
sensors. Selectivity, however, is difficult to achieve using " @dqueous solutiof’. A Stern-Volmer analysis of the
these materials to detect metal ions, as the association
between the conjugated polyelectrolyte and the complemen- Et;N Et3N® B
tarily charged quencher is driven by nonspecific electrostatic
interactions. In 2000, Schanze and co-workers reported a
fluorescence quenching study of conjugated polyelectrolyte

16, which was first prepared by Reynolds in 1999 as part of /N =\ \ =\
_ T\ / ]
0.55 045N
EtN B EtN B Q Q
18
®
o) o) NEt, NEt3 Bre
guenching response revealed upward curvature as the
g g guencher concentration increased. The authors attributed the
16 17 nonlinearity to a sphere-of-action mechani&rithe sphere-
2(9 2@ of-action mechanism has also been put forth to explain the
NEt; Br- NEt; Br~ upward curvature in SterfVolmer plots (also referred to

as “superqguenching” or a “superlinear” response) for the
an effort to develop materials that could function as blue fluorescence quenching of anionic polyelectrolytes by cat-
emitters in light emitting devices (LED$}2° The fluores- ionic viologen quencher®.Considering the large enhance-
cence of polymel 6 was efficiently quenched by Ru(pHef ments in quenching resulting from increased energy migra-
(phen = 4,7-bis(4-sulfophenyl)-1,10-phenanthrolind)sy( tion pathways, quencher-induced aggregation most likely
= 1.4 x 1(®) and Fe(CNy*~ (Ksy = 9.3 x 10") in aqueous accounts for the large nonlinear fluorescence quenching
solution. Fluorescence quenching by Ru(ghénwas shown response often observed with conjugated polyelectrolytes and
to occur via energy transfer from the cationic conjugated oppositely charged quenchers. It should be noted that
polymer to the metal-to-ligand charge-transfer state of aggregation of polyelectrolytes also enhances the binding of
Ru(phen);*~. The authors attributed the exceptionally high oppositely charged quenchers. As the reader will see
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throughout this review, aggregation instead of a sphere of

action mechanism, has been confirmed to be the dominant 19 12 :

cause of the upward curvature in Stevolmer plots. 20 1‘ g Hf'x
Huang and co-workers also investigated polycationic poly- ] 0

(p-phenylene vinylene)¥.In methanol, the fluorescence of 6.0 ] Toh 4 P

a number of polyg-phenylene vinylene)-based cationic T ] o B8 * Rendom Gl

polyelectrolytes was quenched by Fe(@N) Downward- / ] Ny L 0 4 8 12
curving Sterr-Volmer plots were obtained from polymers "= IELEE A NN NG ot —=
that contained a large number ofs-vinyl groups. The : N '
presence of two populations of fluorophores was postulated
to account for the unusual Sterlvolmer response. Poten-
tially due to a high degree of twisting and coiling of the

2.0 ]

poly(p-phenylene vinylene) chain in materials that contained 11— e '
a high proportion ofcis-linkages, one of the fluorophore 350 400 450 500 550 600
populations may not have been readily accessible to quench:- A/nm —>

ers. Figure 6. Emission quenching 20 (2.0 x 105 M) by dimethyl

~Smith et al. synthesized the disulfonated ppighienylene  viologen in a 7:3 methanol/water mixture. Arrows in the main figure
vinylene) 19 and found that its fluorescence was quenched show how the intensity changes with increasing M)V The inset
by El?" and Cd@*'.3! The Stern-Volmer response to El shows the SternVolmer plots of the random-coil stat®) and

was linear over a large concentration range. Fluorescencethe helix ©), using the emission intensities at 363 and 445 nm,
respectively. Linear fits of the quenching plots afforded Stern

O_~_-SOsNa Volmer constants of 2.6c 10° M~ and 1.1x 10°® M~ for the
random-coil and helical conformations, respectively. (Reprinted with
Na0ss™ "0 Z permission from ref 32. Copyright 2004 Wiley-VCH Publishers.)

n
19

becomes emissive upon intercalation into the major groove

L of DNA. The addition of polymeR0to an aqueous solution
Volmer plot that exhibited upward curvature. The authors of Ru(bpy)(dppzf"* resulted in a large increase in emission

attributed the response to €uo a sphere-of-action mech- ¢ the ruthenium complex. In analogy to the interaction

f‘n'fm that becaén?_'more promlntt)anly as t?he ?uelncher CONCENGE Ru(bpy)(dppzf+ with DNA, the authors proposed the
ration increased. However, we believe that polymer aggre- o mission increase was due to intercalation of the metal

guenching by C&r, however, produced a nonlinear Stern

gation is likely the proper interpretation. complex into helicaR0. While Ru(bpy)(dppz#* did bind
07 NS0 to polymer 20 in methanol, as indicated by fluorescence
3Na i i i
guenching of20, the ruthenium complex did not become
O more emissive. In methanol, polym20 assumed a random
P . coil conformation, thus precluding intercalation of the
Z N ruthenium complex and preventing the turn-on response
20 O observed in water. The quenching respons20db dimethyl
n viologen (MV?") in 7:3 methanol/water, a solvent system
in which both random coil and helical conformations were
The polyanionicmetalinked poly(m-phenylene ethynyl-  present, was investigated. The broad red-shifted emission of

ene) 20 has been synthesized by Schanze and co-workersthe helical conformation was quenched more strongly than
and was shown to undergo solvent-dependent conformationathe emission emanating from the random-coil conformation.
transitions that affected the quenching response (Figufe 6). The authors postulated the increased sensitivity of helical
In methanol, a good solvent, polym20 appeared to assume 20 was due either to greater delocalization as a result of
a random coil conformation. In water, however, the authors s-stacking in the helical structure or to the possibility that a
proposed the polymer adopted a helical conformation. The bound quencher could interact with a greater portion of the
polymer was studied in mixtures of methanol/water that polymer backbone in the helix than in a random caoil.
ranged from pure water to pure methanol. As the percentage

of water was increased, the polymer’s absorption decreased® 2. AFPs with Nitrogen-Based Ligands for Metal

and, consistent with a transition to a helical structure, a larger |gn Sensing

fraction of the polymer backbone adopted a cisoid conforma-

tion, as evidenced by a more significant reduction of the long  Pyridine-based moieties such as'zyyridine (bipy) and
wavelength absorption attributed to the transoid conforma- other multidentate amine-containing ligands effectively
tion. The exchange of water for methanol as solvent producedcoordinate a variety of metal ions. They are typically stronger
large fluorescence changes as well; as the solvent compositigands for transition metals than for alkali or alkaline earth
tion was shifted to larger percentages of water, the fluores- metal ions, making them somewhat complementary to crown
cence was reduced and became red-shifted and broad. Thethers. This family of ligands has been used as lumines-
broad emission was attributed to the helical conformation cent chemosensors for transition metal i&hSince the first

of 20 in which the aryl rings werer-stacked, allowing for report of 2,2-bipyridine incorporation into a poly(phenylene

the formation of an “excimer-like” excited state. vinylene) backbone for metal ion sensing by Wang and
The helical and random-coil conformations of polyr@ér Wasielewsk?* there have been increasing efforts to develop
displayed unigue responses to Ru(bfgppzf+ (bpy = 2,2- new conjugated polymers for sensitive and selective metal

bypyridine; dppz= dipyrido[2,2a:2'3'-c]phenazine), ametal ion sensing and also to fundamentally understand the
complex that is almost nonemissive in aqueous solution but mechanisms by which this sensing takes place.
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In 2001, Huang and co-workers published a study con- three polymers, whered3 consistently gave the weakest
cerning the metal ion sensing properties of three structurally response. The authors attributed the higher sensitiviB1of
related conjugated polymers, the main chains of which to weaker resistance (highest backbone flexibility) to co-
incorporated 2,2bipyridine moieties® The purpose of this  planarity of the bipy unit when joined by a single bond, as
study was to understand the effect that the structure of theopposed to a double or triple bond.
polymer backbone has on metal ion sensitivity. They Extending these studies of the effect of backbone structure
synthesized conjugated polyme@s-23via Suzuki, Wittig— on bipy-containing conjugated polymers, Ding and co-
Horner, and Sonogashira polymerizations, respectively, with workers studied polyme24, which showed mostly similar
number-average molecular weights ranging between 35 andspectral responses and sensitivities to transition metals as
59 kDa. observed with21—233¢ This polymer, however, showed

Q.O = 7/ N\’ good sensitivity for M§" relative to the other alkaline earth
ions. They also investigated other bipy-containing thiophene-
based PPVs that showed similar responses to*"Ng

. . . . Although the reasons for these specific effects are not
Addition of various transition metals to THF solutions of g P

h | dch i both their ab ; (iompletely clear, these combined studies emphasize the
these polymers caused changes In both their absorption angy, 5o rtance of backbone structure in developing bipy-based
fluorescence spectra. The fluorescence quenchirgy dfy

o e conjugated polymer sensors for metal ions.
2
Mn®*is d|3p|6a+yed N Flgurle 7. The aurt]hf?(s f%und thatZn Ma and co-workers have challenged the interpretation that
Ni**, and C6" caused a large red shift in the absorbance o gpectral red shifts that occur upon metal complexation
spectra of all three polymers. Niand Cé" also strongly

. in these materials is primarily due to enhanced conjugation
quenched all the polymers at low concentration8.(L ppm) b y L9

X 4 ; S along the polymer backbori&. They compared a bipy-
with no observable difference in the sensitivities of the three containing polymer very similar t@1 to the structurally
materials. The similar responses were attributed to very

S L related polymeR5, which has a planar 1,10-phenanthroline
strong.coc.)rdmanon of Fhese metals to the b|pyr|dyl groups. (phen) unit. They observed similar results to Huar&f svith
Amplification was confirmed by the observation that com-

| hi X i of Itheir bipy-based polymer, but they found that the binding
plete quenching occurred at a 50:1 ratio of receptors (0 metalggnstants of the metal ions did not correlate with the
ions. Other transition metal ions, such asMrP¢*, Ag™,

. i fth hifts. | ition, although
Al3*, CL?*, CcP*, and Fé", provided much smaller absorb- magnitude of the absorbance red shifts. In addition, althoug

. " . _the rigid phen ligand could not provide substantially more
ance shifts and much less sensitive fluorescence quenCh'ngconjugation upon metal ion complexatic2g also showed
Thi authgrsl attrlt_)ute? :]hebabslc_)rbar&ce sgecﬁral red_shﬁt trong ion-induced red-shifted absorbance spectra. From this,
to enhanced planarity of the bipy ligands and changes In they,s 5thors concluded that electron density variations of the
polymer electron density upon metal complexation. In these

. polymer chain upon metal complexation, and not confor-
experiments21 always gave the strongest response of the -t changes along the polymer backbone, were the

primary causes of metal-induced ionochromic effects. Also,

CgH17 CgH17 23

600 o - most metal ions quench&d more efficiently thar?1, which
i the authors attributed in part to stronger binding of metal
500 |- ;;' e ions to the rigidified phen ligand. Phen-based conjugated
zos polymers have shown ionochromic responses in both ab-
400 | Sos sorbance and fluorescence not only to transition metals but
£ also to Li*, C&*, and Mg+.%
% Wang, Xu, and Lai have also investigated cyclophane-

s 5 W 1

Concentraton (o) containing conjugated polymer26 and 27 as metal ion
sensorg? The fluorescence and absorbance of polynérs
and 27 were red-shifted relative to those of reference
polymers that lack the bipy-containing cyclophane. The red
shifts were attributed to electronic perturbation of the
conjugated polymer backbone via aromatic -€tlinterac-
o ke R — S tions between the conjugated polymer aryl system and bipy-
380 400 420 440 450 480 500 6520 540 based hydrogen atoms (Figure 8). The authors proposed that
Wavelength (nm) the steric influence of the cyclophane moiety may also
Figure 7. Quenching of the fluorescence 21 upon addition of contribute to the red-shifted absorbance and fluorescence.
different amounts of MnGl The inset shows a titration curve for 1€ fluorescence of polyme26 was quenched by Cq,
Mn2+/21in THF. (Reprinted with permission from ref 35. Copyright C0?", Ni#*, Zn?*, Mn?*, and Ag". Polymer27, however,
2001 American Chemical Society.) was only quenched by €t Ca*", and N?', and it was

Light Intensity
[ 2]
S
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Figure 9. Relative fluorescence quenching and anisotropy values
of 28 in the presence of different metal ions. (Reprinted with
— permission from ref 44. Copyright 2004 Wiley-VCH publishers)

quenched less efficiently by these cations than poly2ter

The authors attributed the different quenching responses toconjugated polymer chain significantly amplified the quench-
differences in polymer flexibility. The fluorescence quench- ing. In addition, polyme28 was 144 times more sensitive
ing by metal ions was not accompanied by shifts in polymer than a similar polymer that contained no pyridine ligand.
absorbance or fluorescence. The absence of spectral shiftés illustrated in Figure 928 showed very good selectivity
in the presence of metal cations was attributed to the factfor PcF* over many other transition metal ions.

that the binding sites i26 and 27 are not in conjugation The authors also determined that Pd-induced aggregation
with the conjugated polymer backbone. of the polymer chains was critical to the high sensitivity of
28to P&*. The evidence for this was a red shifting of the

7N absorbance of28 that correlated with increasing Pd

— — concentration, in addition to fluorescence anisotropy values

H H that correlated with fluorescence quenching as a function of

S s transition metal concentration. These enhanced anisotropy

I_@_‘ values indicated that the polymer chains were aggregated to
Figure 8. CH-—x interactions in cyclophane-containing polymers 9iv€ & larger molecular weight adduct. Addition of cyanide
26 and 27. to P&*-quenched polymer solution restored original anisot-

ropy values and fluorescence intensities.

There have been several other studies recently published Conjugated polymer aggregation has also been implicated
concerning the metal ion-sensing properties of fluorescentin the sensing of Ag by polyquinoline29 via fluorescence
conjugated polymers that incorporate pyridine rings into the quenching, although changes in the electron density along
backbone. Lee and co-workers reported a poly(pyridyl the backbone were also considered as a possible origin of
phenylene as well as a poly(cyanostyryl) derivatitéthe the high SteraVolmer quenching constant (1.4 1CP
fluorescence intensities of which were quenched in the M~1).45 This value was found to be 15 times higher than
presence of F&. In addition, a series of poly(pyridyl
phenylene)s capable of inter- and intramolecular hydrogen
bonding have shown strong ionochromic and fluorescence
quenching responses to €uand F&" in THF 43

Fluorescence changes caused by binding-induced aggrega-
tion of pyridine-containing conjugated polymer chains have
also been explored as a potential signal for more specific
metal ion detection. In 2004, Wang and co-workers reported
the use of such a desig@8§) to selectively detect Pd ions
in THF #4 Monopyridyl groups, which can selectively bind

that for the monomeric model compound, highlighting the
amplification supplied by the conjugated backbone. The

OCigHgs ~ OCqHy authors found the quenching to be reversible upon addition
7 \M\= //Z/Q = ) = of agueous ammonia to a THF solution of the quenched
= /c’" y \c}_/ o (}_/ Jn polymer. The same group also reported in a related publica-
72NN o m=n tion that the selectivity 029 for Ag* or Fe&* could be tuned
CgHa0 OCieHss 28 as a function of solvent, which the authors attributed to a

combination of metal ion solvation and a solvent-dependent
chain conformatior®
Pt by self-assembly, were polymerized throughmata In addition to29, other groups have used non-pyridine
linkage to encourage backbone flexibility, whereas a more nitrogen-based heterocycles in the backbone of conjugated
traditional polyp-phenylene ethynylene) segment was in- polymers for metal ion and acid sensory purposes. These
cluded to enhance signal amplification. The fluorescence polymers have included quinoline- and quinoxaline-contain-
quenching response of polym28 was compared to those ing poly(arylene ethynylene}$:8poly(phenylene vinylene)s
of two control polymers, each consisting of one of the two containing phenothiazylene and pyridylene grotfpsn
segments o28, as well as to that of the small molecule internally hydrogen-bound poly(benzoxazdiéand a variety
model 2,6-di(phenylethynyl)pyridine (DPP). The Stern  of poly(oxadiazoles)!
Volmer quenching constant @B (4.34 x 10° L mol™t) was An alternative strategy to directly incorporating hetero-
56 times greater than that of DPP, indicating that the cyclic ligands into the conjugated polymer main chain is to
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covalently attach them as pendent groups. This more modularby displacement of prebound &uguenchers from pendent
approach could allow for the use of a wider variety of ligands ligands®®

with more finely tuned selectivities while still preserving the  Others have also taken advantage of ligands appended on
amplification inherent to conjugated polymers. In 2002, Jones the conjugated polymer for the detection of transition metal
and co-workers described a series of ppéyie-(phenylene  ions. In2004, Pei and co-workers reported the metal-sensing

ethynylene)alt-(thienylene ethynylene)s] (compoung8— properties of imidazole-substituted poly(fluorei38) which
32) with pendent oligopyridine groups for metal ion bind-

was synthesized by Suzuki coupling with a number-average
molecular weight of about 15,000 D&This polymer, which
showed no absorption or fluorescence response to alkali or
alkaline earth metal ions, could be completely quenched by
Cw?" in THF with aKg, of 1.2 x 107. The polymer-quenching
response was ten times greater than that of an oligofluorene
model compound, which indicated the amplified nature of
the conjugated polymer-based fluorescence quenching re-
sponse. Solid-stat&3 could reversibly detect aqueous®pu

as demonstrated by alternately dipping a thin film into GuCl
and ammonium hydroxide solution. Other metal ions, such
as APBt, Zr?t, P, Agt, Co*t, Sret, and C#t, also partially
quenched the fluorescence 88. Interestingly, Ni™ only
guenched3 very slightly even at 100 ppm, illustrating the
ing.52 These polymers had identical main chains, but they d!fference; in coordination selectivities betvv.een_ oligopyri-
differed in either the identity of the oligopyridine ligand [bipy ~ diné and imidazole receptors and further highlighting the
(30) or terpyridine (ttp,31 and 32)] or the nature of the  Potential utility of pendent ligands.

connectivity of the ligand to the backbone [insulat&®)( Although it does not involve nitrogen-based heterocyclic
or cross-conjugated3Q and 31)]. The receptors had only ligands, included here is a study Wang and co-workers
small effects on the intrinsic emission spectra of the published in 2005 that involved phosphonate-substituted
materials. Addition of small concentrations (as low as 4  poly(fluorene)s 84 and 35).5 These materials showed
10° M) of Ni?* to 31 gave easily observed fluorescence

quenching in THF, but it had no effect on a model polymer O O
LT

that lacked receptors. Other transition metal ions, such as

CrI5t, Co**, Cu*t, and Mrit, showed fluorescence quenching

responses in THF solution of varying intensities. The polymer EtO-P-OEt  EtO—P-OFEt

that included tridentate ligand31) was more sensitive than O a 5

30. Although the mechanism of quenching for these systems

is still indefinite, more recent work suggests that it is highly

dependent on the identity of the metal i&n. O.O n
The authors also determined that although the polymer

with cross-conjugated ttf8() receptors was 2.6 times more

sensitive to Ni" than the polymer that employed an OEt EtO

insulating ether linkage3@), conjugation of the receptors Po oX

to the polymer backbone was not required for an effective 35

fluorescence response. The insensitivity to how the receptor

is attached to the polymer backbone allows for the more strongly amplified and reversible fluorescence quenching by

flexible design of receptor/backbone combinations to poten- Fe* in dichloromethane (Figure 10). The authors also

tially enhance selectivity. Jones used this principle in the reported strong selectivity for Feover a wide variety of

2005 report of fluorescence “turn-on” chemosensors that other metal ions. Increasing the number of carbon atoms that

showed some selectivity toward Hgat concentrations above  constituted the alkyl spacers between the polymer backbone

100uM, although the “unquenching” mechanism of opera- and phosphonate groups from thr8d)(to six (35) reduced

tion precluded amplificatioft Lowering the concentration  the K, for Fe€* by almost a factor of 2, highlighting the

of receptor sites did not give increased sensitivity, which strong distance dependence of the fluorescence quenching

the authors attributed to slow energy transfer along the response. Sensing in ethanol reduced the sensitivity by 1

polymer backbon& Most recently, in 2006, Jones reported order of magnitude because of competitive binding of solvent

the selective fluorescent “turn-on” detection ofFen THF to the phosphonate groups.
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amplification inherent to conjugated polymers. The emission
spectrum was not changed by the addition of other halide
ions. The terminal trifluoromethyl groups were essential to
sensitivity; the fluorescence spectrum of poly(propyl-
methylsilane) did not exhibit any significant changes upon
addition of micromolar concentrations of FThe authors
attributed the trifluoromethyl-dependent sensitivity to activa-
tion of backbone Si atoms to attack by .FAlso, the
interchanging of methyl for a longer alkyl chain such as hexyl
gave a material insensitive to TBAF, presumably because
of steric effects.

Research groups have also used the basicity and hydrogen-
bonding characteristics of fluoride to develop other conju-
gated polymer sensory materials for fluoride. The group of

600 —

400

PL Intensity (a.u.)

200+

T T T T T T T v
400 450 500 550 600

Wavelength (nm) Wang employed this tactic in 2003, reporting that the
Figure 10. Fluorescence spectra 8f upon addition of F& in phenolic derivative of polyquinolin@9 could sense a 100-
CH,Cl,. The inset shows the corresponding Steviolmer plot. fold excess of F in DMSO via an amplified red-shifted
(Reprinted with permission from ref 58. Copyright 2005 American fluorescence “turn-on” signdt. 'H NMR experiments sup-
Chemical Society.) ported a deprotonation mechanism, whereby the phenolate
. . . anion participated in an intramolecular charge-transfer transi-
2.3. The Detection of Fluoride and Other Anions tion with the adjacent quinoline moiety. The less basic Cl

There has been a substantial effort to develop conjugated@nd Br anions showed no response, whi@H was a strong
polymers that detect cations with high sensitivity and interferent. Wang also reported a series of poly(phenylene)s
selectivity. Reports of fluorescent polymer sensors for anions, containing phenol-substituted oxadiazole ring systems for the
however, have been comparatively scarce. The preponderdetection of F by fluorescence quenchirt§.The authors
ance of such efforts has focused on fluoride ion detection. varied the feed ratio of oxadiazole and fluorene monomers
The detection of fluoride is of growing interest because of 0 synthesize random copolymers (one of which @@svia
its association with nerve gases as well as the manufactureSuzuki coupling. Polyme88was the most sensitive polymer
of nuclear weapons.

Several systems have relied upon the binding properties
of fluoride for sensing. In 2002, Miyata and Chujo reported
ao-conjugated organoboron polym@&6j that was optically
sensitive to fluoride in chloroform due to fluoride coordina-
tion to boron®® This coordination changed the hybridization

of the series to fluorideKs, = 7.1 x 1CP), due to an

% /=);n optimized combination of high molecular weight and an

B increased number of binding sites. Polyr38ralso showed

36 approximately 100-fold amplification over a monomeric

model compound. All the polymers synthesized were about
1 order of magnitude more sensitive toi€lative to HPO, ™.
They were insensitive to CJ Br—, |-, BF,~, and PE~. On
coniugation and auenched the emission of the olvmer. A the basis of solvent-dependent quenching and absorbance
( J_f_g b qh'ft e abeorh tp y%f - 7 spectroscopy studies, the authors concluded that the mech-
significant biué shift in the absorbanceé spectrum anism for this quenching was the formation of an intra-

gfgg;g‘znrfgcﬁgii;';°[?§g%?ﬁ§r ﬂ:ﬁg;gﬂ%niu dﬁg?{g{‘gff;ﬁmolec]ular charge-transfer interaction in a hydrogen-bonded
: O - 'complex.
e uorescence of he poymer. The repoted amplfcaon: ” 1n 2006, sun and coworkers reporaat  plypheryiene
ot broduce a response ' : ethynylene) based on dipyrrolylquinoxaline (DPQ) ufiits.
P P : The authors observed both a red-shifted colorimetric response

Fujiki et al. have used the latent affinity of fluorine and : _
silicon to detect F with very high sensitivity (nanomolar and fluorescence quenchings( = 5.2 x 10 upon the

of the boron atom from €pto s@¥, which interrupted the

range) by fluorescence quenching3af ac-conjugated poly- OC1Has
(silane)®® The authors observed a high SteiMolmer 2 N e U
@ =\ /=
CFy
e Ny N CioHpsO
L 39
t5-59, =,
Me \_NH HN._Z
CFs

addition of TBAF in CHCl,. NMR experiments and mass
spectroscopic analysis indicated that the photophysical
guenching constangy = 1.35 x 10°) upon addition of perturbations upon fluoride addition were due to depro-
tetrabutylammonium fluoride (TBAF) to a THF solution of tonation of the DPQ unit. Althougl89 showed 34-fold
37. The response was attributed to a combination of a large amplification over a small molecule model compound, it did
number of silicon binding sites on each polymer and the not show significant selectivity for Fover phosphate.

37
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COEt of other anions. For example, Lee and co-workers described
ot F N CO2Et a hydroxide-sensing bipyridine-based polymer linked with
2 .
R osi cyanostyryl group8® Also, Ho and Leclerc reported in 2003
iR3 R' (o o) ; . . . L. .

- Strongly the colorimetric and fluorometric detection of iodide in

Non-Emissive Emissive deionized water using a cationic poly(3-alkoxy-4-methyl-
Figure 11. Fluoride-triggered coumarin dye formation used by Kim thiophenef® The mechanism for this fluorescence modula-
and Swager for turn-on wavelength-responsivedgtection. tion, which will be discussed in the DNA sensing section, is

. ) . analyte-promoted aggregation and planarization of the poly-
In 2003, Kim and Swager reported a fluoride-sensing mer hackbone. In this study, hydrophobic anions such as
system triggered by the unique chemical reactivity ofiith PR, BF,~, SCN-, and CIQ~ were interferents.
silicon® The authors developed a fluoride ion-triggered ' ’ ’

formation of coumarins, a family of strongly emissive laser . .
dyes, as illustrated in Figure 11. Bulky silyl protecting groups 3 Detection of Explosives
provided selectivity for fluoride, and the diethyl malonate

group avoided potential problems associated with double-
bond isomerization. In order to achieve amplification, the
authors electronically coupled the indicator to the band
structure of a poly(phenylene ethynylendp) through a

The detection of trace explosives is a problem of increasing
importance and one that researchers from many scientific
fields have been addressing for years. Nevertheless, unde-
tected explosives remain a major security concern in airports
and other security checkpoints important for homeland
security, as well as in less-controlled environments, such as
battlefield locations, where the detection of land mines and
other explosive devices is vitally important. Summaries of
many of the various technologies designed for trace explo-
sives detection have recently appeared in the literature and
are beyond the scope of this revié{?

Many explosives are highly nitrated organic compounds
such as nitroaromatics, nitramines, or nitrates. This property
renders them electron-deficient. This electron deficiency has
been important in explosives detection using methods such
HsC as gas chromatography coupled with electron capture detec-
40 tion (GC/ECD) and the widely used negative polarity ion

thiophene ring. Polyme40, with a molecular weight of 10 ~ Mobility spectrometry (IMS).
kDa, was synthesized by Sonogashira polymerization. The Good electron acceptors can efficiently quench fluores-
formation of a small number of local band gap traps upon cence by photoinduced electron transfer. In 1998, Yang and
reaction with fluoride resulted in facile electron-exchange Swager used a fluorescence quenching transduction mech-
(Dexter) energy transfer from the polymer to the dye to anism together with the amplifying nature of conjugated
provide an amplified fluorescence “turn-on” sensory meth- polymers to desigidl, a material highly sensitive to TNT
odology (Figure 12). The authors found that the polymer vapor®® TNT is the major explosive component of most land
was 100-fold more sensitive to Ehan a corresponding small  mines. An important design feature dfl is the rigid
molecule. pentiptycene group, which prevents the polymer chains from
Although most anion-sensitive, fluorescent, conjugated strongly aggregating and self-quenching in the solid state.
polymer sensors have focused on fluoride, there have beeriThese effects are important because a solid-state thin film
several reports of related materials designed for the detectionallows for multidimensional exciton transport and higher

Conduction
Band @
l'lV hV' .
Band
7S
n:;?g,c

Figure 12. Mobile excitons created by photoexcitation migrate along the backbo#d®. dfluoride-induced lactonization of side chains
produced trapping sites with a smaller band gap that gave a new amplified emission. (Reprinted with permission from ref 64. Copyright
2003 Wiley-VCH publishers.)
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polarization than the analogous phenylene polymers. The

O O materials studied were of high enough molecular weight to

‘ C14Has0 be considered rotationally static over the emission lifetime
/N >=\ _ of the polymer. Therefore, the increased depolarization was
=N\ /=] due to greater diffusion along each disordered polymer chain.

0C 4Has n Also in 2001, Yamaguchi and Swager reported dibenzo-

chrysene-based PPEs such 4% that have excited-state

O ‘ M lifetimes between 1 and 3 ns (corresponding phenylene-based

materials have sub-nanosecond lifetim@§ensing experi-
ments with these polymers showed that they had higher
sensitivity to TNT than polymers such 44 and42.

In 2002, Zahn and Swager demonstrated that three-
dimensional electronic interactions enhance exciton transport
and TNT sensitivity’® On the basis of solvent-dependent
circular dichroism and absorbance spectroscopy, the authors
found that enantiomerically puet formed restricted chiral

amplification, which are critical for successful ultratrace
detectiort®

ICx Nomadics, Inc., has developed several versions of a
sensory device built around the high sensitivity 4df for
the detection of TNT vapor, as well as a common contami-
nant in land mines, 2,4-dinitrotoluene (DNT), which has a
higher vapor pressure than TNT. This commercially available
device, called “Fido”, allows for the real-time monitoring
of conjugated polymer thin-film fluorescence intensity while
simultaneously exposing the film to vapors. Femtogram
sensitivity to TNT was demonstrated during Fido device
testing in 2001. In field tests with buried land mines, Fido
exhibited sensitivity and selectivity comparable to those of
trained canine® This is the only known technology to
achieve such strong performance in the field.

The Swager group has reported several sensitivity-enhanc-
ing improvements to the TNT-sensing material. Amplifica-
tion depends strongly on how many binding sites each
exciton can visit. One potential way to improve this quantity
is to increase the fluorescence lifetime of the sensing
material. If each exciton has a longer time before it decays
intrinsically to the ground state, excitons may be able to
sample more locations within the polymer film. Fused
polycyclic aromatics often have forbidden or weakly allowed
transitions that can result in longer excited-state lifetimes.
In 2001, Rose, Lugmair, and Swager reported a series of
PPEs that incorporated triphenylene moieties into the back-
bone of a conjugated polymer, such4&’*

aggregates in a poor solvent (methanol) yet still retained the
majority of its fluorescence intensityd(= 0.61). A similar
polymer lacking iptycene groupgi5, formed chiral ag-
gregates with strongly decreased fluorescence intensity in
40% methanol/chloroform but ultimately favored a stronger
aggregate with coincident alignment of polymer chains at
methanol concentrations higher than 50%. The unique
photophysical properties @4 in the aggregated state were
attributed to an interlocked structure that required the
presence of the pentiptycene groups, which hindetr
stacking in an edge-on conformation.

This unique aggregated statedgfalso showed sensitivity
enhancements toward nitroaromatics. In solution, fully ag-
gregated44 was 15-fold more sensitive to fluorescence

Relative to the more traditional phenylene-based PPEs,quenching by TNT and DNT compared to the fully solvated
the authors found that the triphenylene-containing PPEs hadpolymer. In addition, spun-cast films of aggregatethad
longer excited-state lifetimes. In addition, fluorescence a 4-fold increase in sensitivity toward TNT vapor (75%
depolarization measurements of high molecular weight fluorescence quenching within 10 s) over optimized thin
triphenylene-based PPEs showed larger fluorescence defilms of 41. This data is summarized in Figure 13. The
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Figure 13. (a) Stern-Volmer plots of44 in nonaggregatedX) Wavelength (nm)

and aggregated form®j. (b) Sterr-Volmer plots for thin films ) )

of 41 (Cy6 chains,0) and 44 (@) upon exposure to TNT vapor. ~ Figure 14. Spectral response of a ring-mode structurd®fASE

(Reprinted with permission from ref 73. Copyright 2002 Wiley- attenuation in the absence of spontaneous emission attenuation (solid

VCH publishers.) line) and after a 1.5 min exposure to saturated TNT vapor pressure
(dashed line). Inset: plots of ASE peak emission intensity=(

535 nm) as a function of excitation power. TNT exposure increases

the pump energy threshold.

increased sensitivity of the fluorescent, chiral aggregate was
proposed to derive from an improved exciton diffusion length
in the 3D-coupled chiral grids and extension of the polymer kinetics. The lasing threshold for a material (the minimum
conjugation length in the highly organized aggregate struc- pump energy at which ASE can be observed) depends
ture’ strongly on the material’s emission lifetime; shorter lifetimes

Bulovic, Swager, and co-workers have also demonstratedresult in higher lasing thresholds, while longer lifetimes give
how lasing action in organic polymers can provide higher |ower lasing thresholds by allowing more emissive excitons
sensitivities to nitroaromatic analyt€sin principle, any to build up in the system. Introduction of a quencher
organic conjugated polymer can lase. For practical applica- decreases the lifetime of the average exciton within the
tions, however, the material must be able to survive the material, thereby resulting in an increased lasing threshold.
punishing optical pumping conditions required to induce the Therefore, pumping the material close to the intrinsic lasing
necessary population inversion. This is a challenging goal, threshold maximized trace sensitivity with ASE.
especially under ambient conditions and with extended |n 2005, Zhou and Swager reported a nitroaromatic
operation times, both of which are necessary for many quenching study of poly(iptycenebutadiynylene)§-49)
sensing applications. Swager and co-workers designed andhat contained elaborated iptycene structures with electron-
preparedt6, which is emissive in the solid staté (= 0.80) donating alkoxy group& TNT, DNT, p-mononitrotoluene,
and even benzophenone efficiently quenched these polymers
in chloroform solution. Unlike41, these materials showed
significant static quenching constants (up to 185'br 48
and TNT), indicating ground-state associations between these
polymers and the nitroaromatic quenchers. The association
was attributed to a strong tendency of the electron-rich
dialkoxyphenyl rings on the “wings” of the iptycene groups
to associate with the electron-deficient analytes via electro-
static andz—x interactions. These polymers, however,
showed a slower quenching response to DNT and TNT in
the thin film relative to41. In addition, compared to the case
of 41, the fluorescence of these polymers recovered much
and exceptionally stable to photobleaching. These favorablemore slowly after removal of TNT or DNT vapor. These
properties were attributed to the pendent aromatic rings observations were attributed to the unique quencher-
encapsulating the polymer backbone in a protective sheathsequestering property of these polymers. This example
that prevents self-quenching and photobleaching. Opticalillustrates that solid-state sensitivity can be governed by
pumping of this material with a nitrogen laser gave amplified different factors than those that determine solution-state
spontaneous emission (ASE) at 535 nm. The ASE perfor- quenching efficiency.
mance of46 compared favorably with other demonstrations  Trogler and Sailor have published several papers detailing
of stimulated emission of organic materials and can be how poly(silole)s can be used for the detection of nitro-
attributed to an improved molecular design that maximizes aromatics by amplified photoinduced electron-transfer quench-
thin-film absorption and luminescence efficiency. ing.”” Poly(silole)s, such as poly(tetraphenyl-1,1-sild€)

It was found that the ASE signal was up to 30 times more have a SiSi backbone. Like poly(silane)s, poly(silole)s
sensitive to quenching than the spontaneous emission upordemonstrate delocalization of electrons along the main
exposure of the film to saturated DNT vapor for 1 s. By chain. In addition, the unsaturated five-membered ring of
using a ring-mode lasing structure, the higher sensitivity of 50 shifts the band gap into the visible region of the
the ASE signal to saturated TNT vapor is obvious, as electromagnetic spectrum.These polymers feature a helical
illustrated in Figure 14. The mechanism for increased ASE structure and fluoresce efficiently in the solid state. An initial
sensitivity can be understood in terms of excited-state communication on this subject focused on usiddo detect
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Figure 15. Emission intensity response of a film 52 to repeated
exposures to equilibrium DMNB vapor. (Reprinted with permission
from ref 87. Copyright 2005 Royal Society of Chemistry.)

superior vapor sensing capabilities 8f highlights the
profound differences that can occur between solution and
solid-state behavior with fluorescent conjugated polymer
sensors. The authors suggested that because each of the 12
polymers they studied exhibited a different ratio of fluores-
cence quenching for the nitroaromatic analytes investigated
(TNT, DNT, nitrobenzene, picric acid), a sensor array of
these materials combined with pattern recognition methods
could be useful for analyte detection and identificafidn.
More recently, Trogler and co-workers have reported the use
of luminescent silole nanoparticles for the sensing of aqueous
TNT® and Cr(VI1)8

In addition to the Swager and Trogler groups, other
TNT in seawater and on surfac&sThe authors observed —research groups have reported fluorescent conjugated poly-
efficient fluorescence quenching of thin films immersed in mers that have shown sensitivity to nitroaromatic molecules
seawater only when it was spiked with 50 ppb TNT. They by amplified fluorescence quenching. Schanze and co-
also observed a 38% increase in fluorescence quenching ofvorkers showed that thin films of the fluorescent diaryl poly-
50 relative to an oligomeric model compound, attributed to (acetyleneplare readily quenched by DNT vapor, as well
a shorter diffusion length of the exciton in the oligomer. The as the vapors of other nitroaromatic molecufesisieh
films also showed sensitivity to TNT vapor in oxygenated compared the nitroaromatic vapor-quenching efficiencies of
air, with an 8.2% decrease in emission intensity over a 10- & series of PPV thin film& Wang detailed the development
min exposure to 4 ppb TNT. Aqueous acids such s34 of a PPE-based optode for the selective sensing-of
or HF did not interfere with the response. Nevertheless, the mononitropheno¥> Earlier this year, Lee and co-workers
response to TNT vapor was significantly smaller than the reported on the solution-state static quenching of oxadiazole-
50% quenching oft1 achieved in 1 g5 based conjugated polymers by picric acid, DNT, and
dinitrobenzen&®

49

TMes In addition to nitroaromatic molecules, there are other
Ph Ph O explosives that pose challenges for detection by fluorescent
A conjugated polymers, particularly plastic explosives. The
Ph™ >giy Ph Swager group targeted 2,3-dimethyl-2,3-dinitrobutane (DMNB)
+ \)n\ 7 as a target analyte because it is a taggant that is added to
50 nearly all legally manufactured plastic explosif¢®MNB
O has a reduction potential of1.7 V vs SCE (reduction
51 potential of TNT is—0.7 V). This unfavorable reduction

potential makes photoinduced electron-transfer quenching

A later publication by Trogler, Sailor, and co-workers with 41 endergonic, and therefore, no quenching was
compared the nitroaromatic-induced quenching efficiencies observed when DMNB was added4t in solution or when
of a series of 12 different poly(metallole)s (including Si- and thin films of 41 were exposed to DMNB vapor. To increase
Ge-based materialg) The authors observed large quenching the driving force for fluorescence quenching, the class of
constants for these materials toward nitroaromatics in tolueneblue-shifted poly(phenylenes-fluorene)s was investigated
solution, withKsg, as high as 4340 M for TNT and 11,000  for this application. Polymes2 has a band gap 0.3 eV larger
M~1 for picric acid. They observed no change in polymer than that of41, and this extra excitation energy allowed for
lifetime upon addition of TNT, which indicated a static efficient fluorescence quenching via a diffusion-controlled
qguenching process. This difference between the strongerdynamic biomolecular quenching mechaniss2. was the
solution-state performance 60 in organic solvent and the  most efficient of the polymers screened for solid-state
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quenching by DMNB vapor (equilibrium vapor pressure
3 ppm), giving ~20% fluorescence quenching that was
reproducible and reversible (Figure 15).
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=0~

CgH170
52

:

Because many potential analytes contain hydrogen-bond

acceptors, Amara and Swager reported derivativéd tiat
incorporated strong hydrogen-bond donors, hexafluoroiso-
propanol (HFIP) group® Polymerss3 and54 showed strong
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decreased fluorescence intensity upon exposure to pyridin
vapor, while41 did not. The authors concluded that the HFIP
groups not only increased analytgolymer interactions but
also activated the analytes for photoinduced charge-transfe
quenching by modulation of their electronic properties.

In 2006, Thomas and Swager reported that fluorescent
conjugated polymers could be used to detect trace hydrazin
(a component of liquid rocket fuel) vapor via a fluorescence
turn-on mechanisrt’. It was found that the highly electron-
rich 55 was the most sensitive to hydrazine vapor of the

materials screened, giving a 2-fold increase in emission
intensity with no change in the spectral shape or position of

€

r

€

Thomas et al.

For the most part, this growth has been driven by the use of
conjugated polyelectrolytes (CPESs), conjugated polymers that
are functionalized with ionic side chaifsThese water-
soluble materials have come to dominate the application of
conjugated polymers to biosensing. Much of the activity in
this area was spurred by a publication by Whitten and co-
workers in 1999 that was pointed out in our Introduction.
These authors reported fluorescence quenching of poly(2-
methoxy-5-propyloxy sulfonate phenylene vinylengg)( a

O_~_-SOsli
MeO Z N
56
— —\e H (0]
" S
N\ 7\ /N\n/N\/\NJ\/\/:._
H
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conjugated polyelectrolyte first reported by Shi and Wudl
in 19909* with dimethyl viologen §7b) (Ksy = 1.7 x 107)
in water. As we pointed out in the Introduction, the high
sensitivity is properly credited both to strong association
between the cationic quencher and the polyanionic conju-
gated polymer and to efficient exciton transport to quencher
sites. The quenching response was attributed to a dominant
electron-transfer mechanism involving the viologen quencher.
Analyte-induced polymer aggregation may also contribute
to the quenching response. Polymer fluorescence was
guenched by divalent metal cations including Cand Mg,
consistent with polymeb6 fluorescence quenching due to
cation-induced aggregation. The fluorescence-quenching
response ofb6 to dimethyl viologen was asserted to be
amplified by more than a factor of a million relative to that
of a “similar” small molecule. However, the small molecule
model rans-stilbene) used to provide a reference point was
a poor choice. Unlikes6, stilbene lacks anionic residues.
Therefore, in comparison to polym®é, stilbene was unable
to participate in the same attractive electrostatic interactions
with dimethyl viologen. The strikingly high quenching
“amplification” reported for polymeb6 relative to stilbene
can reasonably be attributed both to a significantly higher
association constant betweBf and the viologen quencher
and to conjugated polymer-based exciton transport. Although
exciton delocalization likely played a role, the electrostatic
advantage of conjugated polyelectrolyg® may well have
been the dominant factor contributing to the greater sensitiv-
ity of the polymer versugrans-stilbene.

The biotin-functionalized viologen quenchéi7a also

the emission. The proposed mechanism is hydrazine reducquenched6 fluorescence in aqueous solutibAddition of

tion of oxidized defect quenchers in the polymer film to give
an amplified turn-on response. The sensitivity of this method
was below 1 ppm, the permissible exposure limit of
hydrazine.

4. Conjugated Polyelectrolytes as Biosensors

4.1. Early AFP Biosensing Reports
The use of fluorescent conjugated polymers in biosensing

avidin to a solution of polymeb6 and the biotin-function-
alized viologerb7aresulted in an unquenching, or fluores-
cence turn-on, response. The authors attributed the fluores-
cence increase upon exposure to avidin to binding of the
biotin-functionalized viologen by avidin. The avidin-bound
guencher was proposed to be sterically encumbered, thus
preventing close association of quencher with conjugated
polymer and producing the fluorescence recovery. Relevant
control experiments demonstrated that the response was due

applications has undergone enormous growth in recent yearsto specific biotin-avidin interaction; addition of avidin to a
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macromolecules) was likely overall charge neutral, the
polymer mixture displayed behavior that was consistent with
the individual behavior of each polymer; both cationic and
anionic quenchers attenuated the fluorescence of the polymer
mixture.

Song and co-workers employed a cationic poly(acetylene)
in a fluorescence-based assay for avitfifheir sensory
system, although similar to Whitten’s avidin sensor, was
unique in that it used a conjugated polymer as the fluores-
cence quencher as opposed to the fluorophore. Water-soluble

Fluorescence Fluorescence cationic polyacetylen&8 was employed as a fluorescence
quenched recovered
Figure 16. Whitten’s quenchertether-ligand-based strategy to Ts0° Z T
biosensing. Addition of avidin to a solution of conjugated poly- ®
electrolyte56 and biotin-functionalized quenchBraresulted in a /\N |
turn-on (fluorescence recovery) response. X
58

solution of conjugated polyelectrolyte quenched\bgnethyl- o ) _ )
4,4-pyridylpyridinium (7¢, a quencher lacking biotin ~ quencher for fluorescent biotin-functionalized Lucifer Yellow
functionality) resulted in no fluorescence recovery, and avidin dyes. The sulfonate-functionalized dyes were anionic and,
alone did not modulate the fluorescence intensitg@®fThe due to electrostatic attraction, associated strongly with the
authors speculated that their fluorescence recovery strategyeationic conjugated polymer in water. Upon complexation
might be generally applicable to conjugated polymer-basedWith 58, energy transfer from the dye t68 efficiently
biosensing_ Indeed, the Strategy has found further use inquenChed Lucifer Yellow fluorescence. Addition of avidin
biosensing applications. Polyelectrolytes have dominated theto @ solution of biotin-functionalized dye and conjugated
biosensing arena. As will be revealed later in this review, Polyelectrolyte resulted in recovery of Lucifer Yellow
however, they are prone to nonspecific interactions and fluorescence, thus providing an assay for avidin. Detection
complexities due to other charged ions. of avidin at a concentration of 1 nM was demonstrated.
Whitten and co-workers have applied their “QTL"- (the , ,
name, short for “quenchetether-ligand”, used to describe ~ 4.2. Conjugated Polyelectrolytes and Viologen
quenchers such a57a based approach to developing Quenchers

analogous sensory systems for the detection of cholera toxin | tne years since Whitten and co-workers published their

and hepatitis C (Figure 16j.Their cholera toxin sensor e cited 1999 papér,the application of fluorescent
involved the use of a viologen-based quencher that was

: ) ) . onjugated polyelectrolytes to sensing in aqueous environ-
tethered to an oligosaccharide. The oligosaccharide emplloyeqcnems has intensified. In particular, the fluorescence response
was known to bind to the B subunit of cholera toxin.

. : . ; . of anionic conjugated polyelectrolytes to viologen quenchers
Addition of the oligosaccharide-functionalized quencher to )55 peen extensively studied. Heeger et al. investigated the
a solution of polymeb6 resulted in fluorescence quenching. forescence quenching of an anionic butoxy-substituted

Fluorescence was recovered upon adding the recognition, \v-ohenviene vinvienes0) by dimethvl viologerfs The
portion of cholera toxin. poly(p-phenylene vinylene)) by dimethy! viologer?.

The assay for hepatitis C relied on antibedntigen O~
binding?®? An oligohistidine-tagged antibody to hepatitis C SOgli
was generated. The assay was carried out by quenching Mem
polyelectrolyte 56 emission with C&". Addition of the 59 4

oligohistidine-tagged antibody resulted in additional fluo-

rescence quenching. The authors proposed that the histidine- MG@ND—C
tagged antibody bound €uand that the antibodyCu?" 4

®
L
complex was a more potent quencher thar?'Calone. ®N®—@N§)Me
Addition of hepatitis C to a quenched solution containing 60

polymer56, Cw#t, and the histidine-tagged antibody resulted

in fluorescence recovery. authors proposed that the anionic conjugated polymer and
Whitten et al. also evaluatdsb-coated beads as biosensory cationic quencher formed an electrostatic complex in low
materials’® In contrast to free polymeb6, the polymer- ionic strength solutions. Consistent with a static quenching

coated beads were not quenched by dimethyl viologen. mechanism, variable temperature quenching studies revealed
Anionic anthroquinone-2,6-disulfonate, however, did quench that the quenching response decreased as temperature
the beads. Polymer fluorescence was also quenched by ancreased. Quenching was most effective in pure water, in

biotin-functionalized anthroquinone quenchBg( ~ 10°); which the estimated binding energy between dimethyl
avidin (3.7uM) almost completely reversed this quenching. viologen and anionic polyméQwas determined to be about
Combining anionic conjugated polyelectrolgéwith a dye- 150 meV with a mean quenchepolymer distance of 10 A.

functionalized, cationic poly-lysine-based polymer resulted The presence of aqueous buffer significantly reduced the
in energy transfer fronb6 to a J-aggregated state of the effectiveness of dimethyl viologen as a quencher, as buffer
polylysine-bound dye. The efficient energy transfer provided ions screened the electrostatic attraction between the con-
evidence that the oppositely charged polymers associatedugated polyelectrolyte and the complementarily charged

with each other in solution. Although the complex between quencher. Therefore, the polymeguencher binding energy

56 and the lysine-based polymer (or aggregates of these twodecreased with increasing ionic strength. The St&foimer
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complex between the anionic polymer and the cationic
surfactant that served to inhibit polymer aggregation and to
straighten the polymer backbone. Consistent with these
proposed changes, polymer absorption was sharper and red-
shifted in the presence of surfactant. In addition, whereas a
pure agueous solution 66 exhibited excitation wavelength-
dependent fluorescence, in the presence of the surfactant,
this site-selective fluorescence was diminished. Surfactant
also had a large effect on fluorescence quenching; the
guenching constant for dimethyl viologen dropped more than
100-fold in a surfactant-containing solution compared to that
of pure water. In contrast, the presence of surfactant increased
the sensitivity of polyelectrolytB6 to neutral quenchers such

E
2

ri e AP T PP IS.
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q , : S e e as 2,4,6-trinitrotoluene (TNT¥. Small angle neutron scat-
L] 210* 410* s1¢* s10* 1107 tering provided additional evidence that polyelectrolge
IMV”IM formed aggregates in aqueous solution and that polymer

_ ) aggregation was inhibited by the surfactant dodecyltri-
Figure 17. Stern—Volmer plot for the fluorescence quenching of methylammonium bromid&?

conjugated polyelectrolyt&9 by dimethyl viologen in water. R ; : :
Inset: the same plot extended to higher quencher concentration Bazan, Heeger, and co-workers investigated the water

(from 1 x 108 M to 4.3 x 10-7 M), where the plot exhibited soluble phenylene vinylene oligoméd as an oligomeric

upward curvature. (Reprinted with permission from ref 95a. model of polyelectrolyte$6 and 59.1°* Dimethyl viologen
Copyright 2000 American Chemical Society.) guenched the fluorescence of the sulfonated oligomer with

a Stern-Volmer constant of 4.5x 1C° in water. The
plot for fluorescence quenching of polym&® by dimethyl

viologen was linear at low quencher concentration, allowing NaO38
for the determination of the SterfVolmer quenching
constant. However, as quencher concentration increased, the
plot displayed upward curvature, or “superlinear behavior”
(Figure 17). The authors attributed the superlinear response
to a sphere-of-action quenching mecharifsthat became
significant at high quencher concentration. Although reason-
able fits of the quenching data with conventional equations
were obtained, a number of subsequent studies to be 61
discussed later in this review show that the overwhelming SOgNa
reason for the upward curvature in polyelectrolyte quenching
with multivalent cations is polymer aggregration. oligomer quenching response was approximately 38-fold less
Heeger and co-workers also examined the charge depensensitive toward dimethyl viologen in comparison to those
dence of the fluorescence quenching respdhbegeneral, of conjugated polyelectrolytess and59.3°% Light scattering
as the degree of positive charge on the viologen quencherexperiments revealed th@dl aggregated in aqueous solution.
increased, so too did the observed quenching constantUpon addition of dodecyltrimethylammonium bromide as a
Viologen 60 (Ksy = 2.2 x 107 in water), which carried an  surfactant, emission from oligoméd increased by a factor
overall charge oft-4, was the most effective quencher they of 6. This response was similar to, although not as large as,
examined. This study also confirmed the negative effect of the increased fluorescence efficiency of polyelectrobfe
buffer ions upon quenching efficiency. At high ionic strength, in the presence of surfactafitHowever, in contrast to the
the quenching efficiency of cationic viologens was greatly case of polyelectrolyte56, the fluorescence quenching
reduced. However, increased solution ionic strength did not response of oligomed1 to dimethyl viologen increased with
affect fluorescence quenching by a neutral quenchef; 4,4 increasing surfactant concentration; @ij[= 4 x 10 M
dipyridyl. These results support a quenching mechanism forand [surfactant]= 1.56 x 108 M, Ksy = 1.2 x 1C.
cationic viologens that involves the formation of an elec- Oligomer 61 actually provided higher sensitivity than
trostatic polymet-quencher complex. In addition to changes conjugated polyelectrolytg6 in surfactant-rich solution. The
in total charge, the effect of adding hydrophobic groups to enhanced sensitivity of the oligomer in the presence of
the viologen quencher has also been investigated by Heegesurfactant was attributed to the formation of smaller ag-
and co-worker§’ Dimethyl-, diethyl-, din-hexyl-, and gregates with greater surface area. Bazan, Heeger, and co-
dibenzyl viologen were all evaluated. The quenching con- workers also studied fluorescence quenching of cationic
stants increased with increasing hydrophobicity of the oligo- and polyfluorenes by anionic phenylene vinylene
viologen side chains. Dibenzyl viologen was the most oligomer61.192 Quenching of fluorene-based emission was
effective, and most hydrophobic, quencher of those inves- due to energy transfer 181. Fluorescence quenching of a
tigated. polycationic polyfluorene by61 exhibited an unusual de-
Surfactants exert a strong influence on the fluorescencependence upon surfactant (sodium dodecylsulfate) concentra-
of polyelectrolyte56 as well as on the fluorescence quench- tion. Upon addition of small amounts of surfactant, the
ing response to dimethyl viologen. Whitten and co-workers quenching response was reduced. However, as the surfactant
found that polymer56 fluorescence increased by about a concentration increased, a turning point was reached at which
factor of 20 in the presence of the detergent dodecyltri- the addition of more surfactant resulted in enhanced sensitiv-
methylammonium bromid& The increased fluorescence ity. The increased sensitivity at high surfactant concentration
efficiency was ascribed to the formation of an electrostatic was attributed to surfactant-induced aggregation-state changes.
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Dalvi-Malhotra and Chen studied the impact of the surf-
actant 1,2-dioleoyl-3-trimethylammonium propane (DOTAP)
on the fluorescence quantum yield and quenching sensitivity
of polyelectrolyte 56.1°° Similar to the cases of other

surfactants, the fluorescence quantum vyield increased and

the quenching sensitivity decreased in surfactant-containing
solutions. A viologen-based quencher functionalized with a
long, hydrophobic alkyl chain proved to be a more effective
quencher than dimethyl viologen in the presence of the
DOTAP surfactant. The larger response to the aliphatically
functionalized viologen in DOTAP solution was attributed
to the formation of DOTAP-based bilayers along the
conjugated polymer backbone that resulted in better interac-
tion with the alkyl chain-functionalized quencher versus the
dimethyl derivative. Surfactant effects upon an anionic
polyfluorene in agueous solution have also been exaniftied.
In addition, Zhu and co-workers showed that anionic
guantum dots can be used to break up aggregates of a cationi
polyfluorene!®s

Shen and co-workers recently published a study that
illustrates how difficult it is to predict and anticipate
fluorescence responses of conjugated polyelectrolytes to
changes in aqueous solution compositithhThe authors
synthesized an anionic copolymes?f from a sulfonated

bisphosphonium-functionalized monomer and terephthal-
aldehyde. The fluorescence quantum vyield of poly®2r
was approximately 10 times higher than that of poly®@r
The authors attributed the higher quantum yield to the
presence of the@-phenylene vinylene monomer units that
decreased the overall flexibility of the polymer chain and
increased conjugation in the polymer backbone. In marked
contrast to the case of homopolym®&8, addition of the
surfactant dodecyltrimethylammonium bromide quenched
copolymer62 fluorescence, which the authors ascribed to

surfactant-induced polymer aggregation. They proposed that

polymer 62 formed micelle-like aggregates in aqueous
solution in which the hydrophobic polymer backbone is
buried inside and the sulfonate groups extend outward into
solution, thereby preventing further aggregation. Addition
of surfactant was suggested to facilitate aggregation of the
polymer micelles, resulting in self-quenching.

Nagesh and Ramakrishnan synthesized a poly(acrylic
acid)-functionalized derivative of poly[2-methoxy-5~2
ethylhexyloxy)p-phenylene vinylene] (MEH-PP\A7 The
polymer was synthesized by radical polymerizatioriest-
butyl acrylate using &l,N-diethyl dithiocarbamate-function-
alized precursor polymer as the radical initiator. After the
tert-butyl acrylate groups had been grafted onto the MEH-
PPV polymer backbone, treatment with acid deprotected the
tert-butyl groups to afford the carboxylic acid-grafted
polymer. The resulting polymer was not fully conjugated due
to saturated sites at the points where the poly(acrylic acid)
grafts were attached to the MEH-PPV scaffold. The fluo-
rescence of the acrylic acid-grafted polymer was quenched
by dimethyl viologen in methanol.

Kumar et al. studied the fluorescence quenching of
carboxylate-functionalize@3 by dimethyl viologen in aque-
ous solution®® At low pH (pH < 7.5), polymer absorption
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and fluorescence did not significantly respond to the viologen
cation. However, in basic solution (pH 11.5) the addition of

O\/\/\SO;,Na
a0

s s
63

n
64

dimethyl viologen resulted in red-shifted polymer absorb-
ance, which was attributed to the formation of a polymer
guencher complex. Polymer fluorescence was also quenched
in basic agueous solutioiK§, = 3.5 x 10°). Thin films of
poly(thiophenep3were quenched with lower efficienci{§,

= 2.3 x 10%.

Cabarcos and Carter studied fluorescence quenching of
sulfonate-functionalized poly(thiophen@$.°° Low molec-
glar weight64 (My ~ 5000) fluorescence was quenched by
imethyl viologen with a SternVolmer constant of 2.4«

1(P. The authors observed downward curvature in the Stern
Volmer response and attributed it to the presence of multiple
fluorophore populations, one of which was less accessible
to fluorescence quenching. Addition of dimethyl viologen
to an aqueous solution @4 also resulted in red-shifted
absorbance. High molecular weight (My ~ 1 x 10f) was
more sensitive to fluorescence quenching by dimethyl
viologen Ksy = 8.4 x 10P).11°The better sensitivity of high
molecular weight64 was credited to greater exciton de-
localization, better polymer solubility, and reduced polymer
aggregation. Increased solution ionic strength resulted in
reduced fluorescence intensity and lower sensitivity to
guenching by dimethyl viologen. The effect was most
significant in solutions containing divalent metal cations
(Mg?" and C&"), which were suggested to facilitate polymer
aggregation as well as screen the electrostatic attraction
between the anionic conjugated polymer and the cationic
viologen quencher.

In 2002, Tan, Pinto, and Schanze reported the synthesis
and fluorescence quenching response of a sulfonated poly-
(p-phenylene ethynylene§5.1! In methanol, the polymer
was well solvated with absorption and fluorescence spectra

S0;Na

o/

- Y
N\ 7/ — 7/ — 7,
(0]

SOsNa
65
SOgNa
O—/_/
/ o o o —
_\ - >\ / — N/
o
\_\~803Na
66

comparable to those of similar nonionic and nonaggregated
organic-soluble polyt-phenylene ethynylene)s. In water,
however, polyelectrolyte65 appeared to aggregate. The
absorbance 065 red-shifted and sharpened as the solvent
was changed from methanol to water. The fluorescence
spectrum of65 red-shifted approximately 100 nmMn(ax =
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548 nm in waterimax = 447 nm in methanol) in water and a hv
was very broad and weak in comparison to that of the region. of prompt /
polymer in methanol (in watep = 0.10; in methanol® AN dve trap

= 0.78). These changes suggested increased conjugation du ===
to straightening of polymer chains upon aggregation, and exciton diffusion on
the broad red-shifted fluorescence in aqueous solution was 20 - 1000 ps timescale
attributed to excimer emission. Conjugated polyelectrolyte
65was very sensitive to fluorescence quenching by dimethyl
viologen in water Ksy = 2.7 x 10") and methanolKsy =

1.4 x 10°), and it was more than 1000-fold more sensitive
than the small molecule model compoud@l

Schanze and co-workers have also investigated fluores- =
cence quenching of conjugated polyelectrolysdy cationic ~ _
cyanine dyes in methand¥? The cyanine dyes quenched Figure 18. lllustration of exciton quenching by bound dye
polymer fluorescence via Fster-type energy transfer, as g]OIeCltj'leS('bga,& Nonagtgr;gatled P0|3{me|r Chal? at a/dhlgh ?Oly$1her/
; ; ye ratio. ggregated polymer at a low polymer/dye ratio. The
eVIdenr::_ed byda correlatlgn betw_ee_n polyr:ner fluolrescencegray ellipses represent fast quenching regions. (Reprinted with
quenching and cyanine dye emission. The Stafalmer permission from ref 112. Copyright 2004 American Chemical
quenching response of polym@és to cyanine dyes displayed  society.)
upward curvature as quencher concentration increased-{Stern
Volmer constants were extracted from the data obtained atﬂuorescence quenching_ The rate Of exciton migration

low quencher concentration, where the plots approacheddecreased with increasing time, presenting a significant
linearity). Somewhat surprisingly, the quenching response |imitation to the quenching amplification provided by the
to the cyanine dyes was opposite to what was expected base@onjugated polymer. The hopping rate decreased because
on the calculated Feter radii of the dyes; the dye with the  polymer-based low-energy trap sites, from site disorder in
largest Foster radius Ro) was the least effective quencher,  the conjugated polymer, were selectively populated, thereby
and the dye with the smalleBg exhibited the highest Stern  inhibiting further migration. The authors concluded that
Volmer constant (1.3< 10°). This trend was attributed to  quenching efficiency would increase 5-fold in the absence
variations in polymer-dye binding constants. The dye with  of energetic disorder within the conjugated polymer. The
the smallesRy, but largestKsy, was the largest and most  authors also proposed that the formation of loose aggregates
solvophobic dye and was proposed to associate with the(weak aggregates with large interpolymer distances and
conjugated polymer more strongly than the other dyes dueinsignificant interpolymer energy transfer) also limited
to its poor solvation and superior ability tostack with the  quenching efficiency because the available surface area of
polymer backbone. A tricationic cyanine dye was proposed the polymer was reduced upon weak aggregation. Time-
to induce polymer aggregation more efficiently than mono- dependent emission anisotropy measurements on HMIDC,
cationic dyes, therefore leading to a Stekfolmer response  obtained by direct excitation of the dye at= 640 nm,

with a larger deviation from linearity at high dye concentra- showed that emission from unbound dye became isotropic
tion. The increased nonlinear Steffolmer response was  fairly rapidly. However, anisotropic emission from polymer-
attributed to the formation of polymedye aggregates, bound dye molecules, obtained by excitation of poly®&r
which facilitated interpolymer interactions and led to in- at 425 nm and subsequent energy transfer to the polymer-
creased dimensionality for exciton transport. The authors bound dye, persisted for an extended time period. These
carefully examined energy transfer from polymés to emission anisotropy measurements support an energy-transfer
1,1,3,3,3,3-hexamethylindotricarbocyanine iodide (HMIDC).  mechanism that involves electrostatically associated polymer
Fluorescence lifetime experiments revealed that energydye complexes, and the meaurements are inconsistent with
transfer to HMIDC took place with two distinct rates, a fast a significant contribution to polymer fluorescence quenching
transfer k; > 0.25 ps?) and a slower transfek{ > 0.001— from dynamic energy transfer from polym@$ to unbound

0.05 ps?). The fast quenching response was attributed to quencher.

rapid quenching of polymer-based excitons produced within - g¢hanze and co-workers have also synthesized an anionic,

the F'crs:ter radius of a bound dye (Figure 18). Th_e slqwer phosphonate-substituted pgiyghenylene ethynylenéyr.14
quenching process was proposed to be due to diffusion ofThg gynthesis involved the preparation of a neutral, dibutyl
excitons to distant quenching sites. In water, the Qonlugatedphosphonate—functionalized polymer followed by deprotec-
polymer and HMIDC produced a tight complex in which  {jon of the phosphonate ester substituents using TMSBr to
the dye formed a J-aggregate, evidence for which included yqide the water-soluble conjugated polyelectrolyte. Changes
red-shifted dye absorbance, as well as dye fluorescence thajl, soution pH (from pH 7.5 to 12.0) affected polymer
was intense and red-shifted in the presence of the Conlugateq)hotophysics in phosphate-buffered aqueous solution. As the
polyelectrolyte. pH decreased from 12.0 to 7.5, the absorption spectrum
Schanze, Kleiman, and co-workers further studied the shifted 35 nm to the red. Polymer fluorescence changed more
fluorescence quenching of polyméb by HMIDC using dramatically. At pH 11.0, polymer fluorescence was struc-
time-resolved spectroscopic experiments and mathematicatured with a maximum at 447 nm, the quantum yield was
modeling*'3 Their experimental results and modeling dem- 0.05, and the fluorescence lifetime was monoexponential (
onstrated that energy transfer from the polymer to a bound= 0.18 ns at 450 nm). At pH 7.5, however, polymer
dye molecule was dominated by intramolecular energy fluorescence was very broad and red-shiftegy(= 518 nm),
migration (random walk/hopping mechanism) to the quench- was less efficient® = 0.03), and was characterized by
ing site and that direct long-range energy transfer to a boundbiexponential decay. The photophysical changes observed
quencher made only a very small contribution to the total as solution pH decreased suggest increased polymer ag-

b
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gregation at lower pH, and the broad red-shifted emission 10
was attributed to excimer emission from-associated
polymer chains. Increased aggregation at pH 7.5 could result
from partial protonation of the phosphonate side chains,
which would reduce the overall negative charge surrounding 2+
the conjugated polymer backbone and thereby diminish MV™1/uM
negative electrostatic effects that hinder polymgolymer Figure 19. Top: llustration of C&™-induced aggregation &9
association. In addition, partial phosphonate protonation wasand subsequent quenching by dimethyl viologen. Bottom: Quench-
proposed to provide potential interpolymer hydrogen bonding ing of 69 (10xM) emission by dimethyl viologen in watellj and
interactions that would stabilize polymer aggregates. Fluo- In methanol with QM (00), 2.5uM (O), 5.0uM (<), 7.5uM (2),

. . . and 10uM (v) CaCk. (Reprinted with permission from ref 115.
rescence quenchlng experiments Wlth polynﬁ@r Were convright 2006 American Chemical Society.)
carried out in unbuffered aqueous solution with the cationic
quenchers dimethyl viologerKé, = 3.2 x 107), ethidium
bromide Ksy = 1.1 x 107), and rhodamine 6GKsy = 4.7
x 107). The conjugated polyelectrolyte quenching response
was more than 100-fold more sensitive than that of the
phosphonate-functionalized small molecule mogi®l The

ol'_llllllllllllllllll+

1 2 3 4 5

relatively weak, broad, red-shifted emission. These photo-
physical changes were attributed to?Ganduced aggregation
of the carboxylate-functionalized polymer. Dimethyl viologen
also appeared to promote polymer aggregation in methanol,
e . . as polymer absorbance red-shifted and narrowed in the
amplified quenching response of the conjugated polymer wasyresence of dimethyl viologen as well. In methanol, th&'Ca
attributed to efficient exciton delocalization. aggregated polymer was more sensitive than the unaggre-
COuNa gated polymer to quenching by dimethyl viologen. As the
o—/ concentration of Cd was increased, the quenching response
— — improved and the onset of superlinearity in the Stern

N\ /T — N\ /= )n Volmer plot shifted to lower quencher concentration. In

g methanol solution containing 7.5 uM C&", the Stern-

\—co,Na Volmer response was superlinear throughout and the quench-
69 ing efficiency was similar to that observed in aqueous

solution. The authors proposed that the sphere-of-action

In 2006, Schanze and co-workers reported an investigationquenching mechanisti®>2does not account for the super-
of Ca*-enhanced quenching 60 by dimethyl viologen in  |inear response of conjugated polyelectrolytes to polyvalent
methanol (Figure 19)>The study provides strong evidence quenchers. Instead, their experimental results suggest that
that analyte-induced polymer aggregation is responsible for the superlinear quenching response in these systems can be
the superlinear SterrVolmer quenching responses of con- attributed to quencher-induced conjugated polyelectrolyte
jugated polyelectrolytes toward multivalent analytes. Polymer aggregation leading to enhanced exciton delocalization.
69 exhibited strong, structured fluorescengga( = 436 nm, In 2003, Heeger et al. reported that cationic conjugated
® = 0.24) in dilute methanol solution, indicating the polymer polyelectrolyte70was quenched with exceptional efficiency
was well solvated and not aggregated. However, polymer py gold nanoparticlesksy = 8.3 x 109 in water!¢ The
69 aggregated in water; the fluorescence6¥ was red-  gold nanoparticles were anionic due to citrate binding during

shifted and weakinax = 524 nm,® = 0.075) in water. In  the nanoparticle fabrication. The authors attributed the
water, 69 (aggregated) was strongly quenched by dimethyl

viologen and the SteraVolmer plot displayed upward
curvature (superlinear response) through the entire range of O‘
quencher concentrations examined. In methanol, however,

the quenching response was much weaker. The Stern

Volmer plot was linear at low quencher concentration, and

the plot did not become superlinear until the quencher o °
concentration was relatively high 8 «M). Addition of Ca* "o 70 ®
to 69 in methanol resulted in red-shifted absorbance and MesN NMe;

n
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guenching response to electrostatic attraction between thestudies also supported the formation of a polymer aggregate
cationic conjugated polymer and the anionic nanoparticles, that incorporated ATP. The authors proposed that the changes
and they postulated that numerous polymer chains mayin the absorbance af2 upon exposure to ATP were due to
adhere to, and be quenched by, a single gold nanoparticleformation of an electrostatic complex between the cationic
The likely involvement of an electrostatic interaction was polymer and anionic ATP, which led to increased planarity
supported by the fact that the quenching response wasof the conjugated polymer backbone. As the ATP concentra-
significantly reduced in solutions of high ionic strength. In tion was increased, the polymer chains became increasingly
addition, the anionic nanoparticles did not quench the planar, thus facilitating the formation of-stacked ag-
fluorescence of anionic polymes9. Nanoparticles with  gregates. The authors suggested that the nucleobase adenine
diameters of 5, 10, and 20 nm, which all absorbed strongly played a key role in promoting polymer aggregation through
in the region of polymer emission, produced similar quench- hydrophobic effects, as smaller spectral changes were
ing responses. However, 2-nm gold nanoparticles were observed upon exposure R to the phosphate anions
approximately 16times less effective quenchers. The authors triphosphate, pyrophosphate, and phosphate. The amount of
attributed the lower effectiveness of the 2-nm nanoparticles negative charge on the analyte was also an important factor.
to poor spectral overlap between polymer emission and 2-nmThe largest absorbance response was observed for ATP
nanoparticle absorption. The authors concluded that reso-whereas smaller absorbance red shifts occurred upon expo-
nance energy transfer was the dominant quenching mechasure to adenosine diphosphate (ADP) or adenosine mono-
nism, potentially allowing the nanoparticles to engage in phosphate (AMP). Polymef2 was also selective for ATP
long-range polymer fluorescence quenching. A small mol- over other anions such as CIHPQ?~, and HCQ? . In
ecule model of polyme70 was approximately 10-fold less  addition to red-shifted absorbance, the addition of ATP to
sensitive to fluorescence quenching, suggesting conjugatecan aqueous solution of2 also resulted in fluorescence
polymer-based amplification. The authors credited the high quenching. The fluorescence response was most sensitive
sensitivity of this system to a combination of long-distance to ATP over ADP or AMP. The detection limit, based upon
energy-transfer quenching, conjugated polymer-based excitafluorescence quenching, for ATP was reported to be ap-
tion energy transfer, and strong electrostatic nanopatticle proximately 108 M.

polymer_ comple_:xa_ltlon. o . In 2002, Schanze, Lakowicz, and co-workers reported a
Anionic, benzimidazole-containing conjugated polymér  opjugated polymer-based sensor for sugdrBluorescence
was synthesized by Yang et al, and its fluorescence from an aqueous solution 65 was quenched very efficiently
quenching by dimethyl viologen was examiréd.The by poronic acid-functionalized viologef3 (Ksy = 3.5 x
polymer was prepared by postpolymerization functionaliza- 1 i, water). The SteraVolmer constant was reduced by

R R
QO T "
A / - -
. N N i /@f N@@Nn
HO\$ ’s ?/OH
R= X" s0,Na . H OH OH
efficient quencher

M & Me
€ diol (sugar)

tion with 1,3-propane sultone to install the sulfonate- 6.5 <pH <85

containing side chains. In methanol, dimethyl viologen

quenched polymer fluorescence with a Stevfolmer con- ® /= —

stant of 3.7 x 1. Solvent studies revealed red-shifted NQ—@N

absorption and reduced fluorescence efficiency in methanol/ o Qﬂ©/ \©\OH

water mixtures, suggesting aggregation with increased water R\S(\ Bo of
o)

L0,
3 R
content. (0]

R inefficient quencher R

4.3. Detection of Small Biomolecules
L . more than a factor of 10 in 6 mM phosphate-buffered solution
Shinkai and co-workers reported a poly(thiophene)-based at pH 7.4 Ksy = 2.8 x 107). Therefore, the large fluores-

s$nso_r for adenosinle tt;ilphoslphar\]t_e (ﬁ‘TP) in 260Bxposure  .once quenching response was likely due to the formation
of cationic water-soluble poly(thiophené)) to increasing ot o electrostatic complex between the anionic conjugated
polymer65 and the cationic viologen quenchés. Similar

Me o\/\/%Meg c® to the cases of other polyelectrolyte systems discussed,
m the Stern-Volmer quenching plots displayed upward

s 7, curvature as the quencher concentration was increased.

72 The authors attributed this to a sphere-of-action mech-

anism at high quencher concentration. It is likely, how-
concentrations of ATP (up to & 104 M) in water led to a ever, that polymer aggregation plays a role. Sugars reacted
pronounced 138 nm red shift in the absorbance spectra,with boronic acid-functionalized viologe#3 to generate
changing the solution color from yellow to pink-red. The the bisboronate derivatives, which were zwitterionic and
absorbance spectrum @2 in the presence of an equimolar overall charge neutral. In comparison to dicationic viologen
concentration of ATP was similar to that of a thin film of 73, the carbohydrate-bound charge-neutral viologen did not
72, suggesting ATP-induced polymer aggregatithNMR associate as strongly with anionic polyméb. As a



Fluorescent Conjugated Polymer Sensory Materials Chemical Reviews, 2007, Vol. 107, No. 4 1363

result, the addition of a sugar to an aqueous solution of 4.4, Detection of Proteins
polymer65 and viologen73 (quenched solution) produced
an unquenching response (turn-on) as the boronic aci
functional groups reacted with the sugar to produce the
boronate-functionalized viologen, a much less efficient
quencher. The addition of 40 mM-fructose to a solution

of conjugated polymes5 and viologeri3increased polymer
fluorescence by a factor of 50. On the basis of apparent
dissociation constants for the 2:1 suggiologen complexes,
the sensory system was selective towaifductose (2x 10°°

d Kinases and phosphatases control the phosphorylation/
dephosphorylation of serine, threonine, and tyrosine residues,
thereby affecting and regulating a wide range of cellular
processes. In 2004, Whitten and co-workers reported a
conjugated polymer-based fluorescence assay for kinase and
phosphatase activif{* Quaternary ammonium-functional-
ized latex microspheres were coated with anionic conjugated
polyelectrolyte75. The polymer-coated microspheres were

M?) over d-galactose (6x 102 M?) and o-glucose (3x o o
1072 M2). o o
Recently, Wang and co-workers developed a conjugated _/—/ :
polymer-based method to detect hydrogen peroxide and were 0 o
also able to couple this method to an enzymatic oxidase to =\ __ /=< 1\
indirectly detect glucos¥? Conjugated polyelectrolyt&3, \ 7/ — >\_// — /n
which contained a polyfluorene backbone, was employed as o o
the fluorescent reporter in conjunction with a boronate- \_L o
functionalized fluoresceine derivativé4). In aqueous solu- SOs O
75 o
o)
Me Me MeMe
Ve o o Me then exposed to Gagl The carboxylate groups of5

alized microspheres. The &acoat endowed the micro-

e o B O o O By’ “Me complexed the G4 ions, thereby providing Ga-function-
spheres with an affinity for phosphorylated peptides. A turn-

Q g off fluorescence assay for kinase/phosphatase activity was
o) developed using the G&afunctionalized microspheres (Fig-
Ho ure 20). The assay utilized a peptide substrate labeled with
\ o z |24 a rhodamine dye at itis-terminus. In the absence of kinase
<P activity (peptide phosphorylation), the dye-labeled peptide
% o o did not bind to the fluorescent microspheres. Upon kinase-
O ‘ mediated phosphorylation, the peptide associated with the
% Ga'-coated microspheres via &gphosphate binding. Poly-
cod mer-coated microsphere fluorescence was quenched upon
‘ close association with the dye-labeled phosphorylated pep-

tide. Both end-point and kinetic measurements were dem-

onstrated using the fluorescence-quenching assay.
tion, the conjugated polymer did not strongly associate with A fluorescence turn-on assay for protein phosphorylation
the neutral boronate-functionalized dyéand fluorescence  was also describedd! The turn-on assay did not require dye
from 13 was strong. Addition of hydrogen peroxide bb) functionalization of the peptide/protein substrate. Instead,
resulted in liberation of the fluoresceine dye. At sufficiently polymer fluorescence was quenched by a dye-labeled phos-
high pH, the fluoresceine was dianionic and strongly phorylated peptide (a peptide that was not a substrate for
associated with the polycationic conjugated polymer. Good the kinase of interest). Phosphorylation of the substrate led
spectral overlap between polymer fluorescence and fluores-to competition between the phosphorylated substrate and the
ceine absorption led to FRET from the polymer to fluores- phosphopeptide quencher for binding to the*Glainction-
ceine, resulting in conjugated polymer quenching and dye alized microspheres. As more substrate was phosphorylated,
emission. The highest sensitivity was obtained by monitoring more quencher-functionalized phosphopeptide was displaced
polymer fluorescence quenching. Hydrogen peroxide could from the fluorescent microspheres and fluorescence intensity
be detected down to 15 nM. The response was somewhatncreased. The competitive-binding-based fluorescence turn-
sensitive to pH; at pH 5.5 the response was approximately on assay has been performed in a 384-well format, suggesting
20% lower than that at pH 9.0. The reduced response at lowerthe potential application of this methodology to high-
pH was due to protonation of the dye to give the monoanionic throughput assays?
derivative, which did not associate as strongly with the rhodamine-labeled
polycationic conjugated polymer as the dianionic derivative. peptide substrate
However, changes in sensitivity as a function of pH were kinase
not large and likely do not limit the overall effectiveness of -~ op
this methodology. The hydrogen peroxide sensor was adapted phosphatase ¢
to serve as a sensor fgrp-(+)-glucose by incorporating
glucose oxidase. Polymdr3 was combined with the bor- O
onate-functionalized dye and glucose oxidase in aqueous
phosphate buffer. Addition of glucose to this mixture resulted Ga**-coated
in production of HO, and subsequent generation of fluo- fluorescent microsphere

r_esce_ing, which quenched polymer fluorescence. The detecigure 20. Polymer-coated microsphere assay for kinase/phos-
tion limit for glucose was %M. phatase activity.

|f|uorescence quenchedl
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Figure 21. Whitten's microsphere-based protease sensor. (Re- 15.0 1

printed with permission from ref 123. Copyright 2004 National

Academy of Sciences, U.S.A.) 10.0
In 2004, Whitten and co-workers reported the use of 5o

conjugated polyelectrolyte-coated microspheres as sensors
of protease activity (Figure 2152 Their approach relied on
polypeptide substrates that were biotin-functionalized at one
end and bound to a fluorescence quencher at the other end.
The microsphere sensors were prepared by coating poly- Wavelength / nm

styrene-based microspheres with biotin-binding protein Figure 22. (a) Fluorescence changes during the turn-on protease
(either streptavidin or neutravidin) followed by functional- assay.<{) initial fluorescence 065; (ees) fluorescence after addition
ization with a polyp-phenylene ethynylene). The fluorescent of 167 nM substrate. Fluorescence intensity as a function of time
conjugated polymer was bound to the microspheres in oneafter addition of porcine intestinal peptidase < 3.3 ug/mL):

of two ways. The first approach was to expose streptavidin- 2 (T ~ =) 20 =+ —), 50 (= *» =), 70 (- - ), 100 { — —), 140

(-, and 200 {--—) min. (b) Fluorescence changes during the turn-
coated microspheres to a dilute solution of biotin-function- assay. £) initial fluorescence, 0] = 1.04M, [ 78] = 500 nM.

450 500 550 600 650

alized polyanionic poly¢-phenylene ethynylenej6. The Fluorescence intensity as a function of time after addition of papain
(B5nM): 1 ——),3(---), 6 (- —),18 (- - —), and 28 {-)
SosNa SO;Na min. (Reprinted with permission from ref 124. Copyright 2004
OMe J_/ National Academy of Sciences, U.S.A.)
= _\,/—< _\l mophore, resulting in red-shifted emission from phycoeryth-
> / —/\>\ / N\ / — 1, rin at 576 nm. Protease assays had to be conducted in two
0.25 0.75 steps. First, the biotin-quencher-functionalized polypeptide

coated microspheres were then combined with the enzymatic
reaction mixture. The two-step procedure was necessary

\—\_ \1 was incubated with a protease in aqueous solution. Polymer-
SOzNa SOzNa i i i i

because protease activity was inhibited in the presence of

R= ¥ N('\/O‘)/\N © {O/\Q polymer-coated microspheres. In the absence of protease-
H Ho 2% mediated oligopeptide cleavage, emission from the micro-

98% HN\[rNH spheres was strongly quenched by the intact quencher-
76 0 functionalized oligopeptide. The oligopeptide was bound to

the microspheres via the strong association between biotin
and biotin-binding proteins, thereby colocalizing quenchers

ci® ﬁMes /_/OMe and fluorescent polymer-coated microspheres. Enzymatic
_/_/ _/—o oligopeptide hydrolysis cleaved the tether between biotin and
0 o) the dye-based quencher. Therefore, in the presence of the
/ N /_< _ appropriate protease, microsphere emission was more intense.
— ’n The turn-on response required optimization of both micro-

sphere and peptide concentration to achieve optimal sensitiv-
ity. Microspheres coated witfi7 and phycoerythrin were
3 OMe used to assay the protease activity/$ecretase, entero-
kinase, and caspase-3/& 5 min reaction time allowed
p-secretase detection down to 14 nM. Increasing the enzy-
second approach involved coating neutravidin-functionalized matic reaction timed 1 h lowered the detection limit for
microspheres with cationic polxphenylene ethynyleng)r. p-secretase to 1.4 nM. The evaluation offlasecretase
Microspheres coated witff7 could be used directly as inhibitor and the determination oKy for a j-secretase
sensors. However, a more sensitive sensory system wasubstrate were also demonstrated. The protease assays were
produced by additional functionalization with a bictiR- conducted in the wells of 96-well plates, suggesting potential
phycoerythrin conjugate. When microspheres functionalized application in high throughput screening.
with 77 and biotin-R-phycoerythrin were excited at the Schanze and Pinto have also reported the use of conjugated
conjugated polymer’s absorption maximum (440 nm), ef- polyelectrolytes as protease sensors (Figure'Z2)heir
ficient energy transfer occurred to the phycoerythrin chro- report appeared in 2004, simultaneously with Whitten’s

©

Cl
\_\_®
NMe.
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publication on the same subjéét.Schanze and Pinto used ' ' ' ' ' ' Befolre
anionic polyp-phenylene ethynylene)s functionalized with — After |
either sulfonate §5) or carboxylate 10) groups. They N
developed both fluorescence turn-on (protease-mediated

unquenching) and turn-off (protease-mediated quenching)
protease assays. The turn-on approach 65édconjunction

with a cationic quencher. The quencher was a peptide
substrate covalently bound penitroaniline, the fluorescence
quencher, via an amide bond. In this assay, the peptide
substrate must contain a cationic amino acid residue such
as lysine or arginine. Polyanid@#b and the cationic peptide ]
substrate associated strongly due to electrostatic attraction. . 3
Enzymatic cleavage of thenitroaniline quencher from the
peptide liberated the quencher and allowed it to dissociate
from the conjugated polyelectrolyte. The pH of the aqueous Wavelength (nm)

buffer used in these experiments (pH7) ensured that free  Figure 23. Absorbance (left) and fluorescence (right) spectra of
p-nitroaniline was a neutral molecule and, therefore, did not substrate79 (1.1 uM in repeat units) before and after treatment
strongly associate with5. As a result, once cleaved from  With trypsin (3ug/mL). (Reprinted with permission from ref 125.
the cationic amino acidp-nitroaniline was a much less ~C0PYyright 2005 American Chemical Society.)

effective quencher and the fluorescencesbfincreased in
intensity. The turn-on assay was used to detect peptidas
and thrombin. This assay could be conducted in one step
and followed in real-time, allowing for the kinetic parameters
of the enzymatic reaction to be determined.

Absorbance (arb. units)
(shun "que) aouaosaion|4

300 350 400 450 500 550 600

depeat. A polymer containing 1.7 peptides/polymer repeat
was not visibly fluorescent. Fluorescence was increased
approximately 10-fold upon exposure @ to the protease

The turn-off assay used polym#&® in combination with R /_/OMe
the bis-arginine adduct of rhodamii@8, which is colorless o)-/_ e
and nonemissive. Polymé&0was used in this case because 0o >0
its emission was blue-shifted relative to thatdfand thereby O — O —
provided better spectral overlap with rhodamine-based n
absorption. Electrostatic attraction betwé&&and polyelec- OH 0\_\
0 O—)sLR Oome
O ]
° = N GPLGMRGLGGGGK_N__CH
3O A o =
HaN., o N NHj o) 0
H H
78 0
or é)koe NH
AN ® O,N" : :NOQ

® NH
=NH, HoN=(
HoN NH,

trypsin in buffered aqueous solution. Control experiments

trolyte 10 resulted in a high association constant. Bis- using a polymer in which the peptide linker had been
arginine-functionalized rhodamin#8 is colorless and non-  replaced with an oligo(ethylene glycol) spacer confirmed that
emissive and therefore does not quench the fluorescence othe fluorescence increase observed for poly#tewas due
10. Hydrolysis of one of the amide bonds between the dye to protease cleavage of the peptide tether. A small molecule
and arginine, however, effectively liberated the rhodamine model provided a smaller turn-on response (2.9-fold increase)
dye. Energy transfer frorhO to the electrostatically bound than that for polymev9. The addition of the surfactant Triton
mono-arginine derivative was efficient, and a strong quench- X-100 to an aqueous solution of polymé® led to more
ing response was observed; the mono-arginine addug® of  intense polymer fluorescence both before and after exposure
is colored, and its absorption spectrum overlapped well with to enzyme. The surfactant effect was attributed to increased
the fluorescence spectrum @b. The turn-off sensor was  solubilization of the hydrophobic residues of the oligopeptide.
used to detect papain down to a concentration of 3.5 nM. A More effective oligopeptidequencher solubilization in the
signal enhancement of more than a factor of 10 was reportedpresence of surfactant decreased the interaction between
for the polymerl(/78 system over that o78 alone. guencher and fluorescent polymer prior to enzymatic peptide

A molecular beacon-type protease assay was developedleavage as well as after the quencher had been cleaved from
by Swager and co-workers (Figure 28)They synthesized  the polymer backbone. The turn-on response to trypsin was
a water-soluble polypeptide-functionalized pghghenylene smaller in the presence of surfactant, however, as the
ethynylene) 79) that served as both the enzyme substrate surfactant effect was more pronounced for intact polymer
and the fluorescent reporter of protease activity. The peptide-79 than for the enzymatically cleaved material.
functionalized conjugated polymer was synthesized from the  Kim and co-workers reported the synthesis of a water-
corresponding carboxylic acid-substituted polymer. The soluble, anionic polyt-phenylene ethynylene) that contained
oligopeptides served to tether the fluorescent polymer to 2,4- carboxylic acid-functionalized end cap80j{.}?¢ The car-
dinitroaniline quenchers. The material used to assay for boxylic acid-containing end caps provided a handle for
protease activity contained from 0.25 to 1.7 peptides/polymer carrying out peptide conjugation; the authors reported
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coupling a polystyrene-bound pentatyrosine unit to the ends [

of the conjugated polymer using standard peptide coupling ”-005*00500 S SO A
conditions. The pentatyrosine-functionalized conjugated poly-

mer was successfully released from the trityl-substituted resin
by mild acid treatment. End-group analysis By NMR 350E405
showed that both ends of the conjugated polymer were
successfully functionalized. The authors speculated that their
carboxylic acid-terminated polyme8@ may have utility in
biosensing applications.

Poly(thiophene)s with ionic side chains have been used
for the specific detection of DNA sequences (Section 5). This
sensing relies upon conformational changes of the conjugated 1.00E+05
polymer backbone upon ssDNA hybridization with comple-
mentary ssDNA. These changes can be monitored optically
by either absorbance or emission spectroscopy. In addition, 0.00E+00
Nilsson and co-workers have shown in a series of publica-
tions that this transduction mechanism is also effective for
the detection of certain protein conformational changes. Figure 24. Emission spectra 081 in 20 mM Tris-HCl pH 7.5
Similar to the DNA detection, one of the primary advantages Pefore ) and after ) C&* addition (10 mM). The bottom plot

. . . . - > is with 1.2 mM CaM; the top plot is without the protein. (Reprinted
of this scheme is that it relies upon noncovalent interactions ;i permission from ref 128. Copyright 2004 American Chemical
and therefore does not require covalent labeling of biological sqciety.)
macromolecules.

In an early report of their sensing strategy, which was g|evant proteins. In 2004, the same group published a paper

published in 2003, Nilsson and co-workers described how concerning C#-induced conformation changes in the protein
the conformational changes of a synthetic peptide could alter caimodulin (CaM)i28 In the presence of this protein, the

substituted conjugated polyelectroly8d).**" The negatively  evidenced by a red shift of the absorbance (from 421 to 455

nm) and emission spectra (from 565 to 608 nm) and by a

4.00E+05

3.00E+05

2.50E+05

2.00E+05

1.50BE+05

Fluorescence (cps)

5.00E+04

500 550 600 650 700
Wavelength (nm}p

- + . .. . . . .
CIHzN CO,H decrease in emission intensity. The authors again attributed
“=H these observations to the disruption of interchain interactions
by charged groups on the peptide. Addition ofC&.0 mM)
O caused blue shifts of the absorbance and emission spectra

(Figure 24) of this proteinrpolymer complex, readily
monitored by ratiometric detection. €aalone had no effect

7\ on the optical properties of the polymer, indicating the
s/ conformation changes in CaM upon Tabinding were
81 reflected in the optical properties 81. Further, the addition

of Calcineurin, a CaM-C&" binding protein, led to a change

charged peptide (JR2E) bound &4 via a combination of  in the emission spectrum of the complex only wher¥'Ca
electrostatic attraction and hydrogen bonding. The polymer Was present, whereas, in a control experiment, human serum
backbone became more planar upon binding to the peptide,albumin (HSA) gave no such change. More recently, the
as revealed by a red shifting of the optical spectra. Polymer Same research group reported that this scheme for the
aggregation was also observed and was attributed to inter-detection of conformational changes in CaM had been
protein hydrogen bonding which brought proteins and the successfully carried out on a PDMS-based biocHip.
associated conjugated polymers into close proximity. When In 2005, Nilsson and co-workers reported a similar
a different, positively charged synthetic peptide (JR2K), approach to the detection of amyloid fibril formation both
designed to form a four-helix bundle with JR2E, was added, with a zwitterionic conjugated oligome82'3° and with
the conjugated polymer aggregates were disrupted, as seeanionic poly(thiophene3.13! In the presence of native
by a blue shift of the emission peak and increased emissionbovine insulin (5uM), 82 showed only a small increase in
intensity. The authors attributed the deaggregation to inter- emission intensity. Upon addition of insulin that had been
peptide interactions that disrupted peptig@lymer binding, incubated at 68C for several hours to cause amyloid fibril
driving apart polymer aggregates. formation, however, the authors observed a strong blue shift

Subsequent publications in this area have focused on the(from 600 to 560 nm) and an increase in fluorescence
sensing of conformational changes of more biologically intensity. The authors attributed these changes to the twisting
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and deaggregation d32 upon binding to the fibril. The
experiments could also be carried out wathpresent during
fibril formation. 82 showed similar spectral characteristics
when the same experiment was performed with a different
protein, chicken lysozyme. Interestingly, when similar
experiments (with either insulin or chicken lysozyme) were
carried out with63, the authors observed a red shift in both

the absorbance (from 434 to 463 nm) and emission spectra

(from 550 to 577 nm) along with a decrease in the emission
intensity. The authors also monitored the kinetics of fibril
formation using the optical properties of these materials and
found that they agreed with the results obtained with
transmission electron microscopy as well as circular dichro-
ism. In addition, this group has also investigated the optical
properties of enantiomerically pure ionic poly(thiophe#&)s
and investigated how these materials respond to chiral
synthetic peptide&:

Leclerc has used the cationit2 for sensing human
thrombin without the need for covalently tagging any
biological macromolecule®. When the ssDNA sequence
GGTTGGTGTGGTTGG, a known nucleic acid ligand
(aptamer) for thrombin, binds to this target, a compact
unimolecular quadruplex structure is known to form. The
authors found that the cationit2 wrapped around this

Chemical Reviews, 2007, Vol. 107, No. 4 1367

4.5. Nonspecific Interactions of CPES

Many conjugated polymer-based biosensors rely on indi-
rect detection of the target analyte. This is especially true
for the detection of biological macromolecules such as
proteins. The sensory response usually requires a quencher
or reporter small molecule that is not part of the biological
macromolecule of interest. The availability/accessibility of
the small molecule fluorescence modulator to the conjugated
polymer can be affected by the macromolecular target,
providing a mechanism to signal the presence of the bio-
logical target. However, the direct detection of proteins by
conjugated polyelectrolytes has been demonstrated. Heeger
and co-workers reported the direct detection of cytochrome
¢ (cyt ¢), an iron-containing proteit?* Cyt ¢ quenched the
fluorescence of conjugated polyelectroly@ (Figure 26)
in 10 mM potassium phosphate buffer (pH 7.4) with a Stern
Volmer constant of 3.2x 1. Detection of cytc at a
concentration of 10" M was possible. The authors attributed
the quenching response to electron transfer from the photo-
excited polymer to cyt, and they proposed that the large
Stern—Volmer constant was due in part to the formation of
an electrostatic complex between the polyanionic conjugated
polymer and the polycationic protein. Polym&rwas most
sensitive to quenching by cygtat low pH, conditions under
which cyt ¢ was positively charged. Nevertheless, cyt
which carries an overall negative charge at pH 10, was still
able to quench polymer emission at relatively high pH, albeit
with reduced efficiency Ksy = 2.6 x 10° at pH 10).
Myoglobin, an iron-containing protein with lower electron-
transfer activity than cyt, was a less effective fluorescence
guencher. In comparison to cy, lysozyme quenched
conjugated polyelectrolyte fluorescence with similar, though
slightly lower, efficiency. However, lysozyme, a polycationic
protein, was unable to quench conjugated polyelectrolyte

structure to form a 1:1:1 complex, which at least partially fluorescence via electron transfer. Nonspecific quenching by
hindered aggregation, planarization, and duplex formation |ysozyme was attributed to fluorescence self-quenching due
of the polymer in the presence of ssDNA (Figure 25). This to aggregation of the polyanionic conjugated polymer in the
ternary complex contained a more emissive polymer (6-fold) presence of the polycationic protein. On first inspection, the
relative to when a nonspecific protein (bovine serum fluorescence quenching responseséfto cyt ¢ appears to
albumin) or ssDNA sequence that does not bind thrombin pe highly desirable, as it provides the abilitydioectly detect
was used in the assay, because under these conditions thghis protein with high sensitivity using a simple, unfunc-
formation of a very weakly emissive polymessDNA tionalized conjugated polyelectrolyte. However, the quench-

duplex_occ_urred_. The reported detection limit for human ing responses to cyt and lysozyme suggest a significant
thrombin with this assay was £ 10! M.

2500 -
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Figure 26. Fluorescence quenching responses8f(1.0 x 1076
Figure 25. Schematic representation of the detection of thrombin M) to cyt c. Experiments were performed in 10 mM potassium
by use of a ssDNA aptamer and the cationic conjugated polymer phosphate buffer at pH 7.4. From top to bottom, [cyt 0, 0.25,

12. (Reprinted with permission from ref 20. Copyright 2004 1, 2.5, 5, and 9.4 nM. (Reprinted with permission from ref 134.
American Chemical Society.) Copyright 2002 American Chemical Society.)
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problem associated with the use of conjugated polyelectro- Me Me

lytes as biosensors. Certainly, conjugated polyelectrolytes B mgvMe
! . ; © 5

have demonstrated great potential as biosensory materials, o™ a6 — B

especially in DNA-sensing applications, but nonspecific
interactions with biological macromolecules pose a formid-
able challenge to the practical application of these promising rypredoxin, an anionic iron-containing protéas.Polymer
polymers to biosensing. Sensor arrays may be able tofygrescence was efficiently quenched by rubredoey(
overcome these problems. = 6.9 x 10°) in aqueous Tris-HCI buffer. The authors
The fluorescence of conjugated polyelectrolytes responds gytriputed the fluorescence quenching to electron transfer
to a large assortment of biological (e.g., proteins and DNA) from the excited conjugated polymer to the iron center in
and non_pio_logical _macromolecules_ due to wide-ranging rypredoxin. Conjugated polymeprotein association was
nonspecific interactions between conjugated polyelectrolytes yroposed to be driven by electrostatic attraction. Consistent
and other macromolecules. Waldeck et al. studied the ith electrostatic attraction playing a critical role, the
fluorescence response of anionic pphythenylene3to cyt fluorescence response to aytwhich was cationic under
SOsNa SO:Na the conditions of the assay, was minimal in comparison to
J_/ J_/ the response to rubredoxin. Insulin, which is anionic and does
O O not contain an electroactive iron center, did not significantly
O O O O O guenchB4 fluorescence, suggesting that the electroactive iron
n center in rubredoxin is necessary for the fluorescence
o o guenching response.
\_L \_L Chen and co-workers found that the fluorescence quantum
SOzNa SOzNa
8

Mé Me 84 "

yield of polyelectrolytes6in aqueous solution increased upon
3 exposure to poly(ethylene glycol) as well to the polyelec-

. . . trolytes poly(diallyldimethylammonium chloride) and poly-
¢ as well as myoglobin and PAMAM (polyamidoamine) crviic acid)is9 The effect was largest for poly(acrylic acid);

dendrimers3® Their investigation demonstrated that polymer the fluorescence quantum yield 66 increased from 0.02
fluorescence quenching correlated with both the size and thein water to 0.25 in an aqueous solution that containeci poly-
charge of the macromolecule. Furthermore, .the study S”g'(acrylic acid). The authors proposed that, although both
gested that polymer fluorescence quenching by cyt

; . . macromolecules were anioni&6 and poly(acrylic acid)
myoglobin, and PAMAM dendrimers was not dominated by formed a complex in agueous solution due to favorable
electron-transfer or energy-transfer processes. Instead, theﬁydrophobic effects

authors proposed that macromolecule-conjugated polymer Huang and co-workers synthesized water-soluble, am-

associgtio_n (dri\{en by electrostatic attraction_ bgtween the monium-functionalized polysilanes by sonochemical-assisted
polyanionic conjugated polymer and the cationic macro- vy, vne coupling of dichlorosiland4 The quaternary
molecular analyte) produced conformational changes in theammonium groups were installed by a two-step postpoly-

conju%qted fpol;I/eIect]rCIOIyte that re;ullterggin increaseg Zelf' merization synthetic sequence. The fluorescence of cationic
quenching of polymer fluorescence. PolyrB8was quenche =
by both the ferric Ksy = 5.2 x 10f M%) and ferrous Ksv polymer85was quenched by Fe(CK) (Ksy = 1.88x 10)

= 3.6 x 10f M) forms of cyt c with comparable Me  Me
efficiencies, suggesting that the fluorescence quenching was -Hsﬁ—sn—}
not due to electron transfer. In addition, PAMAM dendrim- Me™ L "Me
ers, which cannot participate in electron-transfer- or energy-

transfer-based quenching mechanisms \@i8hwere more 8 o7
potent fluorescence quenchers thanaythe third-genera-
tion PAMAM dendrimer Ksy = 1.0 x 10’ M~ was © ©NMe,

approximately twice as effective as the ferric form of cyt

Fluorescence quenching by the third-generation PAMAM and sodium 3-(4-nitrophenyl)propane-1-sulfonag,( =
dendrimer was most efficient at low pH, conditions under 3.30 x 10°). The authors proposed that polysilage
which the dendrimer was completely protonated. At pH 12, possessed greater conformational flexibility than conjugated
no quenching by the PAMAM dendrimer was observed, polyelectrolytes with carbon-based backbones and suggested
illustrating the critical importance of quencher charge density that this greater flexibility might allov85 to better interact

to the quenching response. Myoglobin also quenched poly-with biomolecules. The authors demonstrated biosensing

mer fluorescence. capability by showing that pepsase quenched the emission
Valiyaveettil and co-workers have also investigated fluo- of 85 (Ksy = 7.8 x 1(P).
rescence quenching of sulfonate-functionalized pmly( Heeger and co-workers investigated further the nonspecific

phenylene)s by cyt and observed a maximum Stern  interaction of anionic conjugated polyelectroly®® with
Volmer response of 3.0x 1(P.'% Shreve et al. have biological macromolecules and the subsequent fluorescence
demonstrated that the fluorescence intensitg@®icreased changes?! The authors found that polymé&® (9.5 x 1077
and red-shifted in the presence of a generation 3.0 polypro-M) fluorescence increased approximately 30% in the pres-
pylenimine hexadecaamine dendrimi&The fluorescence  ence of 150 nM mouse immunoglobulin (IgG). A viologen
changes were attributed to the formation of an electrostati- quencher-tethered antibody fragment (an antibody fragment
cally bound complex between polyanion6 and the that was specific for mouse IgG was used) quenched polymer
polycationic dendrimer. fluorescence. The fluorescence could be recovered by the
In 2006, Huang et al. investigated the fluorescence addition of mouse IgG. However, the fluorescence was also
quenching of cationic polytphenylene vinyleneB4 by restored by antibodies that did not bind the quencher-
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functionalized antibody fragment. Furthermore, the fluores- 25 10°
cence could be restored to 150% of its original intensity.

These experiments provide additional evidence of fluorescence-
influencing nonspecific interactions between conjugated 210
polyelectrolytes and proteins.

To combat these detrimental nonspecific interactions, the
authors investigated a conjugated polyelectrolyte-containing
charge-neutral complex (CNC) for biosensing. The fluores-
cent CNC was generated by combining anionic conjugated
polyelectrolyte 59 with the cationic polymer poly{,N-
dimethylammonio-ethylene iodide) in a 1:1 ratio of repeat
units. The conjugated polymer-containing CNC was less 510
vulnerable to interference from nonspecific interactions with
proteins. The authors proposed that the CNC was superior
in this respect because it was neutral and therefore less prone 0 : : : :
to associate with charged proteins through electrostatic 550 600 650 700 750
attraction. The authors also suggested that the CNC may have Wavelength (nm)
been more conformationally rigid and, therefore, less able Figure 27. Fluorescence spectrae( = 500 nm) in water: (ap6
to undergo fluorescence modifying conformational changes ((RU] = 1.0 x 10°® M) (black line); (b)56 and 74 = 3.2 x
to accommodate, or in response to, association with a protein.t0_ M (blue line); ()56, 57a and [avidin]=3.0 x 10 ®M (green

o S line); (d) 56, 574 and [avidin]= 8.0 x 1078 M (red line); ()56,
In contrast tab9, which is quenched by cationic quenchers, 574 and [avidin]= 2.3 x 107 M (pink line). (Reprinted with

the CNC was quenched by both cationic and anionic permission from ref 142. Copyright 2004 American Chemical
quenchers. However, the CNC was generally less sensitiveSociety.)

and higher quencher concentrations were required to ef-

fectively quench CNC fluorescence. The authors also applied 3.5 10°
the CNC to biosensing. CNC fluorescence was quenched by

a 2,4-dinitrophenol-containing anionic quencher. Fluores- 310°
cence was recovered by the addition of an anti-2,4-dinitro-

phenol antibody. The assay was sensitive down to approxi- 2.5 10°
mately 300 nM antibody. The CNC was less sensitive than
polymer 59. However, the CNC did demonstrate lower

susceptibility to nonspecific interaction with proteins, a

significant advantage in biosensing applications.

In 2004, Bazan and co-workers published a significant
study that examined the fluorescence quenching of conju-
gated polyelectrolyt&6 by viologen-based quenchers and
proteinst*? Bazan's study thoroughly reexamined Whitten's
initial biosensing publicatichand produced experimental
results that were inconsistent with those originally reported 550 600 650 760 750
by Whitten and co-workers. In water, conjugated polymer Wavelength (nm)

fluorescence was strongly quenched by the monocationic _. ,
quencherd-methyl-4,4-pyridylpyridinium G7¢) (Ksy = 6.6 '(:['38562281' oFI)l(Jolr(ersscmc?bls;Cekctlgﬁzﬁ)E(E)C)é)6n£)(jl%\§v§tta:r:3(gﬁf

X 10?), w_hich lacked biotin functionalization, and.biotin— 107 M (bllje line): (c)56, 57¢, and [a\}idin]z 30x 10-8M (g'reen
functionalized quenchéi7a (Ksy = 3.9 x 1(f). Consistent line); (d) 56, 57¢ and [avidin]= 8.0 x 108 M (red line): ()56,

with Whitten’s reported observations, addition of avidin to 57¢ and [avidin]= 2.3 x 107 M (pink line). (Reprinted with

a solution (water) of polymer56 and biotin-quencher  permission from ref 142. Copyright 2004 American Chemical
conjugates7aproduced an increase in polymer fluorescence Society.)

(Figure 27). However, Bazan reported that avidin also o )

brought about increased emission from an aqueous solutionPolymer. They also proposed that avidin-mediated fluores-
of polymer 56 and quencheb7¢ which lacked a biotin ~ cence recovery of quenched polymer solutions was due to
moiety (Figure 28). These two experiments suggest that theformation of an avidir-polymer complex that prevented
fluorescence recovery upon addition of avidin was not due close polymer-quencher association. Bovine serum albumin
to specific avidir-biotin interaction and steric shielding of  (BSA), pepsin A, and microtubule associated protein tau were
the viologen quencher as originally proposéelrthermore, also mvestlgated. Unde_r the experlmerjtal conditions, micro-
the authors reported that adding a sufficient amount of avidin tubule associated protein tau was positively charged, whereas
to a57a or 57cquenched solution 086 resulted in more ~ BSA and pepsin A were negatively charged. All three of
intense fluorescence than a solution of just the conjugatedthese proteins interacted with conjugated polyelectrcgte
polymer alone; fluorescence ultimately recovered to ap- in water and increased polymer fluorescence intensity. In
proximately 150% of the original intensity of the unquenched addition, all three proteins were able to recover polymer
polymer. The addition of avidin to a solution of only polymer  fluorescence from solutions containing quenctisiasor 57¢

56 also produced an increase in fluorescence intensity. Theadditional evidence that nonspecific protefrolymer inter-
authors suggested that the fluorescence increase in thedctions produced the fluorescence recovery.

presence of avidin was due to nonspecific interactions In aqueous buffer (L00 mM ammonium carbonate, pH 8.9)
between the cationic protein and the anionic conjugated the quenching response %6 decreased approximately 100-

—
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-
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Intensity {au)

210°
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d, d,

Figure 29. Bazan's proposed mechanism for enhancement of fluorescence quenching by addition of avidin under buffered conditions.
(Reprinted with permission from ref 142. Copyright 2004 American Chemical Society.)

fold for both57c (Ksy = 1.5 x 10*) and57a(Ksy = 6.3 x

10%.1#2The large drop in sensitivity in buffered solution was O.O O n

attributed to screening of the electrostatic attraction between

the anionic conjugated polymer and cationic quenchers. The

authors proposed that the turnover in selectivity upon going

from water to aqueous buffe5Tc is the more effective NaOs$ 86  “SOgNa

guencher in water, where&3ais superior in aqueous buffer)

was due to the greater hydrophobicity of biotin-functionalized both negatively charged. Addition of avidin, which was
57arelative to57¢ At higher ionic strength, hydrophobic ~ cationic under the conditions of the assay, to a solution of
interactions betweeB7a and polymers6 were relatively ~ 86 and the anionic quencher produced a fluorescence
more important. In aqueous buffer, avidin addition did not quenching response. Avidin-induced quenchikg,(= 3.2
result in increased fluorescence from a mixture of polymer x 10°) was due to formation of an avidirguencher

56 and57c Avidin addition to a buffered solution of polymer ~ complex, which was cationic overall and therefore electro-
56 quenched by biotin-functionalized quench&aresulted statically associated with the anionic conjugated polymer.
in additional quenching (opposite to the response in water). Detection of avidin down to a concentration of 3810~

The authors proposed the additional quenching was due toM was demonstrated. Avidin alone also quenched conjugated
formation of an avidir-quencher complex (with the potential  polymer fluorescence, a response that was attributed to
to incorporate four quenchers onto a single avidin) in aqueousavidin-induced polymer aggregation. Nevertheless, fluores-
buffer. The avidir-quencher complex was positively charged, cence quenching by avidin was 10-fold more effective in
due to both the positive charge on avidin and the incorpora- the presence of the biotin-functionalized dye.

tion of positively charged quenchers, and was less affected Bunz and co-workers also investigated nonspecific interac-
by electrostatic screening due to buffer ions and was, tions between conjugated polyelectrolytes and protéfhs.
therefore, better able to associate with the anionic conjugatedThe authors studied the fluorescence responses of anionic
polymer than the cationic quencher alone. Figure 29 is a conjugated polymer0 (originally reported by Schanze and

graphical representation of this proposed mechanism. used to detect protease activifif)land87 to proteins in 10
In buffer, polymer56 did not respond strongly to anionic

proteins BSA and pepsin A. The cationic protein microtubule oM o

associated protein tau, however, increased polymer fluores- HO -0

cence even in buffered solution. In addition, this protein was HO

able to produce a fluorescence recovery from solutions of _/—0

polymer 56 and quencher§7c and57a The fluorescence ° o

recovery was attributed to nonspecific polym@rotein o )_ONa

interactions. Taken together, these careful and extensive o—/_ o]

experiments by Bazan and co-workers are inconsistent with ( ‘ o ’ . }

the work of Whitten et al. and cast serious doubts on the Q - O ~ /n

conclusions drawn in Whitten’s initial biosensing publica- o g o

tion.2 Moreover, Bazan's experiments highlight some of the — \—4

significant problems, including nonspecific interactions with SN ONa

biological macromolecules and the influence of ionic strength O\_\

on quenching processes, associated with the use of conju- 87 o)

gated polyelectrolytes as biosensors. WOH
In 2005, Wang and co-workers reported a biosensory OH

system that took advantage of the nonspecific interaction on ©OH

between anionic conjugated polyelectrolytes and avitfin,

an interaction elucidated by Bazan et al. in the previous mM sodium phosphate aqueous buffer (pH 7.2). Cationic
year!* The authors used an anionic, sulfonate-substituted (cytochromec, histone, and lysozyme), overall charge neutral
polyfluorene 86) as the fluorophore and an anionic, biotin- (myoglobin and hemoglobin), and anionic (bovine serum
functionalized Lucifer dye as the quencher. Anionic polymer albumin) proteins were evaluated. With the exception of
86 was not effectively quenched by the anionic Lucifer dye bovine serum albumin, all the proteins quenched the fluo-
in aqueous solution because the polymer and quencher wergescence 010 and87. The largest quenching response was
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) HO OH
between histone and polym&0 (Ksy = 2.8 x 107), and the 88

weakest response was between hemoglobin and pol§imer
(Ksy = 1.0 x 1(P). Bovine serum albumin, the only anionic
protein included in the study, increased emission from bot
polymers. The fluorescence response of polyii@to the
proteins is provided in Figure 30. The authors attributed L
fluorescence quenching by myoglobin and hemoglobin to mer (.)f NIPA and the dye-containing monomer. . .
an electron-transfer-based mechanism. Quenching by histone Bailey and Swager recently reported the synthesis and thiol

and lysozyme was attributed to self-quenching upon protein- conjugation 3‘; maleimide_—fgnctionaliggd pofyphenylene
induced polymer aggregation and/or to charge transfer. ethynylene)s?” The maleimide-containing polymers were

Consistent with lysozyme-mediated polymer aggregation synthesized by Pd-catalyzed cross-coupling of aryl diacetyl-
emission from10 shifted 10 nm to the red in the presence’ ene and aryl diiodide monomers. The maleimide functionality
of lysozyme. The authors ascribed the fluorescence increased/3S not compatible with the cross-coupling-based polym-
upon addition of bovine serum albumin to the surfactant- erization conditions, likely due to undesired Heck chemistry
like properties of this macromolecule involving the maleimide group. To circumvent this problem,

As a result of their studies, the authors’ experience led & Masked maleimide was taken through the polymerization
them to insightfully predict “that most conjugated polyelec- reactlon;_the maleimide was prote_ct(_ad as a Dielkler
trolyte's optical and fluorescent properties will be modulated 2dduct with furan. The masked maleimide could be thermally
by complex biological fluids”. This statement appears to be d€pProtected, and the authors developed a convenient one-
accurate and suggests that practical applications of conjugatedJOt errotecnon/th|0I—funct|or_1al'|zat|on pfo.cedure- A THF
polyelectrolytes to real-world biosensing applications will S°lution of the protected maleimide-containing polyn@s)(
be difficult to realize. In particular, the development of
conjugated polyelectrolyte-based assays that are capable of
being directly performed using biological fluids, which
typically contain a complex mixture of biological macro-
molecules, will be challenging because of interference and
poor specificity due to ubiquitous nonspecific interactions.

with only a 20% emission amplification over direct excitation
h of the dye, by either including a rhodamine B-containing
methacrylate monomer in the end-capping graft or copre-
cipitating the polyNIPA-grafted PPE with a random copoly-

4.6. Nonionic AFPs for Biosensing

In order to circumvent the complications inherent to using N
ionic conjugated polymers for sensing charged biomolecules ©
in aqueous environments, Kuroda and Swager developed a @ 89
nonionic water-soluble polptphenylene ethynyleneBg)
as a potential platform for high specificity biosensory was heated to reflux. Then, a methanol/THF solution of a
materialst*® Instead of incorporating charged side chains, thiol-functionalized rhodamine dye was added to provide the
88 had large numbers of hydrophilic hydroxy groups. The rhodamine-tethered conjugated polymer. The authors con-
water-soluble polymer was synthesized by Sonogashira crossfirmed thiol functionalization by GPC as well as by
coupling with a number-average molecular weight as deter- fluorescence experiments that demonstrated energy transfer
mined by GPC in DMF of 32,000. Even at this significantly from the conjugated polymer to the tethered rhodamine dye.
high molecular weight} still dissolved in water instanta- As demonstrated, maleimide-functionalized ppiphenylene
neously without heating. Kuroda and Swager also explored ethynylene)s have excellent potential to participate in
the potential for this polymer to be useful in a biosensing conjugate addition and DietsAlder chemistries, thereby
scheme based on thermal precipitati¢hEnd-capping88 rendering these fluorescent polymers potentially useful in
with a ditert-butyl nitroxide-based initiator and subsequently the development of highly functionalized conjugated polymer-
grafting poly(N-isopropylacrylamide) (polyNIPA) onto the  based sensors. In particular, biosensory applications of these
termini of 88 gave a fluorescent material that was soluble in polymers may be the most appealing due to the prevalence
water at room temperature but precipitated at°&0 The of well-established thiol-based biomolecule conjugation
authors realized precipitation-induced energy transfer, albeit chemistry.
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In 2004, Zheng and Swager reported unexpected results
from FRET experiments between a biotin-substituted PPE
(90) and dye-labeled streptavidiff When the authors
incubated90 and fluorescein-labeled streptavidin at room
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o H SQ( Figure 31. Addition of 0.017 nmol aliquots of (A) Rhodamine-
N g g hH B-labeled streptavidin or (B) Texas Red-labeled streptavidin to 1.51
0 AN nmol of 90. (Reproduced from ref 148 by permission of The Royal
91 Society of Chemistry. Copyright 2004.)

temperature, they observed only a very low degree of FRET-tion between the conjugated polymer-based host and the
induced emission enhancement of the dye, even though theviologen guest. In aqueous solution, however, strong solva-
spectral overlap between the emission spectrum of the donortion of the cationic viologen quenchers obstructs the-host
(90) and the absorbance of the acceptor (fluorescein) wasguest interaction and prevents efficient fluorescence quench-
excellent. Surprisingly, rhodamine-B-labeled streptavidin ing. To improve aqueous-phase sensitivity by increasing
showed more efficient FRET-induced dye emission relative polymer film—quencher affinity, hydrophobically function-

to the fluorescein analogue, even though the red-shiftedalized viologens were explored as quenchers of hydrophobic
rhodamine dye has a smaller spectral overlap integral with polymer thin films. A solution of polyme®2in 9:1 aqueous

90. Furthermore, Texas Red-labeled streptavidin gave re- Tris buffer/THF (the THF was required to dissolve the water-
markable energy-transfer-induced dye emission (Figure 31).insoluble polymer) was weakly quenched by naphthyl-
A structurally similar but non-biotinylated PPE gave no
observable energy-transfer-induced emission, nor did the usd®e™2N
of biotin-saturated, dye-labeled streptavidin. These results
are further evidence that the factors controlling energy-

transfer efficiency are indeed multifaceted and that reliance

on spectral overlap to anticipate the effectiveness of an N(CgHi7)o [o ]
energy-transfer-based sensing scheme can lead to erroneous [ 0 _ _
conclusions. The authors also reported similar aqueous-phase o ] MeoN 7\ NS
sensing experiments using thin films of water-insoluble, 92 [ ° \ /

biotin-functionalized conjugated polym®&d.

Swager and co-workers have further explored aqueous-
phase sensing using thin films of water-insoluble poly(
phenylene ethynylene)s. The sensitivity of hydrophobic
crown ether-functionalized polymers to quenching by hy-
drophobically functionalized viologens was studiétiThe
Swager group had previously demonstrated amplified quench-
ing of a crown ether-functionalized polymed2) by violo-
gens in organic solutioff® In addition, the Swager group
previously studied LangmuitBlodgett (LB) films of this
crown ether-functionalized polymer as well as the fluorescence-
guenching response of the LB films to acridine ordfje
and dimethyl viologet? in organic solutiort>® Polymers
such as92 are strongly quenched by viologen cations in
organic solvents because of the effective hagtest interac-
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functionalized viologen94 (Ksy = 8.2 x 1(°). A LB
monolayer film of92, however, was much more sensitive
(Ksv = 4.8 x 10P). The higher sensitivity of the monolayer
film was attributed to facilitated intra- and interpolymer
exciton transport in the film. In addition, the film may
provide a highly hydrophobic environment to favorably
interact with the hydrophobically functionalized quenchers.
LB monolayer quenching experiments revealed that quench-
ing efficiency correlated with the hydrophobicity of the
viologen quencher; the most hydrophobic quenchers provided
the highest SternVVolmer quenching constants. Remarkably,
simple tuning of quencher hydrophobicity resulted in 370-
fold better sensitivity. Sensitivity depended not only on
hydrophobic interactions, as the hesgluest association
between the crown ether-functionalized polymer film and
the viologen quencher was also essential. A polymer
analogous t092, but which contained triethylene glycol
substituents in place of the crown ether, was 30 times less
sensitive. PolymeB3, which incorporated a pentiptycene-

Chemical Reviews, 2007, Vol. 107, No. 4 1373

based monomer, produced the most sensitive LB monolayersUPS) was used to determine the ionization potential of spin-

(Ksy = 1.2 x 10° for viologen 94). This aqueous-phase

coated polymer thin films. Polymé&6, which incorporated

sensing system was less prone to interference from changegerfluoroalkyl substitution into the polymer main chain as

in solution ionic strength and the nature of the buffer ions
than systems that rely on conjugated polyelectrolytes. The
quenching response only varied by approximately 30% in
solutions of pure water, 20 mM Tris buffer, and 100 mM
phosphate buffer. Sensory systems that use thin films of
hydrophobic, water-insoluble, conjugated polymer for sens-
ing in aqueous solution have potential application in bio-
sensing and may prove to be more resistant to detrimental
nonspecific interactions than conjugated polyelectrolytes.

well as a [2.2.2] bicyclic ring system containing a bis-
trifluoromethyl-substituted alkene, had the highest ionization
potential (6.75 eV) of the polymers investigated. In com-
parison, the ionization potential of electron-rich pentiptycene-
containing polymeQ7 was found to be 5.82 eV. Whereas
the fluorescence of electron-rich polymers, sucl®93svas
guenched by electron-poor aromatics (e.g., DNT, TNT),
electron-poor polymers, such 86, responded to electron-
rich aromatics. Fluorescence quenching by indole correlated

Almost all conjugated polymers used as fluorescent sensordwith ionization potential; high ionization potential polymers

have relatively low ionization potentials and are, therefore,
quenched by electron-deficient aromatic analytes. In 2004,
Swager, Kim, and Zhu reported the synthesis of gsly(
phenylene vinylene) polymers that contained electron-
withdrawing [2.2.2] bicyclic ring system$* The electron-
withdrawing substituents (trifluoromethyl, ester, and carboxylic
acid) influenced polymer properties via hyperconjugative and
inductive interactions. Thin films of the electron-deficient

polymers were more sensitive to fluorescence quenching by
an electron-rich analyt&y,N-dimethylp-toluidine, than were
films of an analogous electron-rich, alkoxy-substituted poly-
(p-phenylene vinylene). Sensitivity towalIN-dimethyl-p-
toluidine was highest for thin films of trifluoromethyl-
substituted polyme®5. The complementary sensory response
of the electron-deficient polpfphenylene vinylene)s ex-
panded the potential application of fluorescent conjugated
polymer sensors to include electron-rich aromatic analytes.

Swager and co-workers continued to investigate electron-
deficient conjugated polymer scaffolds and described the
synthesis and photophysical characterization of high ioniza-
tion potential polyp-phenylene ethynylene)s in 200%.
These high ionization potential materials incorporated electron-
withdrawing groups, such as perfluoroalkyl and ester sub-
stituents, which imparted the polymers with high excited-
state electron affinities. Ultraviolet photoelectron spectroscopy

were quenched more efficiently. Indole quenched the fluo-
rescence of polyme®7 in THF solution with a Sterr
Volmer constant of only 0.9 M. However, fluorescence
of electron-deficient polyme®6 was much more sensitive
to quenching by indolesy = 25.6 M™). Thin films of 96
were quenched by indole vapor. The quenching response at
the fluorescence maximumifax = 427 nm) was ac-
companied by the appearance of a broad new emission at
96 nm. The complementary sensory responses of electron-
rich polymer97 and electron-poor analog@é are illustrated
in Figure 32. Thin films o7 were quenched by 2,4 DNT,
but not by indole. In contrast, thin films 86 were quenched
by indole but not 2,4 DNT. Electron-deficient conjugated
polymers such a®6 have further demonstrated utility in
sensing biologically relevant analytes such as indole-contain-
ing proteins and phenol-containing compoufs.
Lippard et al. reported the first conjugated polymer

fluorescence sensor for nitric oxide (NO), an important
signaling molecule in biology, in 20057 The authors
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Figure 32. Changes in fluorescence intensity of (8 and (B)

96 films exposed to indole (blue solid line) and 2,4-DNT (red dotted
line) vapors for the time indicated. (Reprinted with permission from
ref 155. Copyright 2005 American Chemical Society.)
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utilized a polyp-phenylene vinylene) that incorporated a'2,2 R R
bipyridine unit into the conjugated polymer backbo88&)( oﬁo o/ M oﬂo o/ oM
S~
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Polymer98 was brightly fluorescent in solution (4:1 GEl,/ 99
EtOH). Exposure 098to Cu(l) ([Cu(NCMe)][BF]) reduced R = OH, NH(CH)OH
the fluorescence intensity 88 to approximately 70% of its )
original value, whereas the addition of Cu(ll) (Cu(O3) o however, no fluorescence quenching occurred, as Con A does

98 resulted in a larger, 4-fold quenching response. The Notbind galactose. Mannose-functionalized polySwas
difference in fluorescence between the Cu(ll)- (“off”) and also used to deteéischerichia col(E. coli), a bacterial food
the Cu(l)-bound polymer (“on”) was used to detect NO, as contaminant. Experiments demonstrated g&ftuorescently

NO can reduce Cu(il) to Cu(l). Addition of NO to tg8— labeled mannose-bindirg. coli but did not bind and stain
Cu(ll) complex produced a rapid fluorescence recovery; Mutant, non-mannose-binding. coli. Furthermore, the
fluorescence increased by a factor of 2.8 in less than 1 min 9alactose-functionalized polymer did not stain either the
upon addition of 300 equiv of NO. Detection of NO down Mannose-binding. coli or the mutant bacteria. Cell staining
to 6.3 nM was possible using t88—Cu(ll) complex. No using the mannose-functionalized polymer afd coli
change in polymer fluorescence occurred upon the additionProduced fluorescent clusters of bacterial cells, presumably
of NO to 98in the absence of Cu(ll). The addition of acetic facilitated by multivalent interactions with the conjugated
acid to98 resulted in fluorescence quenching, thereby ruling Polymer. Cell-bound polymer fluorescence was red-shifted
out acid, generated upon addition of NO, as the source of relative to the case of solution, suggesting bacterial cell-
the turn-on response. The fluorescence recovery was at-Mediated conjugated polymer aggregation. Detection of as
tributed to reduction of the quenched paramagnéticull) few as 10 bacterial cells was possible using mannose-
complex to a fluorescent diamagneti&® €Cu(l) complex,  functionalized polymer99 (Figure 33). The multivalent
although potential structural changes in #8-Cu complex nature of the interaction between mannose-functionalized
upon going from Cu(ll) to Cu(l) were not ruled out as the Polymer 99 ar,‘d E. coli cells was crucial for low-level
source of the fluorescence change. The conjugated polymeidetection, as Zluorescein aminoethyl mannoside, which
sensor was selective for NO over nitroxyl (HNO) and cannot take advantage of multivalent interactions with the

nitrosonium (NO). Exposure 088—Cu(ll) to a nitrosothiol bactgrial ce_lls, was less sensitive. The advantage _due to the
(SnitrosoN-acetylpenicillamine) led to a slow increase in multivalent interaction between the mannose-functionalized
emission; fluorescence increased by a factor of 2.1 over thePolymer ancE. coliincreased binding by a factor of 3:6
course of 24 h. The slow response was ascribed to generatior’l : ) ) .
of NO via copper-catalyzed decomposition of the nitrosothiol. ~ Bunz and co-workers synthesized mannose-functionalized
In addition, Q was not a source of significant interference. POly(P-phenylene ethynylendD0avia polymerization of an
Conjugated polymers functionalized with sugar residues acetyl-protected mannose-substituted mondftidihe acetyl
have found use in sensing applications related to the detectiorProtecting groups were cleaved during the polymerization
of lectins (sugar-binding proteins) and cells. Following the 0 provide the deprotected polymer directly. Conjugated
first synthesis of a carbohydrate-functionalized pply( POlymer 100a fluorescence was quenched by Con A in

phenylene ethynylene) by Bunz et #B!%° Swager, . ; .
Seeberger, and co-workers reported in 2004 the first use of 10 10 10
a conjugated polymer for the detection of céfisPoly(p-
phenylene ethynylene®9 was synthesized by a post- - -
104 108
added, polymeB9 fluorescence decreased due to efficient . -
FRET from the conjugated polymer to the lectin-function- Figure 33. Detection of mannose-binding. coli by 99. The
alized dye, demonstrating that the mannose-functionalized ,ymper of bacteria incubated with the polymer-containing solution

polymerization functionalization with'zaminoethyl man-
noside. The functionalization was carried out on the car-

polymer bou_nd to Con A. An identical exp_eriment Was s indicated above each image. (Reprinted with permission from
performed with an analogous galactose-substituted polymer;ref 160. Copyright 2004 American Chemical Society.)

boxylate-substituted polymer and resulted in approximately
25% incorporation of mannose. Unfunctionalized residues
were capped with ethanolamine. A galactose-substituted 10°
polymer was also synthesized for comparison. A solution
containing mannose-functionalized polyn8&was titrated
with Alexa Fluor 594-labeled concanavalin A (Con A), a
lectin that binds mannose. As the dye-labeled lectin was
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o/ This precipitate, upon analysis with fluorescence microscopy,
F\ //—\< = showed red-shifted fluorescence relative to solid-statea
Meo@ = /) — Q OMe Scanning electron microscopy of the precipitate showed that
g 100b the conjugated polymer evenly covered the beads, indicative
At of the interaction between the polymer and the particles. The
O_\—o authors observed no apparent interactions in the SEM of the

\ microspherel01b mixture.
o Samuelson and co-workers coated electrospun fibers of
WOH cellulose acetate with an anionic poly(thiophene) and used
OH the conjugated polymer-coated fibers to detect dimethyl
oy ©H viologen and cyt.'%¢ The electrospun cellulose acetate fibers
formed a water-insoluble web, or membrane-like structure,

aqueous solutiorKisy = 5.6 x 10F). At high concentrations ~ With @ very high surface-to-volume ratio. The fibers were
of Con A, the Con A-100acomplex precipitated as 360 anionic due to partial acetate hydrolys[s. Through electrostatic
500 nm sized aggregates. Biotin-functionalized Con A also layer-by-layer (LBL) assembly, the fibers were alternately
guenchedLOOafluorescence. The quenching response was coated with layers of poly(allylamine hydrochloride) and
made more sensitive through precipitation of a “super- @nionic conjugated polyelectrolyi®2 The fluorescence of
aggregate” of the biotinylated Con-AL00acomplex with

streptavidin-coated microspheres. The fluorescence of a small H\)OL

molecule model compound.Q0b), which was not able to o N ONa

participate in a multivalent interaction with the sugar-binding \\g

protein, was not altered in the presence of Con A. Polymer 7\

fluorescence was unchanged in the presence of bovine serum S 'n

albumin, which does not bind mannose residues. In addition, 102

polymer100adid not respond to jacalin, a galactose-binding

protein. These control experiments are consistent with thethe membrane-supported conjugated polyelectrolyte was
mannose-binding properties of Con A being critical to duenched by dimethyl viologerKgy = 3.5 x 10°) and cyt
fluorescence quenching of the mannosylated polymer andC (Ksv = 6.9 x 10°). The high sensitivity was attributed to
suggest that the response was not due to nonspecifica combination of amplified sensing, strong queneher
interactions between the conjugated polymer and the biologi- Polymer interactions, and the very high surface-to-volume
cal macromolecule. Bunz et al. also studied the effects of ratio (10-100 times higher than that of continuous thin films)
surfactants on carbohydrate-functionalized conjugated poly-0f the membrane-supported polymer, which facilitated
mer emission®2 In addition, the absorbance of a carbohydrate- quencher-polymer association.

functionalized polyg-phenylene vinylene) blue-shifted inthe ~ Swager and co-workers used the layer-by-layer deposition
presence of Con A8 In a related study by Baek and co- technique to produce thin films composed of cationic
workers, carbohydrate-functionalized poly(thiophene)s re- conjugated polyelectrolyt&03and an anionic, fluorescein-
sponded to lectins, Influenza virus, adcoliby absorbance ~ amine-functionalized polyacrylaté@4).**’ The fluorescein-
red shifts!4

4.7. AFPs for Biosensing on Unique Substrates

Bunz and Wilson have used an agglutination process to
model the interactions of suitably functionalized conjugated
polymers with bacterié®® The authors used streptavidin-
coated polystyrene beads and biotin-substituted PPE
in this model study. When polymer01b was mixed with
the protein-coated microspheres, the polymer solution did
not change, whereas polym&dlaproduced a precipitate.
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amine dye was pH sensitive. At high pH, the dye was P @ OMe
deprotonated and existed as the strongly absorbing and NMes o/_/
fluorescent phenolate. The dye was protonated at low pH, OJ_/ _/
o
®

resulting in weak absorption and emission. Conjugated @
\ 7

~—

polymer (03 fluorescence Anax = 471 nm) and dye
absorption Amax = 490 nm) were well matched, therefore
encouraging FRET from the conjugated polymer to the dye.
The authors produced bilayer films by depositi@3 onto NMes o)
a base-washed glass slide followed by dipping the cationic _\—OMe

polymer-coated slide into a solution @D4. Fluorescence 107

of the bilayer films was responsive to pH. Experiments were ,

conducted by exciting the conjugated polymer at 420 nm. crosphere fluorescence with a Steiviolmer constant of 8
More than 90% of the conjugated polymer fluorescence was * 1C°. The authors also studied the effect _of lipid bilayers
quenched at pH 11 due to efficient FRET to the fluorescein- N the fluorescence of polymer-coated microspheres. The
amine dye, which resulted in an intense red-shifted emissionaddition of zwitterionic I|p|ds tolthe r_mcrospheres mcrgased
from the dye. At pH 6, however, the conjugated polymer the fluorescence intensity while still allowing the micro-
fluorescence was strong and no fluoresceinamine emissiorSPhere-supported conjugated polymer to be quenched by the
was observed. The conjugated polymer acted as an efficien@@nionic _quencher. An anionic lipid (1,2-dimyristogi-

light harvester in the thin films; the authors observed about 9lycero-3-[phosphorac-(1-glycerol)] sodium salt), however,
10-times stronger dye emission upon excitation of the slightly attenuated polymer fluorescence and protected the

conjugated polymer (420 nm) versus direct excitation of the Microspheres from complete quenching by the anionic
dye (500 nm). anthraquinone. The authors proposed that the anionic lipid

Woshick, Liao, and Swager have reported the use of LBL formed a lipid bilayer over the surface of the polymer-coated
films on silica microspheres for sensory amplificatiéh. ~ microspheres, thereby preventing close association of the
Microspheres can be readily functionalized by solid-phase &nionic quencher and the cationic conjugated polymer.
synthetic techniques, are easily manipulated, and offer anFluorescence quenching of the bilayer-coated microspheres
increased surface area for interaction with analytes. Thecould be restored by the addition of a surfactant (Triton

authors used PDACLQ5) as the polycation and synthesized X-100) that disrupted the lipid bilayer. The authors proposed
that lipid bilayer-protected fluorescent microspheres could

W be useful in biosensing applications, particularly in detecting
+

n
Q

IneN

analytes that are capable of disrupting lipid bilayers or

K cr HO creating pores or channels through the bilayer that would
/1(}5 o allow quenchers to access the conjugated polymer coating.
d In 2003, Hancock and co-workers reported the preparation

O O o—/_ and oligonucleotide sensing properties of PPE parti¢fes.

/_/ By precipitating the polymer from a homogeneous DMSO
‘ 0 solution into SSPE buffer, the authors could isolate nearly
/N >=\ .\ spherical polymer particles with diameters between 500 and
_/ w— N 800 nm, as observed by TEM. Cy-5 labeled oligonucleotides
o nonselectively quenched dispersions of these particles in
[ SSPE buffer downto % 1071°M (Kgy= 8.8 x 1077/ M™Y),
O O o/\/o\/\(o a 2 order of magnitude improved detection threshold relative
OH to direct excitation of the Cy-5 fluorophore.

106

106, a nonaggregating PPE with carboxylate-terminated side 5. Detection of DNA

chains, via Sonogashira polymerizatidl,(= 19,000 Da)

for use as the polyanion in the LBL thin film deposition 5.1. Regioregular Cationic Poly(thiophene)s for

process. By alternately treating base-treated, commerciallyDNA Detection 17

available monodisperse microspheres with aqueous solutions . .

of 105and106, the authors could isolate brightly fluorescent .The group of Leclerc at La\_/al pioneered DNA.detectlon
with conjugated polymers, using a scheme that is based on

microspheres that remained smoothly spherical and had anthe electrostatic attraction between a cationic conjugated

emission spectral shape similar to that 196 in DMF | d DNA. Thi h i tioni (3

solution. Solution quenching experiments revealed that the PO/YMEr an \. This scheme utilizes cationic poly(3-

LBL films on silica microspheres gave higher quenching 2&/Koxy-4-methylthiophene)s, which can be synthesized via
oxidative polymerization by either electrochemical or chemi-

constants in aqueous environments than an electronically | (ferric chioride) means. Some of the initial sensing studi
similar polymer in solution, whereas in organic solvent they 2 (ferric chloride) means. Some of the initial sensing studies

showed similar performance, suggesting that hydrophobic

effects were important in this system. In addition, spheres HaC O(CH20H0)4—®—/<O ]
coated with two layer pairs showed more efficient quenching /R O—N;::‘
than spheres coated with one layer pair. s

Whitten, Lopez, and co-workers coated borosilicate micro- " 108 °©

spheres with cationic conjugated polyelectrolifg and used

flow cytometry to examine the fluorescence quenching of on this class of polymers focused on postpolymerization
the polymer-coated microsphefé$Small-molecule quench-  maodification of anN-hydrosuccinimide (NHS) ester-deriva-
er 9,10-anthraquinone-2,6-disulfonic acid quenched the mi-tized polymer 108). Specific binding moieties were intro-



Fluorescent Conjugated Polymer Sensory Materials

0.0
300

s00 800 700

Ainm
Figure 34. (A) Photographs of solutions of (d)2, (b) the 12—
ssDNA duplex, (c) thel2—dsDNA triplex, (d) thel2—ssDNA

400

duplex plus a complementary target with a two-base mismatch, and

(e) 12—ssDNA plus a complementary target with a one-base
mismatch after mixing at 58C for 5 min. (B) UV/vis spectra
corresponding to photograph A. (Reprinted with permission from
ref 173. Copyright 2002 Wiley-VCH publishers.)

duced to induce an affinitychromic optical transition in this
material'”2 The binding moieties included a crown ether for
the sensing of alkali metal ions, and biotin for the detection
of avidin.

In addition, Leclerc and co-workers found that the water-
soluble imidazolium-substituted poly(thiopherie, which
was oxidatively synthesized using Fe@Vas highly sensitive
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2, \@

Positively-charged Single-stranded
Falythiophene DMA probe

“Duplex”

“Triplex"

Figure 35. Schematic illustration of the formation of a plarig@—
ssDNA duplex and a helicdl2—dsDNA triplex. (Reprinted with
permission from ref 171. Copyright 2005 Wiley-VCH publishers.)

In addition to the high sensitivity, the authors also observed
high selectivity. It was possible to distinguish the true
complementary ssDNA from strands that contained two or
even one mismatch by stopping the hybridization reaction
(by cooling from 55°C to room temperature) after 5 min,
because the rate of complexation for the mismatched
sequences was significantly slower.

On the basis of previous work related to color changes of
regioregular poly(3-alkoxy-4-methylthiophenéjthe origi-
nal hypothesis the authors adopted to explain the color
changes observed upon duplex and triplex formation was
that the red color (duplex) was due to a highly conjugated
and planar conformation of the polymer, whereas the yellow
color (triplex) represented a less conjugated, nonplanar, and
helical conformation. This process is schematically illustrated
in Figure 35. Color changes were also observed in solvato-
chromism, affinitychromism, and thermochromism experi-
ments. Leclerc, Louarn, and co-workers also carried out
detailed spectroscopic studies of the initial yellow (random-

to the presence of oligonucleotides, as pictured in Figure coil) and red forms, changes between which were induced

3417 Upon addition of 1.0 equiv (per monomer unit of
polymer) of a 20-base segment of sSSDNA1®in 0.1 M

thermally, of a structurally related, nonionic poly(3-alkoxy-
4-methylthiophene)’® The combination of evidence from

aqueous NaCl, the color of the solution changed from yellow absorbance, infrared, and Raman spectroscopies confirmed

(Amax= 397 nm) to red Amax = 527 nm) within 5 min. This
was attributed to the formation of a “duplex” betwe&p

that the observed color changes were due, at least in part, to
main-chain twisting transitions. The authors hypothesized that

and the ssDNA driven by electrostatic attraction. The authors interchain interactions could also contribute to the observed

observed precipitation from the red mixture after several
hours. If, however, 1.0 equiv of the complementary ssSDNA
was added to the red mixture at elevated temperatudd (
°C), the solution became yellowl§ax = 421 nm), which
the authors attributed to the formation of a “triplex”, formed
by the complexation ofLl2 with the hybridized dsDNA.
Further addition of ssDNA did not change the optical

optical changes.

In 2003, Nilsson and Ingdsaeported a zwitterionic poly-
(3-alkylthiophene) 1) that showed qualitatively similar
optical transitions, in comparison to Leclerc’s work with,
upon the addition of oligonucleotidé® However, the
authors successfully performed this procedure at room
temperature usingl. Upon addition of 1.0 equiv of a 20-

properties of the mixture. The existence of a clean isosbestichase segment of ssDNA, the absorbance of the solution red-
point upon addition of complementary ssDNA indicated the shifted and the fluorescence decreased. The authors attributed
existence of only two structures (duplex and triplex). these changes to interchain interactions caused by aggregation
The authors could also follow this sequence of events by induced by electrostatic and hydrogen-bonding interactions
fluorescence spectroscopy. The fluorescence of the initial between81 and the oligonucleotide, as well as to polymer
yellow form of 12, with a quantum yield of 0.03 ant,ax of backbone planarization caused by disruptions of internal
530 nm, was slightly red-shifted and strongly quenched upon interactions between the amino and carboxyl groups on the
formation of the red duplex. Triplex formation, induced by polymer side chain. Addition of the complementary ssDNA
addition of complementary ssDNA, gave a 5-fold increase strand gave a blue shift of absorbance and an increase in
in emission intensity. Using this fluorescence recovery as emission intensity, attributed to polymer chains interacting
the sensing signal, the authors could measure as fewsas 3 with dsDNA, which resulted in a less elongated conforma-
10° molecules of complementary ssDNA in a liquid volume tion. The authors used ratiometric sensing (540/670 nm) to
of 200uL (2 x 1071* M), which was a 7 order of magnitude  successfully detect I& mol of DNA in a 1.5 mL liquid
improvement over using the colorimetric change as a sensingvolume as well as to discriminate single-base mismatches
signal. within 5 min. Further studies on this system subsequently
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Figure 36. UV/vis (A) and emission (B) spectra of (a) E2—
unlabeled dsDNA triplex, (b) 42—labeled ssDNA duplex, and
(c) al2—labeled dsDNA triplex in water at 58C. (Reprinted with

permission from ref 181. Copyright 2005 American Chemical
Society.)

400

revealed that substitution of the ssDNA “probe” strand can
occur in the presence of other DNA strands in solution,
potentially limiting sensitivity and selectivity/”

More recently, Leclerc and co-workers have published

Thomas et al.

Figure 37. Schematic illustration of the proposed signal amplifica-
tion mechanism based on conformational change2afpon dsDNA
formation within an aggregate and the “superlighting” resulting from
energy transfer from one emissive “triplex” to multiple nearby
acceptors. (Reprinted with permission from ref 181. Copyright 2005
American Chemical Society.)

ments to the assay and the detection hardware, a lower
detection limit of 220 50-base ssDNA molecules in 180

(2.4 x 1078 M) was achieved. Selectivity over single-base
mismatches was retained. To further illustrate the applicabil-
ity of this method, the authors reported the detection of 750
genome copies of a 1028-nucleoside single-stranded RNA
segment generated by the Influenza virus, all without tagging
any of the oligonucleotide strands.

In 2005, the Leclerc group reported that, by tagging their
capture ssDNA strand with a fluorophore (Alexa Fluor 546),
they achieved even more sensitive DNA detection while still
retaining specificity!®® Similar to previous reports, the
addition of the labeled ssDNA capture strand (20-mer) gave
a very weakly emissive, red-colored duplex. When the duplex
hybridized with the complementary ssDNA, however, very
efficient FRET from the emissive helicaP to the acceptor
dye gave strong emission at 572 nm (Figure 36). This system

papers concerning various improvements they have made tademonstrated outstanding sensitivity; the authors reported
their homogeneous DNA-sensing assay basetZom 2004, that five copies of target DNAni a 3 mLvolume (3 zM)
they reported that the addition of 20% formamide as a could be detected by this method. In addition, by conducting
denaturant precluded the need for elevated temperatures anthe experiment at 65C in pure water, the authors were able
allowed for DNA detection at ambient temperature. This to selectively enhance the recognition reaction between the
advance may allow Leclerc’'s sensing methodology to be polymer-bound capture probe and the target. This enhance-
incorporated into microfluidic systems, a potentially impor- ment was presumably because under these conditions the
tant development in terms of practical utilit§® Leclerc and cationic polymer promoted the reaction, possibly by reducing
co-workers also reported the development of a PNA mi- electrostatic repulsion between DNA chains.
croarray-based DNA sensor on a solid support. A more detailed investigation of this “turn-on” detection

In 2004, Leclerc and co-workers reported a substantial scheme, published in 2006, showed that the sensitivity was
improvement in the sensitivity of their DNA ass&).The 4000 times greater when the acceptor chromophore tag was
primary manner by which they accomplished this improve- included!® The authors have attributed this extraordinary
ment was the development of a tailored detection platform sensitivity in part to aggregate formation, which reduced
specifically designed for this application. The platform they quenching of the fluorophores by insulating them from
reported combined a powerful and stable blue LED source quenchers, provided orientation for the polymers, and
with a narrow (16 nm) bandwidth for polymer excitation, a improved photostability. Light-scattering measurements dem-
nondispersive optical design using interference filters, and onstrated the presence of duplex aggregates&F nm in
a photomultiplier tube detector. The authors reported that diameter that were retained upon DNA hybridization. In
this improved design gave detection limits that were about addition, the authors also found it likely that the very fast
2 orders of magnitude better than those with a conventionalrate of energy transfer from the helical polymer to the
spectrofluorometer. In addition, the use of 0.3 mM of a acceptor dye within these aggregates allowed for the excita-
nonionic surfactant (Triton X-100) improved the detection tion of a large number of acceptor dyes from only one triplex
limit by another order of magnitude, which the authors donor within an aggregate. This is schematically illustrated
attributed to an increase in polymer extinction coefficient in Figure 37. The authors demonstrated the utility of this
and fluorescence quantum yield because of the release ofdetection system by successfully distinguishing a SNP
interfacial water molecules. With these combined improve- associated with hereditary tyrosinemia type | from non-
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amplified clinical samples within 5 min and with no
attenuation of sensitivity.
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5.2. DNA Detection Based on Fluorescence ®0 o ® 0
Resonance Energy Transfer from Cationic e A B °
Poly(fluorene- co-phenylene)s o] ~ o
=)

Fluorescence resonance energy transfer (FRET, also jeg ® ® 2
known as Fester energy transfer) is a commonly used signal 08 o
transduction pathway in biochemical research. This long- e @ P
range, dipole-dipole interaction allows the excitation of a o

donor chromophore to result in emission from the lower . )
energy excited state of another chromophore. FRET has oftenfigure 38. Schematic representation of the PN&sDNA assay

“ L .- using a water-soluble CP with a specific labeled PNA probe strand.
Egﬁ% :J;Z?ioarfsa molecular yardstick” in the study of protein Electrostatic attraction between the complementary PESDNA

complex brings the energy donor (polymer) and acceptor (dye) close
The strong distance dependence makes FRET useful forenough for efficient FRET (A). Noncomplementary ssDNA results

sensing and other applications because events that affecin no attraction between donor and acceptor and no energy transfer

changes in the distance between chromophores can bdB). (Reprinted with permission from ref 184. Copyright 2004

monitored by acceptor emission intensity. Sensing schemeg®merican Chemical Society.)

based on FRET could rely on either the enhancement or the

diminution of acceptor fluorescence. Stetnop DNA 25-times amplification of fluorescein emission upon polymer
structures labeled at their termini with donor and acceptor gycitation versus direct dye excitation at 480 nm. A structur-
chromophor_es (Molecular Beacons) are examples ofarobusta”y similar p-difluorenylbenzene model compound gave
DNA detection technology that relies on FRET. significantly lower amplification. The detection limit in this
Conjugated polymers have the potential to be excellent study was 10 pM. The authors also determined that hydro-
energy donors in FRET-based sensing schemes. They havghobic interactions were important in the binding of the probe
high extinction coefficients stemming from their delocalized strand to the conjugated polymer; they observed a small
baCkbone, and many emit ||ght efflClently In addition, amount of FRET to the PNA-bound acceptor even with-
excitons generated by photoexcitation throughout the entiregyt any ssDNA present. Detrimental background FRET
polymer can migrate to a position on the chain from which was nearly eliminated by using a 10% ethanol solution,
FRET is efficient, allowing for amplified fluorescence from \which decreased the effects of nonspecific hydrophobic
the energy acceptor and increased sensitivity due to thejnteractions.
resultant enhancement in Signal-to-noise. The groups of Heeger' Bazan, and co-workers used time-resolved fluo-
Bazan and Heeger at UC Santa Barbara have used waterrescence techniques to perform a more detailed investigation
soluble cationic conjugated polymers to detect specific DNA of the hydrophobic and electrostatic interactions in this
sequences via FRET to dye-labeled probe moleddfds. systenm®” They took advantage of pumump emission
their systems, electrostatic attraction between the positively spectroscopy (PDES), a technique useful for enhancing the
charged conjugated polymer and the polyanionic DNA results signal-to-noise for dilute solutions relative to purrobe
in short distances between the conjugated polymer donor antexperiments. The authors found that in moderately concen-
the acceptor-labeled probe straftl. trated aqueous solutions the energy-transfer dynamics be-
Gaylord, Bazan, and Heeger reported an example of thistween the conjugated polymer and PNA-tagged fluorescein
technology in 2002% Figure 38 is a schematic representa- were biexponential, with time constants of 11.5 and 85 ps.
tion of how the system works. This sensing system consists Under these conditions, noncomplementary DNA also showed
of three parts: the cationic conjugated poly(fluor&ee-  FRET, highlighting the importance of hydrophobic interac-
phenylene)13, a probe peptide nucleic acid (PNA) strand tions. Using 10%N-methylpyrrolidone (NMP) in the aqueous
labeled at the 'Send with an appropriate energy-accepting solution reduced this nonspecific FRET, and the FRET
chromophore (fluorescein) having strong spectral overlap observed using complementary DNA became monoexpo-
with 13, and the target DNA strand. PNA forms stable nential with an 88 ps time constant. On the basis of this data,
Watson-Crick base pairs with single-stranded DNA the authors proposed an equilibrating two-conformation
(ssDNA) but is neutral because the phosphate linkages havepinding model. In water, the complex was bound by both
been replaced with neutral amide linkaé® herefore, there  conformations [controlled by hydrophobic interactions<
could be no electrostatic interaction between PNA and the 11.5 ps) and electrostatics< 85 ps)], whereas in the water/
conjugated polymer, and the average distance betweenorganic solvent mixture only electrostatic attraction< 88
chromophores was too great for efficient FRET. When ps) played a role.
ssDNA that had a complementary sequence to the PNAwas Bazan and co-workers also developed a complementary
included, however, the resulting DNAPNA complex had  method that relied upon more traditional double-stranded
a strong net negative charge, binding it electrostatically to DNA (dsDNA) helix formation for the sensing recognition
the conjugated polymer. The greatly reduced average distancehemistry (Figure 39), instead of using the more expensive
between chromophores allowed for efficient FRET to take PNA18 In this case, however, the tagged probe ssDNA
place, signaling the presence of the target ssSDNA strand withstrand does have some electrostatic attractidkBtdNever-
a “turn-on” fluorescence signal at lower energy. Noncomple- theless, when a target 20-base ssDNA strand complementary
mentary ssDNA gave little observable FRET. to the 20-base-tagged probe was included in the solution,
At optimized concentrations (1:1 polymer chain to DNA the authors observed a 3-fold increase in fluorescence
ratio at 2.5x 1078 M), the authors observed greater than intensity from fluorescein relative to when a noncomple-
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N complementary ssDNA screened the electrostatic interactions
I ® o ¢ between the probe strand and the conjugated polymer.
®SC ° © Further oligomer studies revealed some size specificity,
o °H e e © in that longer oligomers (6 fluorene units) showed more
ee o © fluorescence quenching and FRET with dsDNA, while
® Sl @ o © shorter oligomers (2 or 4 fluorene units) were more sensitive
efje ®© o e to ssDNA!! These experiments emphasized that a typical
eollde o © polydisperse sample of conjugated polymer can show a
ee ® o © distribution of selectivities, only the average of which is
® oo ol © observable.
o °° @ e Nonspecific electrostatic interactions between the dye-
ef|e ® labeled ssDNA probe strand and the conjugated polymer limit
® the specificity and sensitivity of the scheme depicted in
A B Figure 39. Therefore, Bazan and co-workers sought to use a

Figure 39. Schematic illustration of a dsDNA assay usit®jand

a dye-labeled ssDNA probe strand. Noncomplementary ssDNA
partially screens the energy acceptor frb8) reducing FRET (B).
This screening is removed when complementary ssDNA is used,
enhancing FRET efficiency (A). (Reprinted with permission from
ref 188. Copyright 2003 American Chemical Society.)

mentary strand was added. In addition, a 4-fold amplification well-known DNA intercalating dye, ethidium bromide (EB,
of intensity upon polymer irradiation versus direct excitation 110), as an energy acceptor to improve the performance of
of the dye demonstrated amplification in this sensing scheme.this ssDNA-based ass&3%.EB is known to have an increased
The authors also demonstrated the 20-base probe strand coulluorescence quantum yield upon intercalating between the
also selectively lead to the detection of an appropriate 40- stacked bases of dsDNA. Theoretically, energy transfer from
base target. A decrease in FRET efficiency as a function of the conjugated polymer to EB, as illustrated in Figure 40,
NaCl concentration, according to Deby#uckel theory, would only take place if complementary ssDNA strands
demonstrated the importance of electrostatic interactions.(target and probe) were present, since the electrostatic
Solvent-dependence studies revealed that solvent mixturesattraction between the resulting dsDNA, with EB intercalated,
of THF and water of intermediate polarity allowed for the would bring 13 and EB into close contact. If only non-
highest FRET efficiency fronl3 to dye-labeled ssDNA  complementary strands were present, EB would not associate
because the amphiphilic nature of the polymer led to the with the anionic DNA and no FRET could occur. The authors
formation of distinct aggregates that adversely affected found, however, that efficient FRET to EB did not occur
sensitivity in low-polarity and high-polarity solvent®. when they carried out this experiment, even though the
A more detailed investigation highlighted the important distance between the chromophores (r) and spectral overlap
interplay between hydrophobic interactions and electro- (J) were appropriate for a high rate of FRET. Suspecting
statics!®® The authors studied the FRET characteristics of that inefficient energy transfer was due to a nearly orthogonal
oligomers (09a-d) with different alkyl chain lengths arrangement of donor and acceptor transition dipole mo-
ments, the authors instead employed a two-step FRET
O O O O O scheme with assDNA probe bea_lring_ a fluorescein molecule
. . at the % terminus, as illustrated in Figure 41.

Including fluorescein as an intermediate “FRET gate”

n(H20)(CHa)n n(H2C)(CHo) provided much more efficient energy transfer to EB, with

Mesly  lMes Megly  NMes an 8-fold amplification relative to direct excitation of the
}ggg{fr: i intercalator. Furthermore, the selectivity was greatly im-
109¢:n =6 proved, in that only the use of ssSDNA complementary to
109d:n =8

FRET

between the conjugated framework and the charged tetra-
alkylammonium bromide groups. In agueous solutions with
an artificial conjugated anion, ssDNA, or dsDNAQ9d
always gave the highest FRET efficiency, followed1f}9c
Compoundd 09aand109bwere the least efficient, showing

no observable FRET with DNA in water. The trend of chain- ® © o
length-dependent FRET efficiency to the artificial conjugated )
anion, however, was reversed in methanol, in which the e ° ©
donors with the shortest tether gave the most efficient energy o

transfer. The authors attributed this phenomenon to a ®
decreased importance of hydrophobic interactions between

the longer tethers and the target strands in methanol. Another ‘;“'b-.

important Conclu5|on .Of this work was that the reason for Figure 40. Inefficient one-step energy transfer from a cationic
the observed selectivity for energy transfer to dsDNA over conjugated polymer to intercalated ethidium bromide. (Reprinted

ssDNA in this sensing scheme was not stronger dsBNA  with permission from ref 192. Copyright 2004 American Chemical
conjugated polymer interactions. Rather, unlabeled, non- Society.)
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Figure 41. Left: Two-step energy transfer with fluorescein acting 400 450 500 550 600 650 700
as a “gate” between the conjugated polymer donor and the EB Wavelength (nm)

receptor. Right: Relative orientations of the three optical compo- ; i i -
nents. (Reprinted with permission from ref 193. Copyright 2005 Egg{:fﬁNX?EE;ﬂieg)fllggfrizse?gg Cﬁﬁ&ﬁ:ﬁﬁrﬁééﬁﬁ?&grﬁgﬁaw
National Academy of Sciences, U.S.A.) ssDNA, and (c)L11, Cy5-labeled PNA, and complementary ssDNA.
(Reprinted with permission from ref 195. Copyright 2004 American
the probe strand resulted in observable EB emission. Time-Chemical Society.)
resolved fluorescence that was monitored upon excitation
of 13 confirmed the two-step nature of energy transfer; the ~ As illustrated in Figure 42, this effect was used in a
fluorescein lifetime decreased from 0.93 to 0.32 ns upon multicolor DNA-sensing assay. The probe strand was Cy5-
inclusion of EB in the assay. A more detailed investigation tagged PNA, which had no electrostatic attraction to the
of this system using time-dependent anisotropy measure-cationic conjugated polymer, resulting in blue emission from
ments confirmed that the inefficient one-step FRET from 111 Addition of noncomplementary ssDNA/Cy5-PNA re-
13to intercalated EB was indeed due to a nearly orthogonal sulted in no hybridization, and the nonspecific electrostatic
orientation of their transition dipole momert8This study ~ attraction of the ssDNA td11resulted in green BT-based
also revealed that the transition dipole moment of the ssDNA- emission. Under similar conditions, addition of complemen-
bound fluorescein was distributed over a wide range of anglestary ssDNA/Cy5-PNA resulted in electrostatic attraction of
(Figure 41), allowing it to act as the intermediary in the two- the PNA/DNA complex tol11l and efficient FRET to the
step FRET. Recently, this DNA intercalator-based two-step red-emitting Cy5.
FRET sensing scheme has been applied to the direct In addition to this RGB DNA hybridization assay,
observation of the G-quadruplex-to-duplex transition in polymers analogous tb11 (only containing different per-
guanine-rich DNA strand¥* The assay, which employed centages of BT groups) have been reported in an assay for
13 as the cationic conjugated polymer, functioned becausethe quantitative determination of total DNA concentration
EB only intercalated into the duplex and not into the sSDNA in agueous solution by monitoring the relative intensities of
quadruplex. The authors demonstrated good selectivity overblue and green emission from the polym&The reported
even single-base mismatches, which inhibit the G-quadru- sensitivity of this assay (6< 107 M bp of dsDNA),
plex-to-duplex transition. however, was lower than those of the commercially available
In addition to modifications to how the assay is executed, PicoGreen or OliGreen probes. Moreover, the purely elec-
Bazan and co-workers have also explored ways by which trostatic nature of the assay limits its versatility because of
rational design of the conjugated polymer itself can improve charge screening and preaggregation in solutions with high
the sensitivity and selectivity of the DNA assay. In 2004, salt concentrations.
they reported a three-color DNA-sensing assay that employed Bazan’s group has explored other improvements to the

the random copolymet11, which was synthesized by a structure of their cationic conjugated polymers. In 2003 they
reported the use ofmetaconjugation {12) to increase

conformational freedom for tighter binding to the secondary
structure of dsDNA®? They observed that increasimgeta
content along the polymer backbone gave improved FRET
efficiency. They also published studies of poly(fluoreste-

+ -
R= (CHz)GN(CHs)SBr

n
Suzuki cross-coupling polymerization with a number-average y
molecular weight of 11 kDa and included, on average, one 0.0 O < O‘O O
R" R

2,1,3-benzothiadizole (BT) unit per polymer chéih.In

deionized waterl11 showed photophysical properties char- 1127 R
acteristic of13 (blue emission and a fluorescence quantum OCHj
yield of 22%). Upon increasing the concentration1dfl O O O
above 1x 10°% M, however, the green emission character- . A
istic of BT sites emerged and increased at the expense of HsCO

the blue emission. The authors attributed this phenomenon R R 113

to aggregate formation and efficient interchain energy transfer F
to the lower energy BT sites. Upon addition of ssDNA to

dilute 111, a similar growing in of green emission was 0.0 O n
observed as a function of DNA concentration with a well- F
anchored isosbestic point, attributed to DNA-induced con- R R 114

traction and aggregation of the polymer chains allowing for + _
more efficient energy transfer to BT. R = (CHy)gN(CHa)3Br
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realistic conditions. For example, Bazan and co-workers have
used their PNA/ssDNA assay in conjunction with S1 nuclease
enzyme in order to reliably detect single nucleotide poly-
morphisms (SNPs), the most common form of sequence
variation in human DNA® The SNP they targeted is
responsible for an arginine to tryptophan substitution at
amino acid position 406 in the microtubule-associated protein
tau. The mutant has been linked to frontotemporal dementia.
The probe strand was a 14-base, fluorescein-labeled PNA
probe that targeted the R406W mutation.
o 500 s s eso Using this scheme, complementary (wild-type) ssDNA
Wavelength (nm) (249 bp) was successfully detected over the SNP, with an

Figure 43. Normalized fluorescence of Sl-treated hybridization S_rms?lon mtfnS'ty z%[mtpllflcgtr;ontof %SOEjer of matg”'tufe %ﬁ;\
products with 249-base ssDNA after addition 18 in 30 mM Irect acceptor excitation. Shorter zo-base-pair target ss :

potassium phosphate buffer. Wawild-type ssSDNA+ dye-labeled however, showed much better selectivity as opposed to the
PNA. RW = SNP ssDNA+ dye-labeled PNA. (Reprinted with ~ more realistic 249-bp target. The reason for this was that
permission from ref 200. Copyright 2005 National Academy of the conjugated polymer could electrostatically bind anywhere
Sciences, U.S.A.) on the long DNA chain, not just near where the tagged PNA
was bound to the 14-base target sequence. This resulted in
phenylene)s containing substituents designed to perturb thea random distribution of polymer along the longer DNA
electronics of the polymer backbongl@ and 114).'% By target, a mixture of different donemcceptor distances, and
doing so, they found that the relative efficiencies of FRET an overall diminution of signal-to-noise. In order to increase
and photoinduced electron-transfer quenching could bethe observed selectivity, the authors introduced an S1
improved by optimizing the frontier molecular orbital ener- nuclease digestion step after PNA/ssDNA annealing. PNA
gies of both the conjugated polymer donor and the energy- molecules and complexes with ssDNA were stable to the
accepting dye. nuclease, while S1 (as confirmed by gel analysis) digested
The aforementioned studies using FRET from a cationic all nonannealed ssDNA, segments of sSDNA not complexed,
conjugated polymer as a detection signal for DNA sensing and unbound mismatches. As illustrated in Figure 43, this
have all sensed short strands of oligonucleotides in pureresulted in strong selectivity for the targeted wild-type 249-
aqueous or buffered solutions. New ways to carry out thesebase DNA target while using the same 14-base PNA probe.
amplified fluorescence assays, however, must be developed In another step toward commercial viability, Fan and co-
in order to make this technology practically useful and workers used magnetic force to assist in selectivity enhance-
commercially viablé? Several groups have demonstrated ment of an assay using a cationic poly(fluoresee-
the specific and sensitive detection of DNA under more phenylene) similar t0132° Their assay, schematically
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Figure 44. In the presence of the target DNA, an MMP-anchored sandwich complex between the target, the MMP-bound capture probe,
and the dye-labeled signal probe was formed. Addition of the conjugated polymer to the washed and magnetically purified sample gave
amplified emission from fluorescein. (Reprinted with permission from reference 201. Copyright 2005 Oxford Publishing.)
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illustrated in Figure 44, used streptavidin-coated magnetic fluorescent polymers, in particular, and the field of chemical
microparticles (MMPs) that were appended with biotin- sensors, in general.
terminated capture DNA strands (15-base sequence). An-

nealing with target ssDNA (40 bases) and a fluorescein- 7. Note Added after ASAP Publication
substituted signaling probe that was complementary to

another section of the target formed sandwich complexes This paper was published ASAP on March 27, 2007, with

on the MMPs. These MMPs were selectively collected with &N error in eq 2. The corrected paper was posted on April 5,
magnetic force and washed with buffer of low ionic strength 2007

to remove single-nucleotide mismatches. The target and

signaling DNA was then removed from the MMP with 8. References
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