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ABSTRACT: The emission of the cationic polyelectrolyte poly[%8(6'-N,N,N-trimethylammonium)hexyl)-
fluorenealt-4,7-(2,1,3-benzothiadiazole) dibromide] (PFBT) is effectively quenched via photoinduced electron
transfer by the negatively charged,@erivative sodium diphosphorate methano[60]fullerene (SDPMF). Stern
Volmer analysis shows the quenching constant as high as<218'2 M~1, consistent with the formation of

ground state complexes. Addition of Cy5-labeled ssDNA to PFBT leads to concurrent FRET to Cy5 and a
quenching of PFBT emission that is intrinsic to the addition of ssDNA. Similar experiments carried out with a
solution of PFBT that was prequenched with SDPMF result in a stable PFBT background emission and a clearly
observed Cy5 emission rise. These observations were applied to ssDNA assays that take advantage of Cy5-
labeled PNA. The result is a FRET-based detection method with more stable and readily quantifiable optical
signals.

Introduction forces that coordinate the organizationsoitconjugated mol-
ecules and materiaf3:22 There are substantial gaps in our
knowledge, for example, on the structure and internal organiza-
tion of aggregates containing CPEs and oppositely charged
biological moleculed? The distance and orientation of the
optical components in these aggregates bear an influence on
processes such as fluorescence resonance energy transfer
(FRET), photoinduced charge transfer, and the self-quenching
of the CPEs and optical reporté¥s?®> Even with well-defined
charged oligomers, one finds large differences in optical
performance as a function of small perturbations such as the
presence of small quantities of surfactatttespite these
complexities, there continues to be substantial progress in the
development of CPE-based biosensdr&.

In this contribution, we report on the efficient fluorescence
, _quenching of the cationic polymer poly[9Bis(6'-N,N,N-

CPEs can also be water-soluble, and this property allows thelrtrimethylammonium)hexyl)fluoren(:llt-4,7-(2,1,3-benzothiadia—
use in biological assays where optical amplification of fluores- zole) dibromide] (PFBT, see Scheme 1) with the negatively
cent signals can be achieved by virtue of their light-harvesting charged Go derivative, sodium diphosphorate meth&ho
capabilitiest! In one particular strategy, selectivity is achieved fullerene (SDPMF). Such quenching was anticipated on the basis
by orchestrating electrostatic interactions so that close proximity ¢ aytensive prior work on neutral conjugated polymers that
between the CPEs and a probe with a signaling dye occurs onlygemonstrated photoinduced electron transfer to the electron
after a specific molecular recognition .evé?\t'.l'h|s gen_eral . deficient Go framework?8 Starting with the nonemissive PFBT/
approgch hasllztfsen used to deufft a variety of targets, includinggppype complexes, it is possible to sensitize the emission of
DNA,™® RNA,!41 and proteins® Other detection methods gy e |aheled single-stranded DNA (ssDNA) or duplexes contain-
involve the electrostatic binding of CPEs to a surface when a ing ssDNA/labeled PNA (PNA= peptide nucleic acid§ upon
specific recognition event changes the surface ch&lrgee oy citation of PFBT, presumably via a process that involves
recovery of quenched emission via a specific recognition displacement of SDPMF from the proximity of the polymer

s . : o (
processy® and (_;haglges in chain conformation induced by packpone. The overall process reduces residual background
complex formatior? Nonspecific contacts between nontarget signal from the sensitizing polymer, thereby providing an

species and the hydrophobic CP backbone are complex and neegs . nity to simplify signal processing in functioning assays.
special attention for attaining selectivity, as these interactions

can easily lead to misinterpretation of resifs. Results and Discussion
Optical studies of CPEs as a function of different environ-

ments yield insight into self-assembly processes important for
biological assays and, more generally, for understanding the

Conjugated polyelectrolytes (CPESjonstitute a class of
materials that combine the optical and semiconducting proper-
tieg of polymers containing a delocalized electronic structure
with the ability of polyelectrolytesto form complexed,change
coil conformatior and adsorb to surfacewia electrostatic
interactions. Their structures allow incorporation into optoelec-
tronic devices where oxidation (hole injection) and reduction
(electron injection) of their backbones can be compensated by
the associated iorfsTheir solubility in polar solvents allows
fabrication of multilayer polymer-based deviéas which the
barriers of charge injection are lowered, relative to neutral
conjugated polymers, presumably via a mechanism that involves
modification of the effective work function of the metal because
of the presence of dipolé€g?

UV—Vis Absorption and Photoluminescence Spectros-
copy. Figure 1 shows the normalized U\Wis absorption and
photoluminescence (PL) spectra of SDPMF, PFBT, and a
ssDNA strand modified with the Cy5 reporter dye (ssDNA
* Corresponding author. E-mail: bazan@chem.ucsb.edu. Cy5). The specific sequence of ssDNBy5 is 53-Cy5-ACT
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1.2 T T T T in the spectral characteristics of the solution after this time, even
after several hours of standing inside a cuvette. The volume of
10k . _ the SDPMF solution added to generate Figure 2a is sufficiently
' 1 \ . small that the change in [RU] throughout the quenching studies
RN [ > is less than 1%. Changes in PL intensities are therefore not due
o 08 R | " [ to a decrease of absorption. The PFBT emission is quenched
2 Nl o by ~90% with [SDPMF]= 5.0 x 10-12M and is almost absent
,‘é’ 06 b "\f N = when [SDPMF]= 2.5 x 10~ M. Normalization of the PFBT
2 T rﬁ Vo '5 spectra in the presence and absence of SDPMF reveals no
el b ‘n\ / @2 changes in the shape of the emission band.
< 04 4 E PL quenching efficiencies can be quantified by using Stern
w Volmer analysi$3 as shown by eq 2:
o2 Il =1+ Kg[Q] 2)
0.0 = wherelp and| are the fluorescence intensities in the absence
240 360 480 600 720 840 and presence of quencher, respectively, and [Q] is the quencher
Wavelength (hm) concentration. The SteffVolmer constantKsy, provides a

direct measure of the quenching efficiency and is determined

Figure 1. Spectroscopic properties. Normalized YVis absorption : : :
(dashed lines) and PL (solid lines) spectra of SDPMF (black,>6.2 from the linear portion of a plot dfo/_l vs [Q]. Figure 2b shows
10°5 M), PFBT (red, 6.1x 1075 M), and 3-Cy5-ACT TTG ACT ATG the Sterr-Volmer plot for PFBT using SDPMF as the quench-

TGG GTG CT-3 (pink, 6.8 x 1076 M, in terms of DNA repeat units, ing agent. From the slope of Figure 2b in the concentration of
i.e., bases) in phosphate buffer (50 mM, pH 7.4). 0—2.5 pM and eq 2, one obtai&y = 2.8 x 1012 M~ From
the emission lifetime) of PFBT in the absence of SDPMF
(to ~ 0.5 ns) and using the relationship fidgy in a dynamic
processKsv = Kq70), One obtains an estimate for the bimolecular
quenching constank§) of ~5 x 10%1 (M s)%, which is far too
large for a collisional process. Th&y for PFBT/SDPMF is 4
orders of magnitude larger than those observed when micro-
molar concentrations of cationic popyphenylene) and poly-
(arylene ethynylene) polymers are quenched by anionic inor-
ganic complexed*3%and anionic naphthalene diimidésand
is even greater than the reported quenching of cationic poly-
(fluorene)s by gold nanoparticlés.
That theKgsy for the emission quenching of PFBT by SDPMF
is too large for a collisional process allows us to infer the
TTG ACT ATG TGG GTG CT-3 All spectral measurements  formation of ground state complexes. The magnitud&gf
were done in a sodium phosphate buffer solution, unless reflects a combination of effects: (a) a highly efficient photo-
otherwise indicated. SDPMF displays a featureless monotonicinduced electron transfer from photoexcited PFBT (electron
absorption curve and a very weak and broad PL spectrum indonor) to Go (electron acceptor), (b) exciton migration among
the 406-700 nm range, with a quantum yield ef10~4.3° the PFBT optically active units, and (c) a large equilibrium
Equation $! describes how the FRET ratly) changes as  constant favoring PFBT/SDPMF aggregation. The PFBT/
a function of the donoracceptor distance’), the orientation SDPMF Stern-Volmer plots deviate downward from linearity
factor (), and the overlap integral(1)), which expresses the ~ when [SDPMF]> 2.5 x 102 M. Such behavior is in contrast
spectral overlap between the donor emission and the acceptoto previously observed upward curvatures in other conjugated
absorptior?? polyelectrolyte/quencher systems where a crossover from static
guenching to sphere of action quenching mechanisms has been
ke O 1 KZJ(/I) 1) proposed® The point of departure from linear behavior depends
e on experimental conditions and, most importantly, on the initial
[PFBT]. The end result is that tHésy values show substantial
As shown in Figure 1, the overlap between the emission of variations, as they are determined from a fairly narrow
PFBT and the absorbance of Cy5 in the 4820 nm range concentration range at the initial stages of quenching by SDPMF.
satisfies theJ(1) requirement in eq 1. However, the emission Variations in quenching are also expected on the basis of the
band of PFBT is much broader than that of Cy5, resulting in internal composition of ground state complexes containing
overlap in the range of 626840 nm. From these considerations conjugated polyelectrolyte8. However, when one looks at the
we anticipated an allowed FRET process that would lead to magnitude of the calculateldsy values, they unambiguously
difficulties in the deconvolution of signals from the donor and indicate very efficient quenching.
acceptor components. Debye-Hiickel theory® predicts that the Debye screening
Before examining in detail the FRET characteristics of the length decreases at high ionic strengths so that complexation
PFBT/Cy5 system, we probed the fluorescence quenchingby electrostatic attraction is less favorablé® For the PFBT/
abilities of SDPMF. As shown in Figure 2a, the addition of SPDMF system, the association constant would decrease under
SDPMF to solutions of PFBT ([RUE 3.2 x 1076 M, where circumstances where electrostatic attraction between the op-
RU corresponds to the repeat unit of the polymer) results in a positely charged groups provides at least part of the aggregation
progressive decrease in the PL intensity. These PL spectra weralriving force. To probe this issue, Sterl'olmer plots for the
measured after 5 min of mixing. There are no further changes emission quenching of PFBT ([RU¥ 3.2 x 10°% M) with

Scheme 1. Molecular Structures of PFBT and SDPMF
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Figure 2. Addition of SDPMF results in effective quenching of the PFBT emission. (a) PL spectra of PFBT fRB x 1078 M, dexc = 330
nm) as a function of [SDPMF]: 0, 3.% 10713 6.2 x 10725 9.4 x 10713 1.2x 10%, 1.9x 1013 25x 10!, 5.0x 1012 6.2 x 1012 9.3
x 10712, 1.2 x 107, 1.9 x 107, and 2.5x 107! M. (b) Stern-Volmer plot for [SDPMF]= 0—2.5 x 10*2 M; inset shows the linear regime
from which Ksy is calculated.
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. " . Figure 4. Decrease of the PFBT emission intensi RY]3.2
Figure 3. Addition of ssDNA-CyS5 results in the appearance of Cy5 1(ng M, Aexc= 330 nm) upon addition of SSDNA 0 1% >(<[ 10r]10 3%4
emission at expense of the PFBT emission. PL spectra of PFBT ([RU] | "10-10 & 1 x 10-10 6.9 x 10-2° and 8.6x 10-1 M. '

= 3.2 x 107°® M, dexc = 330 nm) after addition of sSDNA-Cy5 in the
concentrations of 0, 1.¥ 10719, 3.4x 10719 5.1x 10719 6.9x 1071, . .
and 8.6x 10712 M. The PL spectrum of the final solution upon direct ~ transfer is preferre¢f Figure 3 shows a decrease of the PFBT

Cy5 excitation at 640 nm is shown as the lowest intensity spectrum emission as sSSDNACY5 is added. The rise of the Cy5 emission
from ~655 to 840 nm. is also observed, initially as a shoulder on the stronger and
broader PFBT band and then as a more clearly defined band at
SDPMF were carried out in sodium phosphate buffer, except 672 nm. Once 8.6« 10-1° M of ssDNA-Cy5 is added, further
that an additional 0.075 M of NaCl was added. These conditions additions result in no additional increase. The drop in the
led to aKsy value of~1.1 x 10"*M™, i.e., a reduction of-2 residual PFBT emission at 672 nm thus compensates increases
orders of magnitude compared to that obtained under the iy Cy5 emission. Figure 3 also shows that the emission obtained
conditions in Figure 2. The decrease in quenching efficiency from a solution of PEBT and ssDNACy5 when [ssDNA-Cy5]
by the presence of the additional NaCl indicates that the = g « 1010 M upon direct excitation of Cy5 at 640 nm is
complexation between PFBT and SDPMF is mediated to a pegligible. The strong Cy5 emission observed only when PFBT
significant extent by electrostatic attraction between the two js excited is thus a direct consequence of excitation transfer via
partners. Hydrophobic effects also are likely to contribute to FRET and the larger optical density of PFBT.
the association constant, as shown for previous conjugated \hen looking at Figure 3, one observes that the emission of
polyelectrolyte materialé! Cy5 at the saturation point is considerably weaker than the initial
FRET to ssDNA-Cy5 from PFBT Prequenched with PFBT emission. Since the fluorescence quantum efficiency of
SDPMF. A series of experiments were performed to study how PFBT (7%) is much lower than that of Cy5 (21%), at least when
SDPMF quenching influences the energy transfer efficiency one measures the performance of these chromophores prior to
from PFBT to ssDNA-Cy5. We first examined the changes in PFBT/ssDNA-Cy5 complexation, not all of the initial excitations
PL spectra of PFBT as a function of [sSDN&Y5] (in terms on PFBT are transferred to Cy5 via FRET. Another process
of bases), and the results are shown in Figure 3. The generalmust therefore be present. To dissect the different optical
mechanism involves electrostatic complexation between the processes involved in PFBT/ssDN&Y5 complexation, per-
oppositely charged polyelectrolytes, which brings together the turbations of PFBT emission bynlabeled sSDNA were
optically active PFBT and Cy5 units into close proximity and examined by looking at the PL spectra upon addition of SSpNA
satisfies the distance requirement for FRET in eq 1. While the (5-CAG CTT GAC T-3). As shown in Figure 4, the PL of
association is similar to that between PFBT and SDPMF, the PFBT decreases upon the addition of ssDNiam 0 to 8.6x
difference in orbital energy levels of the two acceptors leads to 1071° M (in terms of bases). When 86 10-1° M of ssDNA,
different events. For Cy5 one would anticipate FRET, whereas is added, one observes80% quenching of the original
for the more electron-deficient SDPMF, photoinduced electron emission. Although the length of ssDNAs shorter than that

480 540 600 660 720 780 840
Wavelength (nm)
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1.2e+5 to differentiate complementary and noncomplentary ssDNA by
exciting the polymer and measuring the reporter fluorophore
1.0e45 emission.
2 oo The general procedure described above was implemented
s using a Cy5-labeled PNA probe (PNA-Cy5, Cy5-NBO-CCG
E soend TGC CCA GTG AG, where “O0” refers to an 8-amino-3,6-
2 dioxooctanoic acid linker) and PFBT with and without SDMF.
% 4.0e+4 Conditions included the use of 5% 1-methylpyrrolidinone in
o phosphate buffer to reduce nonspecific hydrophobic interac-
20e+4 tions1? Complementary (ssDNA 5-TAC GCT GCA GTC
CTC GCT CAC TGG GCA CGG-3) and noncomplementary
0.0 L . : (ssDNA\c, 5-CAG CTT GAC TCA GCT TGA CTC AGC
480 540 600 660 720 780 840 TTG ACT-3) ssDNAs (5.0x 108 M) were mixed with PNA-
Wavelength (nm) Cy5 (7.1 x 107 M) in phosphate buffer and shaken for 30

Figure 5. Emergence of the Cy5 emission is more clearly observed min at room temperature. The resulting solutions were subse-
when the emission of PFBT is prequenched by SDPMF. PL spectra of quently added to a solution of PFBT or PFBT prequenched with

PFBT ([RU] = 3.2 x 1076 M, dexc = 330 nm) with 2.5x 10-11 M of
SDPMF after addition of ssDNA-Cy5 in the concentrations of 0, 1.7
x 10710, 3.4 x 10719 6.9 x 10710 1.0 x 1079, 1.7 x 1079, 2.3 x
109,5.8x 107%9.0x 10°1.3x 108 1.9x 1078 2.6 x 1078 3.6
x 1078 53x 108 7.0x 108 8.7x 108 1.0x 1077, 1.2x 107,

SDPMF, and the PL spectra were measured.

Figure 6a shows the PL spectra obtained from a PFBT
solution upon addition of PNA-Cy5- ssDNAyc. That no Cy5
emission is observed indicates the absence of FRET, consistent

7 7 7 7 7
1.4 107, 1.5 107, 1.7x 107, 1.9> 107, and 2.1x 107" M. with the proposed mechanism of the assay and provides a good

control experiment for testing complementary ssQNAhe
decrease of PFBT emission in Figure 6a is similar to that shown
in Figure 4 and is attributed to the quenching by ssRNA
Emission from Cy5 upon excitation of PFBT is observed when
hybridized PNA-Cy5/ssDNAis added, as shown in Figure 6b.
However, the main perturbation is the drastic decrease in PFBT
emission.

of ssDNA, it is unambiguous that complexation with PFBT
leads to a reduction of emission efficiency. Thus, the decrease
of PFBT emission in Figure 3 is a combination of FRET to
Cy5 and a quenching process that is intrinsic to its complexation
with ssDNA. The mechanism of the latter is likely due to self-
quenching upon close association of polymer chains in the

PFBT/ssDNA aggregate and possibly photoinduced electron . A .
transfer to the g%%ni%e basdésfé’ Oy P nau Figure 6¢ shows that there are no significant changes in the

; . : PL spectra when a solution of PNA-Cy5 ssDNA\c is added

Figure 5 shows the changes in the PL spectra obtained when . ) S
ssDNA-Cy5 is added to a solution of PFBT previously treated to PFBT pretreatec_;l with SDPMF' The PFBT'SPDMF stoichi-
with SDPMF. The initial conditions were chosen so that the °Metry of th? starting solution was chose'n. o yield a decrease
PFBT emission is essentially quenched. There is a clear of PFBT emission by a factor Of.?’oo' Add_|t|o_n of sSDNAc
emergence of Cy5 emission as ssDABY5 is added. In contrast cannot further decrease the residual emission. It appears that
to Figure 3, there are no variations in the intensity from the any dlsplacen)enF of SDPMF by ssDINé\exc.hang.es quenching
residual PFBT band. Moreover, the concentration rangex1.7 agents, resulting in no noticeable perturbations in the PL spectra,
1090-2.1 x 10-7 M) of added sSDNACy5 responsive to although the exact details are not fully understood at this stage.

sensitization via FRET with the prequenched PFBT solution When a solution containing hybridized PNA-Cy5/ssDN

extends beyond that which can be probed with a pristine PFBT added (Figure 6d), the spectral response behaves as in Figure
solution (1.7x 10-19-8.6 x 10-10 M). However, the net Cy5 5, where Cy5 emission emerges from the PFBT background. It

i e = is likely that this emission is a result of SDPMF displacement
emission intensities in the presence of SDPMF at similar IS y thatt .
ssDNA-Cy5 concentrations are lower. For example, the Cy5 from the vicinity of PFBT by the negatively charged PNA-CyS/
emission intensity with [sSDNACy5] = 6.9 x 10-0M is ~5 ssDNA duplex. Comparison of parts b and d of Figure 6

times weaker than that obtained with a pristine PFBT solution. g'gg;\%gts the gdvantage of _pr_etreatin% tge solutiog I;Allilg]T
This decrease in intensity is likely a combination of quenching - One observes no variations in the backgroun

of PFBT by SDPMF prior to FRET and possible direct emission and_a better defined emergence of thg reporter dye.

quenching of Cy5 by SDPMF. From a practical perspective, the S|gna}l at 672 inoreases
Applications of SDPMF Quenched PFBT in ssDNA when the target str_and is present, a_con5|derable advant_age when

Detection Protocols.In previous worki2 a ssDNA sensory compared to situations where the signal fluctuates considerably.

process was developed that comprises two components: (a) % onclusions

light-harvesting cationic conjugated polyelectrolyte and (b) a

probe oligonucleotide consisting of a PNA labeled with a  Highly effective quenching of PFBT emission can be achieved
reporter fluorophore. Addition to the solution of ssSDNA of a by addition of the anionic fullerene derivative SDPMF. Indeed,
sequence complementary to the PNA strand yields the duplexStern-Volmer analysis indicates that the quenching efficiency
structure. Electrostatic interactions bring the conjugated poly- is among the highest observed with conjugated polyelectrolytes.
electrolyte into close proximity to the negatively charged PNA/ The mechanism of quenching is likely via a photoinduced
ssDNA duplex, resulting in FRET from the polymer to the electron transfer in ground state complexes in which electrostatic
signaling chromophore. When a nontarget polynucleotide is interactions play an important role in determining the association
added, complexation between the cationic polymer and the probeconstant. Addition of unlabeled ssDNA causes a significant
PNA does not occur. Under these circumstances the signalingquenching of PFBT emission, probably as a result of self-
dye remains bound to a neutral macromolecule; there is noquenching and charge transfer to the guanines bases. When
electrostatic binding of the fluorophore-tagged PNA to the ssDNA-Cy5 is added to PFBT, one observes a combination of
conjugated polyelectrolyte, and the average distance betweereffects: quenching of PFBT and FRET to Cy5. The end result
the optical partners is too large for effective FRET. It is possible is as in Figure 3, where large fluctuations in spectral response
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Figure 6. Prequenching with SDPMF results no variation of the donor emission and a better defined emergence of the acceptor Cy5 emission. PL
spectra fexc = 330 nm) of PFBT solutions (3.2 107% M) (a and b) and PFBT solutions prequenched by2.50-'* M of SDPMF (c and d) upon

addition of PNA-Cy5/ssDNA (3.5 x 107° M/2.5 x 1071°M in term of bases) (b and d) and PNA-Cy5ssDNA\c (3.5 x 107° M/2.5 x 10710

M in term of bases) (a and c).

are observed. A significant simplification of the spectral sium phosphate/sodium hydroxide buffer solution (50 mM, pH 7.4)
response occurs when ssDNA-Cy5 is added to PFBT pre- purchased from Fisher Scientific Co., unless otherwise described.
quenched with SDPMF, as shown in Figure 5. There is a more Measurements. Fluorescence spectra were recorded on PTI
clear observation of Cy5 emission under these conditions, and(South Brunswick, NJ) Quantum Master fluorometer equipped with

; ; lamp light sources and a Hamamatsu (Middlesex, NJ)
the spectra are responsive to a larger ssDNA-Cy5 concentration®, X€non lam '
range. A disadvantage is the loss in net PL intensity. photomultiplier tube. The PL spectra of PFBT were measured from

: . . 480 to 840 nm with the excitation of 330 nm, employing a 385 nm
The observations described above open the opportunity for cytoff filter to filter out the overtone of excitation light. The BV
controlling complexation events by electrostatic interactions to vis absorption spectra were performed on a Shimadzu UV-2401
simplify the optical output in ssSDNA-specific assays based on UV —vis spectrometer to calibrate the concentrations of ssDNA and
conjugated polyelectrolytes. Treating PFBT/SDPMF solutions PFBT.

with PNA-Cy5/ssDNAc leads to no perturbations in the PL

response, in contrast to the situation where only PFBT is used. Acknowledgment. We thank Dr. J. W. Hong for experi-
Comparison of the results upon addition of PNA-Cy5/ssRNA ~mental assistance. Financial support from the Institute for
duplex shows that the signals of the assay are more easilyCollaborative Biotechnologies and the NSF (DMR 0606414)
interpreted with SDPMF-quenched PFBT. Thus, the control of IS greatly appreciated.
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