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Methods for real time, highly selective and sensitive polynucleotide detection are of vast scientific and
economic importance. Fluorescence resonance energy transfer (FRET)-based assays which take advantage
of the collective response of water-soluble conjugated polymers (CPs) and the self-assembly characteristic
of aqueous polyelectrolytes have been widely used for the detection of DNA, RNA, protein and small
molecules. The detection sensitivity of CP-based biosensor is dependent on the signal amplification of dye
emission upon excitation of CP relative to that upon direct excitation of the dye. Using cationic polyfluorene
derivatives and chromophore (fluorescein or Texas Red) labeled single-stranded DNA molecules (ssDNA-
C*) as donor/acceptor pairs, we show that in addition to the spectral overlap, orientation and distance
between the donor and the acceptor, the energy levels and fluorescence quenching of the donor/acceptor
within the polymer/DNA-C* complexes are also important factors that affect the signal output of dye

emission.
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1. Introduction (Wang, 2000). Effective DNA-sensing requires selectivity, to
identify single-nucleotide polymorphism (SNP), and sensitivity, to
provide information from the small quantities of naturally occur-
ring DNAs. Many DNA detection assays have been developed using
different principles (Cardullo et al., 1988; Dubertret et al., 2001),
such as fluorescence (Sutherland and Mulley, 1989; Chan and Nie,
1998; Bruchez et al., 1998), electrochemical (Boon et al., 2000;
Fan et al,, 2003), microgravimetric (Mannelli et al., 2003), enzy-
matic (Patolsky et al., 2001), electroluminescence (Avouris and

Methods for DNA detection are under intense investigations
due to their vital applications, which include clinical diagno-
sis, environmental monitoring, forensic analysis and antiterrorism
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Chen, 2006), and recently nanostructure based methods (Nametal.,
2003; Seferos et al., 2007). In general, the detection is constrained
or limited by the levels of targets available in a particular sample.
One has to rely on enzymatic sample replication (polymerase chain
reaction)to increase the concentration of specific nucleic sequences
to detectable levels or turn to complex labeling steps (dye multi-
plicity) or enhanced optical (or instrumentation) systems (Nuovo,
2000). Such remedies are often reagent and instrumentation inten-
sive, inciting high levels of complexity and cost.

Conjugated polymers (CPs) form the basis of new platforms
for the trace detection of analytes in a variety of environments
(Swager, 1998; Leclerc, 1999; Chen et al., 1999; McQuade et al.,
2000; Nilsson and Ingands, 2003; Liu et al., 2003a; Kim et al.,
2004; Pinto and Schanze, 2004; Herland and Ingands, 2007).
Their delocalized electronic structure allows for electronic cou-
pling between optoelectronic segments and efficient intrachain
and interchain energy transfer (Nguyen et al., 2000; Thomas et
al., 2007). Important properties, such as charge transport (Korri et
al., 1997), conductivity (Bauerle and Emge, 1998), emission inten-
sity (Chen et al., 1999), and exciton migration (Lee and Swager,
2004) are easily perturbed by external agents, leading to sub-
stantial changes in measurable signals (Swager, 1998). CP-based
sensors are sensitive to minor perturbations, due to amplification
by the collective response, and therefore offer advantages when
compared with small molecule counterparts (Zhou and Swager,
1995). Introduction of ionic functional groups into conjugated poly-
mers leads to conjugated polyelectrolytes (CPEs), which combine
the optoelectronic properties of conjugated polymers with the
charge-mediated behaviors of polyelectrolytes (Pinto and Schanze,
2002). Electrochemical and optical DNA sensors based on con-
jugated polymers (CPs, such as poly(pyrrole), poly(thiophene),
poly(phenylenevinylene), etc.) have been reported (Chen et al.,
1999; McQuade et al., 2000; Ewbank et al., 2001; Ho and Leclerc,
2004).

Areliable method for DNA detection based on fluorescence res-
onance energy transfer (FRET) from a cationic-conjugated polymer
(CCP) to a signaling chromophore recently emerged (Gaylord et al.,
2002, 2003; Liu and Bazan, 2004a). The assay comprises two ingre-
dients: (a) a light harvesting CCP and (b) a probe oligonucleotide
attached by a luminescent signaling chromophore (C*). Emission
of light characteristic of the signaling C*, upon excitation of the
CCP, indicates the presence of the target oligonucleotide. Trans-
duction by electrostatic interactions induced energy transfer is an
essential component of the general strategy. In one approach, a
fluorescein (Fl) tagged peptide nucleic acid (PNA) sequence was
used as the probe (Gaylord et al., 2002). Hybridization of the neu-
tral PNA-Fl to the complementary single-stranded DNA (ssDNA)
results in duplex formation and the incorporation of Fl onto a
macromolecule with net negative charges. Electrostatic attraction
between the duplex and CCP brings the dye sufficiently close to
the CCP to favor FRET. In the presence of a non-complementary
DNA, hybridization does not occur and the CP binds preferentially
to ssDNA. One determines whether the target strand is comple-
mentary to the PNA probe by monitoring the Fl emission upon CCP
excitation. When chromophore-labeled ssDNA (ssDNA-C*) is used
as the singling probe instead of PNA-Fl, Coulombic screening by the
non-complementary ssDNA is insufficient, which results in some
Fl emission in the presence of a non-complementary sequence
(Gaylord et al., 2003). However, the ssDNA-C* and CCP system,
due to its simplicity, has been widely utilized to investigate of
the factors that affect FRET (Bazan, 2007; Liu and Bazan, 2004a,
2006Db).

The detection sensitivity of CCP-based biosensor is dependent
on the signal amplification of C* emission upon excitation of CCP
relative to that upon direct excitation of C* (Liu and Bazan, 2004a,

2005). Amplification factor is defined as the intensity ratio of the
saturated CCP-sensitized C* emission to the intrinsic C* emission
in the absence of CCP. Efficient FRET from CCP to C* is a prerequisite
for high signal amplification. Eq. (1) describes the calculation of
FRET rate (Kgrer) (FOrster, 1948):
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where rp, is the donor/acceptor distance, p is the lifetime of donor
in the absence of acceptor, and Ry is known as the Forster distance.
Qp is the quantum yield of the donor in the absence of acceptor,
N is Avogadro’s number, n is the refractive index of the medium,
and k is the orientation factor. The overlap integral, J(1), expresses
the degree of spectral overlap between the donor emission, Fp(A),
and the absorption of acceptor, e5(A). The Forster equation is valid
for ideal FRET processes where the donor and acceptor have well
matched energy levels (Halls et al., 1999). When the energy levels
of the acceptor are not contained within the orbital energies of the
donor, photoinduced charge transfer (PCT), a competing process to
FRET, is likely to occur. This could result in low acceptor emission
and a deviation from the Forster equation (Brédas et al., 2004).

Electrostatic attractions between positively charged CCP and
negatively charged phosphate groups in DNA-C* play an impor-
tant role in bringing CCP and DNA-C* into close proximity to
meet the FRET distance requirement (Gaylord et al., 2002; Xu
et al., 2004). Different from ideal FRET systems where the dis-
tance between the donor and the acceptor is fixed, the distance
between CCP and C* varies due to the dynamic complex structures
of CCP/DNA-C*. Within CCP/DNA-C* complexes, there are cross-
interaction between CCP and C* and self-interaction among C*
or CCPs (Liu and Bazan, 2006b). Close association between CCP
and DNA-C" favors FRET; whereas, self-interaction among CCPs
leads to polymer aggregation, which reduces the polymer quantum
yield in solution. Self-interaction among C* causes dye fluorescence
quenching, ultimately leading to reduced signal amplification. To
achieve high C* emission, it is thus necessary to optimize the FRET
conditions, such as to increase the donor quantum yield, to improve
the spectral overlap and orientation and to shorten the distance
between donor/acceptor pairs. In addition, it is also important to
select donor/acceptor pairs with well-matched energy levels and
to develop strategies that could solve the fluorescence quenching
of CCP or C* upon CCP/DNA-C* complex formation.

To improve the detection sensitivity of CCP-based DNA sensors,
initial efforts were made towards optimization of various parame-
ters shown in the Forster equation, which are summarized in our
previous review (Liu and Bazan, 2004a). We have shown that both
the polymer backbone structure and the side chain length affect
the FRET efficiency (Liu et al., 2003a,b). Improved signal amplifi-
cation has been demonstrated with shape-adaptable CCP where
increased conformational freedom and improved registry with the
analyte shape favors more efficient FRET relative to its linear coun-
terparts (Liu et al., 2003b). Improved spectral overlap between a
dual color polymer and a fluorescent dye is also reported to show
improved signal amplification (Liu and Bazan, 2004b).

In this contribution, we review our recent efforts (after the
previous review) in optimizing the CCP-sensitized signaling C*
emission. Based on the understanding of donor/acceptor inter-
actions within CCP/ssDNA-C* complexes, we developed different
strategies from both materials and assay points of view in order
to achieve a high signal output of C* emission. The strategies used
for the materials include (1) optimizing molecular orbital energy
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Scheme 1. Chemical structures of the CCPs, 1-4.

levels (Liu and Bazan, 2006b), (2) reducing charge density (Pu et
al., 2008a), (3) varying molecular architectures (Liu et al., 2007),
and (4) adopting oligomeric approach (Liu and Dishari, 2008). The
strategies used for the modification of assays include introducing
(1) co-solvent (Liu and Bazan, 2007), (2) acceptor dilution (Liu and
Bazan, 2006b), (3) surfactant (Pu et al., 2008b), and (4) nanoparticle
(Wang and Liu, 2007).

1.1. Donor chemical structures

As energy donors, the physical properties of CCPs have a high
impact on FRET efficiency (Liu and Bazan, 2004a). Development
of different CCPs for high signal amplification of CCP-based DNA
biosensors is of particular interest. For all CCPs involved in this
review, a two-step synthetic strategy is used, which involves the
synthesis of a neutral polymer, followed by post-polymerization
(Liu and Bazan, 2004a, 2005, 2006a, 2007). The neutral conju-
gated polymers are obtained from the Suzuki polymerization of
a dioxaborolane-substituted monomer and a dibromo-substituted
monomer. Treatment of the neutral polymers with trimethylamine
in THF/water gives the CCPs.

1.1.1. Molecular orbital energy levels

In view of inherent optoelectronic properties of CCP, PCT is
one of the most detrimental processes for FRET (Brédas et al.,
2004). The competition between FRET and PCT is determined
by the energy level alignment between CCP and C*. A series of
cationic poly(fluorene-co-phenylene) (PFP) derivatives (1, 2, 3 and
4, chemical structures shown in Scheme 1) was synthesized to
investigate the effect of donor/acceptor energy levels on energy
transfer(Liu and Bazan, 2006b). Fluorescein-(Fl) or Texas Red-(TR)
labeled ssDNA; (sequence: 5-ATC TTG ACT ATG TGG GTG CT-
3’) were chosen as the energy acceptor. The emission spectra of
1, 2, 3 and 4 are similar, which have emission maxima at 415,
410, 414 and 410 nm, respectively. The normalized emission spec-
trum of PFP (1), and the absorption spectra of F1 and TR are
shown in Fig. 1. The overlap between the emission of 1-4 and
the absorption of F1 or TR is thus similar. The electrochemical
properties of 1-4 were determined by cyclic voltammetry exper-
iments. The calculated HOMO and LUMO levels are (—5.6 and
-2.8eV)for1,(-5.4and 2.6eV)for 2,(-5.8 and —2.7 eV) for 3, and
(5.4 and —2.6eV) for 4, respectively. Fluorine substitution low-
ers the energy levels by ~0.2 eV, while the methoxy groups raise
the levels by ~0.2 eV, relative to those of 1. The LUMO energy of
Fl (-3.6eV) is contained within the band gap of polymers 1-4.
However, the HOMO energy of Fl (-5.9eV) is lower than that
of 1 (-5.6eV), 2 (-5.4eV) and 4 (-5.4eV). As a consequence,
PCT process could occur between 1, 2 or 4, and Fl, and to less
extend between 3 and Fl. The HOMO energy of TR (—5.4eV) is
higher than that of 1 and 3 and is close to that of 2. From the
HOMO-LUMO energy level point of view, TR matches 1-4 better
than F1.
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Fig. 1. The normalized emission spectrum of 1, and the absorption spectra of F1 and
TR.

FRET experiments between 1-3 and ssDNA;-F1 or ssDNA;-TR
were performed by monitoring dye emission upon excitation of 1
(385nm), 2 (365nm), and 3 (365 nm). The results are shown in
Fig. S1 (in the Supporting Information). The polymer concentra-
tions were based on polymer repeat unit (RU). The most intense
Fl emission was observed for 3/ssDNA-Fl, which is approximately
twofold more intense than that for 1/ssDNA;-Fl and is over an order
of magnitude higher than that for 2/ssDNA;-Fl. For 3/ssDNA;-Fl,
the integrated Fl emission is approximately fivefold greater than
that obtained by direct excitation of Fl at its absorption maximum
(495 nm) in the absence of 3. In contrast to the low F1 emission
for 2/ssDNA;-F1, TR emission from 2/ssDNA;-TR is much higher
(Fig. S1b). This is due to better-matched energy levels between 2
and TR than that for 2/F1. This study indicates the importance of
energy level alignment between the donor and acceptor in deter-
mining the CCP-sensitized dye emission.

1.1.2. Charge density

Apart from the electronic properties of CCP, the charge-
mediated complexation between CCP and DNA-C* was also found
to affect the polymer sensitized dye emission (Liu and Bazan,
2004a, 2006a). In this respect, the effect of charge density on
CCP-sensitized C* emission was investigated using three cationic
polyfluorene (PF) derivatives (5, 6 and 7 shown in Scheme 2) (Pu et
al,, 2008a,b). The facile functionality at fluorene C-9 position pro-
vides an opportunity to vary the side chains of cationic PFs without
substantially changing their optoelectronic properties. Based on the
previous study (Liu and Bazan, 2006b), ssDNA{-TR was chosen as
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Scheme 2. Chemical structures of the CCPs, 5-7.
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the signaling probe to minimize the interference of PCT process and
to facilitate the study of charge density effect.

The absorption and emission spectra of 5, 6 and 7 in water are
similar due to the same electronic backbone structure. The emis-
sion maxima for 5, 6, and 7 are 426, 421 and 426 nm, respectively.
Similar overlap between the polymer emission and TR absorption
is present. Polymers 5, 6, and 7 have similar quantum yields in
water, which were measured to be 0.46, 0.50, and 0.50, respec-
tively. Energy transfer studies between 5-7 and ssDNA;-TR were
conducted in water at fixed [sSDNA;-TR]=2 x 10-8 M (based on
strands) with ¢ (¢ is the ratio of polymer positive charges rel-
ative to ssDNA negative charges) ranging from O to 1.05. The
largest difference in TR emission intensity for 5/ssDNA;-TR rel-
ative to 6/ssDNA;-TR and 7/ssDNA;{-TR is observed at ¢=1.05
where [RU]=2.1 x 107 M. The corresponding emission spectra of
CCP/ssDNA;-TR upon excitation of CCP at 385nm at ¢=1.05 are
shown in Fig. S2 (in the Supporting Information). It can be seen
that the sensitized TR emission from 7/ssDNA+-TR is 2.3-fold more
intense than that for 5/ssDNA;-TR, and is 3.6-fold more intense
than that for 6/ssDNA;-TR. Detailed study of the TR fluorescence
quenching upon ssDNA{-TR/CCP complex formation reveals that
the fluorescence quenching of TR emission is the lowest for ssDNA1 -
TR/7. The origin of reduced TR fluorescence quenching is due to
the increased TR-TR distance within the 7/ssDNA-TR complexes.
These data highlight that reduction of the CCP charge density can
lead to increased CCP-sensitized C* emission mainly as a result
of the reduced C* fluorescence quenching within the CCP/DNA-C*
complexes.

1.1.3. Architecture effect

According to the Forster equation, a large orientation factor
(k) is beneficial for high FRET efficiency. A water-soluble cationic
tetrahedral molecule 9 was synthesized together with its arm
molecule 8 (Scheme 3) (Liu et al., 2007). Molecules 8 and 9 have
emission maxima at 400 and 408 nm, respectively. Good overlap
between the emission of 8 and 9 with the absorption of F1 is
observed. FRET measurements were carried out at fixed [dsDNA-
FI]=2 x 10-3 M (dsDNA-Fl was obtained by hybridization of the
ssDNA; -Fl with ssDNA;: 5'-AGC ACC CAC ATA GTC AAG AT-3'), with
the fluorene unit (FU) concentration varying from 0 to 1.2 x 10~6 M.
Fig. S3 (in the supporting information) compares the Fl emission
from 1/dsDNA-Fl and 8/dsDNA-FIl, 9/dsDNA-FI upon excitation 1
and 9 at 358 nm, and 8 at 343 nm. Under the same [FU], 9 provides
the highest Fl emission intensity. The amplification factor of F1 by 9
is 5.5, whichis 2.2-fold larger than that by 1(2.5). This improvement
should arise from the fact that 9 provides for multiple-transition
dipole moment orientations relative to the linear counterpart poly-
mer 1.

Fig.S4 (in the Supporting Information) shows the comparison of
FRET between 1 and 9 to dsDNA-F1 and ssDNA;-F1 at [ssDNA;-FI
or dsDNA-F1]=2.0 x 10-8 M at [FU]=1.2 x 10~6 M. The integrated Fl
emission from 9/dsDNA-FI is over twofold more intense than that
from 9/ssDNA;-Fl, and there is no significant difference observed
between 1/ssDNA;-F1 and 1/dsDNA-F1. These results indicate that
9 has shown improved selectivity between dsDNA and ssDNA as
compared to 1.

1.1.4. Oligomeric approach

Molecules 10-13 (Scheme 4) were designed to understand how
the donor sensitized ssDNA-C* emission varying with the num-
ber of monomer repeat units (Liu and Dishari, 2008). The emission
maxima for 10, 11, 12, and 13 are 392, 404, 410, and 412 nm, respec-
tively. FRET experiments were conducted using 10-13 as the donor
and dsDNA-FI as the acceptor. The results were compared with the
counterpart polymer 5. There was an increase in Fl emission upon

@ ©
R = (CHy)sNMesBr

Scheme 3. Chemical structures of 8 and 9.

addition of all the donors to dsDNA-FI ([dsDNA;-Fl]=1 x 10-8 M)
when [FU] was in the range of 0 to 4 x 107 M. Within the tested
donor concentration range, the most intense donor sensitized Fl
emission was observed for 13, and the lowest was observed for
5. The intensity of donor-sensitized Fl signal follows the following
trend: 13>12>11~10>5.

Based on more efficient energy transfer between 13 and dsDNA-
Fl, 13 was used as a representative oligomer in an energy transfer
assay for DNA hybridization detection. A comparison of the solution
spectra for energy transfer from 13 and 5 to dsDNA-FI and ssDNA; -
Flis shown in Fig. S5 (in the Supporting Information). In this figure,
the emission spectra are normalized with respect to the residual
emission of each donor. At [dsDNA-FI or ssDNA;-Fl]=1.0 x 10-8 M
and [FU]=3 x 10~7 M, more intense donor sensitized Fl emission
was observed for 13 to both dsDNA-FI and ssDNA; -Fl, as compared
to that for 5. The Fl emission intensity from 13/dsDNA-FI was over
twice more intense than that from 13/ssDNA; -Fl. Under similar con-
ditions, much less difference in Fl emission intensity was observed
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Scheme 4. Chemical structures of the oligomers 10-13.
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for 5/dsDNA-Fl and 5/ssDNA{ -Fl upon excitation of 5 at 411 nm. This
study indicates that well-defined oligomers could serve as more
efficient energy donors to enhance both sensitivity and selectivity
of polymer-based fluorescent DNA assays.

1.2. Optimization of conditions for assay operation

Although modification of the donor molecules improves the sig-
nal amplification, materials synthesis is always time-consuming,
laborious and at high cost. In addition, it is difficult to incorpo-
rate all the desired properties within a single donor molecule. As a
consequence, some of our efforts were made to optimize the assay
operation conditions. Co-solvent (Liu and Bazan, 2007), acceptor
dilution (Liu and Bazan, 2006b), surfactant (Pu et al., 2008a,b) and
nanoparticles (Wang and Liu, 2007) were used to modify the inter-
nal interactions within CCP/DNA-C* complexes, relied on which
different extent of improvement in donor sensitized signal dye
emission has been accomplished.

1.2.1. Co-solvent

Both CCP and DNA-C* are amphiphilic molecules (Pinto and
Schanze, 2002; Liu and Bazan, 2004a). The hydrophobic inter-
actions also participate in the CCP/DNA-C* complexation in
conjugation with electrostatic attractions (Liu et al., 2003a).
Thereby, introduction of water-miscible organic solvents into CCP-
based DNA assay affects the donor/acceptor interactions within the
CCP/DNA-C* complexes. The organic solvent/buffer mixture also
disfavors PCT due to the decreased dielectric constant of the sol-
vent mixture as compared to that for buffer (Brédas et al., 2004).
On the basis of these considerations, 4 and ssDNA;-F1 are chosen
as the donor and accepter, respectively, and THF is chosen as the co-
solvent (Liu and Bazan, 2007). Since the HOMO (—5.4 eV) and LUMO
(—2.6eV) energy levels of 4 are higher than those of Fl (—5.9 and
—3.6eV), change transfer between 4 and F1 is possible. The absorp-
tion and emission spectra of 4 in aqueous buffer (25 mM sodium
phosphate, pH 7.4) and in a 50:50 (v/v) solution in THF/buffer are
similar. The spectral overlap between the emission of 4 and the
absorption of Fl in buffer is not significantly different from that in
THF/buffer.

FRET from 4 to ssDNA;-Fl was examined in buffer in the
absence and presence of THF. Measurements were made at fixed
[ssSDNA;-FI]=2 x 10-8 M and over a range of polymer concentra-
tions ([RU]=0-6 x 10~7 M). Fig. S6 (in the supporting information)
shows the Fl emission from 4/ssDNA;-Fl in buffer and THF/buffer
upon excitation of 4 ([RU]=6 x 10~7 M) at 363 nm. Considerably
more intense Fl emission was observed in the THF/buffer mixture
as compared to that in buffer, which resulted from the reduced
PCT and the weakened association between 4 and ssDNA;-F1 in
THF/buffer.

1.2.2. Dilution

Complexation between ssDNA-C* and CCP can lead to an
increase in the local ssDNA-C* concentration relative to the same
amount of ssDNA-C* in solution in the absence of CCP (Bazan,
2007; Liu and Bazan, 2004a). This causes C* fluorescence quench-
ing, ultimately giving rise to weak signal output. To reduce C*
fluorescence quenching within the complexes, dilution of ssDNA-
C* with unlabeled ssDNA of an identical nucleotide sequence has
been demonstrated to be effective (Liu and Bazan, 2006b).

For a typical dilution procedure [ssDNA;]=1.8 x 10-7 M was
used to dilute the solution of [sSDNA;-TR] =2 x 10~8 M. TR emission
was monitored upon direct excitation at 590 nm in the presence of
different amount of 1, 2, and 3 (shown in Fig. S7 in the Supporting
Information). F and Fy represent the TR emission intensity in the
presence and absence of CCP, respectively. There is virtually no

quenching observed for TR upon interaction with 3 under these
conditions, and there is only 15% loss of TR emission observed in
the presence of 1. Note that under similar conditions with [sSDNA; -
TR]=2 x 108 M in the absence of ssDNA;, addition of 1, 2 and 3
to ssDNA;-TR solution causes 70%, 80% and 60% decrease in TR
intensity, respectively. Comparison between these two sets of data
indicates that the TR fluorescence quenching upon complex forma-
tion is greatly reduced as a result of acceptor dilution.

FRET experiments were carried out under the optimum
condition where the ratio of [DNA-TR] to [DNA]=1:9. In
the presence of [3]=4x10"%M [ssDNA;{-TR]=2x10-8M and
[ssSDNA;]=1.8 x 10-7 M, the polymer sensitized TR emission is 18-
fold more intense than the intrinsic TR emission upon direct
excitation of TR in the absence of the polymer. Under the same con-
ditions, an amplification factor of 2 was obtained without acceptor
dilution. The net effect of dilution is thus a 9-fold increase in CCP-
sensitized TR emission intensity (upon excitation of 3).

1.2.3. Surfactant

On the basis of our previous report that C* quenching within
CCP/DNA-C* complexes is less severe in the presence of low charge
density polymers as compared to that with high charge density
polymers (Pu et al., 2008a), a new strategy is developed by using
surfactant to partially neutralize the charges of CCP (Pu et al,,
2008b). An anionic surfactant (sodium dodecyl sulphate, SDS) was
used to regulate the microenvironment of CCP and DNA-C*. FRET
experiments between 1 and ssDNA-TR in the absence and pres-
ence of SDS were conducted. The presence of SDS in solution affects
both the optical properties of 1 and TR within 1/ssDNA;-TR com-
plexes. The quantum yield of 1 decreases in the presence of SDS
([SDS] < 8.1 mM, CMC), which is detrimental for FRET. On the other
hand, SDS reduces TR fluorescence quenching, which is beneficial
for CCP-sensitized acceptor emission. This conflicting effect of SDS
on the FRET process improves signal output to an extent which
is dependent on SDS concentration. For [ssSDNA;{-TR] =2 x 10-8 M,
an amplification factor of 12 and 1.5 was obtained for TR in the
presence of 5uM SDS and in the absence of SDS, respectively.
The surfactant-enhanced CCP-sensitized dye emission reflects the
importance of reducing the accepter fluorescence quenching in
improving signal amplification.

1.2.4. Nanoparticle-assisted assays

Although the dye fluorescence quenching within CCP/DNA-C*
complexes could be adjusted through the introduction of co-
solvent, surfactant or acceptor dilution, to further reduce the
acceptor fluorescence quenching, we developed a nanoparticle
(NP)-based DNA assay (Scheme 5) (Wang and Liu, 2007). Poly-
mer 3 and ssDNA;-F1 were chosen as the donor molecule and
the signaling probe, respectively, based on their optimum energy
level alignment for FRET (Liu and Bazan, 2006b). The probe
(5’-NH3-ssDNA,) was first immobilized onto silica nanoparti-
cles (~400 probes/NP), which was followed by hybridization with
ssDNA;-F1 of varying concentrations. There was a linear increase
in the total number of ssDNA;-F1 molecules captured by each NP
when [ssDNA;-F1] was in a range of 0 to 3 wM, which was fol-
lowed by saturation at higher [ssDNA-F1]. From the fluorescence
change of ssDNA;-F1 solutions before and after hybridization and
removal of NPs, the number of ssDNA;-F1 strands captured by each
NP was calculated to be on the average ~7 + 1 for 0.18 WM, ~24 +2
for 0.75 M, and ~56 + 5 for 2.0 wM, respectively.

Upon excitation at 490 nm, the solution fluorescence increases
almost linearly from 7ssDNA-F1/NP to 56ssDNA-F1/NP, indicat-
ing that there is almost no Fl fluorescence quenching on the NP
surface. At a charge ratio (CCP/DNA probe and ssDNA;-F1, +/-) of
3.2, upon excitation of 3 at 370 nm, the Fl emission intensity is the
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Scheme 5. Scheme of a NP-assisted CCP-based DNA assay.

highest for CCP/56ssDNA-F1/NP, which is approximately 40% more
intense as compared to that for CCP/24ssDNA1-F1/NP and is about
4-fold greater than that for CCP/7DNA /NP. However, the amplifi-
cation factor increases from 40 for CCP/56ssDNA-F1/NP to 110 for
CCP/7ssDNA;-F1/NP. The F1 emission spectrum of 3/7DNA¢-FI/NP
upon excitation of 3 at 370 nm is shown in Fig. S8 (in the Sup-
porting Information). Direct excitation of the same amount of
Fl at 490 nm in the absence of 3 is also shown for comparison.
Under similar experimental conditions, a solution of free sSDNA;-
F1 with [Fl] the same as that of 7ssDNA;-F1/NP generated only
14-fold signal amplification. Monitoring Fl emission upon direct
excitation in the absence and presence of CCP showed no obvi-
ous intensity change observed for ssDNA;-F1/NP solutions, which
indicated that Fl quenching upon ssDNA;/CCP complex formation
is minimized with NP-based sensor design. The NP based assay
also provides the advantage to increase the local concentration of
donor units due to complexation between CCP and unhybridized
probes on the NP surface. This assay allows detection of tar-
get DNA with a limit concentration of 10 pM, using a standard
fluorometer.

2. Summary and conclusions

Our recent publications summarized in this review elucidate
that CCP/DNA-C* complexation strongly determines intermolecu-
lar distances and FRET efficiencies. To optimize the energy transfer
between CCPs and C*-labeled DNA, one first needs to consider the
donor/acceptor energy levels and the fluorescence behavior of the
donor or the acceptor within the CCP/DNA-C* complexes in addi-
tion to spectral overlap, orientation and distance between the donor
and the acceptor. Mismatched energy levels can lead to PCT, which
competes with the FRET process. This problem could be solved by
the introduction of functional groups on the polymer backbone to
fine-tune the HOMO and LUMO energy levels of the donor. With
the same electronic backbone structure, further improvement in
energy transfer can be accomplished by reducing the charge density
of CCPs. Comparison of the optical properties and sensing behaviors
between the oligomers and the corresponding polymer revealed
the advantage of oligomeric molecules over polymers for biosensor
applications. Moreover, oligomeric tetrahedral molecules provide
increased conformational freedom and improved registry with the
analyte shape, which favors more efficient FRET relative to its lin-
ear counterparts. On the other hand, small variations in the assay
operation conditions, such as the introduction of co-solvent, surfac-
tant or dilution of the acceptor, could also modify the interactions

between CCP and DNA-C* within the complexes, which yield high
polymer sensitized dye emission. Combination of the best polymer
3 with a nanoparticle-assisted assay leads to a signal amplification
factor of over 110. This strategy not only takes advantage of the
minimized C* fluorescence quenching, but also allows excess DNA
probes on the NP surface to capture CCPs to increase the local con-
centration of donor units and deliver excitations to C*. Relied on
the NP-assisted assay, the detection limit for DNA is 10 pM, using
a standard fluorometer. On the other hand, with poly(thiophene)
amplified dye signal, zeptomole sensitivity has been reported by
Leclerc et al. using a custom-made detection instrument (Ho et al.,
2005). Since the physiologically significant level of DNA concentra-
tion is reported to be in the femtomolar range (Ye and Ju, 2003),
we thus believe that conjugated polymer amplified assays could
be used directly for physiological samples. As compared to other
methods that have been used to improve fluorescent assay sen-
sitivity, such as using multiple-labeled probes (Yang et al., 2005),
dye-doped silica nanoparticle-based probes (Zhao et al., 2003), or
surface plasmon (Sabanayagam and Lakowicz, 2007), use of con-
jugated polymers does not require complicated labeling of probes
or specific instruments and should be applicable to many standard
fluorescent assays.

3. Future perspectives

From a practical perspective, the conjugated molecule behaves
as a light-harvesting antenna that can be used to amplify the emis-
sion intensities of diagnostic chromophores, which has superior
sensitivity as compared to single fluorophore assays. Fine-tuning of
donor/acceptor optical properties and optimization of assay opera-
tion conditions should lead to biosensors for real time applications.
Clear challenges include the syntheses of water-soluble conjugated
polymers with a large range of emission frequencies, high fluo-
rescence quantum yields, different charges, and specific molecular
architecture that more clearly differentiate the secondary and ter-
tiary structures of biomolecules. Designing new optical platforms
will require perfect balancing of the properties of donor and accep-
tor, and thorough understanding of the interactions within the
donor/acceptor complexes. Further improvement in overall signal
amplification and sensitivity of CCP based optical sensors could be
realized with a methodology involving the concurrent virtues of
enhancing the quantum yield of CCP and reducing the acceptor
quenching within the complexes. Although conjugated polymers
have been used with bioprobes for DNA detection, and the assays
have shown advantages of easy operation and quick response with
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moderate to high sensitivity, the interference of the polymer emis-
sion tail at the long wavelength with the dye emission needs to be
addressed.
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