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Abstract A fluorescence signal amplification mechanism
allowing detection limits for DNA in the zeptomolar range
was investigated. Photophysical properties of the molecular
system were studied in order to better explain the signal am-
plification that is observed. We show that the confinement
of a fluorescent DNA hybridization transducer in aggregates
improves its quantum yield and photostability. Furthermore,
we show that the combination of the resonance energy trans-
fer occurring within the aggregates with the use of a con-
jugated polymer as the hybridization transducer and donor
allows ultrafast and efficient energy coupling to the aggre-
gates and can lead to the excitation of a large number of
acceptors by only one donor.

Keywords Fluorescence signal amplification -
Fluorescence resonance energy transfer - Ultrasensitive
DNA detection - Orientation and confinement in
aggregates - Ultrafast energy transfer

Introduction

The interest for simple yet robust tools for the rapid detec-
tion of genetic or infectious diseases, via the recognition of

K. Doré - D. Boudreau (<)

Chemistry Department and Centre d’optique, photonique et laser
(COPL), Université Laval,

Québec, QC, Canada, G1K 7P4

e-mail: denis.boudreau@chm.ulaval.ca

K. Doré - M. Leclerc

Chemistry Department and Centre de recherche en science et
ingénierie des macromolécules (CERSIM), Université Laval,
Québec, QC, Canada, G1K 7P4

specific sequences of their genome, has grown tremendously
in recent years. For example, rapid and accurate detection
is essential in order to accurately diagnose pathogenic dis-
eases at the initial stages of an infection [1]. For this purpose,
various optical and electrochemical DNA sensors have been
proposed [2—13], most of them relying either on complex
instrumentation or on some form of chemical amplification
(such as the polymerase chain reaction, PCR [14]), or both.
We recently reported on the development of an ultrasen-
sitive and sequence-specific DNA detection system that is
particularly simple and reliable [10, 15]. This DNA sen-
sor is based on electrostatic interactions between a cationic
polymeric optical transducer and a fluorescently tagged neg-
atively charged nucleic acid probe. It was previously reported
[10] how this cationic polythiophene transducer, fluorescent
in its native random coil configuration, is quenched when
it combines with a single-stranded DNA (ssDNA) probe to
adopt a highly conjugated, planar conformation (hereafter
called a “duplex”), but becomes luminescent (Aex. =420 nm,
Aem = 530 nm) when a complementary oligonucleotide tar-
get is added to this molecular system and the polymer
binds in an helical and non-planar configuration (a “triplex”’)
with the negatively charged phosphate backbone of the
double-stranded DNA (dsDNA) (Fig. 1A). More recently
[15], we have shown that tagging the DNA probe with a suit-
able fluorophore (Fig. 1B) (Aexe =530 nm, Aey =575 nm)
dramatically increases the detection sensitivity: starting with
a large number of duplex probes (ca. 10'” copies), this sens-
ing system allows the detection of as little as five dsDNA
copies in 3 mL (3 zM) in the presence of the entire hu-
man genome, in only 5 min and without the need for prior
amplification of the target.

The model proposed to explain this massive increase in
sensitivity involves the formation of aggregates of duplexes
in solution, prior to the introduction of the target, which
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Fig.1 Schematic representation of the hybridization transduction mechanism for the non labeled (A) and labeled (B) systems

allows resonance energy transfer (RET) among one given
donor and a large number of neighboring acceptors, the RET
donor being a triplex formed of the DNA double helix and
the polymer chain wrapped around it (Fig. 1B). The use of
multiple acceptors to amplify the response of optical trans-
ducers has been used by other researchers, some of them also
for biodetection purposes; however, they described an am-
plified quenching of the signal, whereas our approach seems
to involve a signal amplification more akin to a “superlight-
ing” process [16—18]. As was discussed by Scholes [19], the
donors and acceptors in supramolecular aggregates such as
these may be close enough to perturb the transition densities
of each species and the resulting energy transfer properties.
Furthermore, some studies on RET systems localized in mi-
celles [20] or well-structured aggregates [21, 22] show that
the confinement of chromophores in specific domains in so-
lutions could help the mechanism of energy transfer, either
by decreasing the background from free chromophores [20]
or the Forster distance [21], or by increasing the rate of
energy transfer [22].

In the present work, photophysical properties were stud-
ied by UV-Vis photometry and spectrofluorimetry, in order
to investigate the workings of the amplification mechanism
process displayed by this molecular detection system. In
particular, the energy transfer efficiency and dynamics were
measured by frequency-domain spectrofluorimetry. These
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experiments should shed some light on the mechanisms in-
volved in this optical system and eventually lead to the ratio-
nal design of a completely new generation of ultrasensitive
chemical and biochemical sensors.

Materials and methods
Materials

The polymeric transducer was synthesized according to the
procedure previously published [10, 13]. Oligonucleotides
were purchased from Integrated DNA Technologies, either
labeled or not with Alexafluor 546 (referred to as AF546
in the text). For the sensitivity comparison studies, the DNA
capture probe was a 20-mer sequence specific to the Candida
yeast species, 5'-CAT GAT TGA ACC ATC CAC CA-3, and
the target sequence was its perfect complementary strand 3'-
GTA CTA ACT TGG TAG GTG GT-5 [13]. For all other
experiments, the DNA capture probe was a 15-mer sequence
specific to the human genomic IVS12 mutation responsible
for the hereditary disease tyrosinemia, 5'-CCG GTG AAT
ATC TGG-3, and the target sequence was its perfect com-
plementary strand 3'-GGC CAC TTA TAG ACC-5' [15]. All
dilutions and solution handling were performed in sterilized
water and plasticware.
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Hybridization conditions

For all studies involving DNA hybridization, the polymeric
transducer was first mixed with the oligonucleotide probe,
and the resulting mixture was diluted in pure water to the
desired concentration after an equilibration period of at least
60 s to allow electrostatic complexation. The solution was
then heated to 50°C (another 5 min is needed for equilibra-
tion) and the target DNA is added. Whereas less than 5 min
are needed for hybridization to occur at the concentration
level used for the present work (~10~7 M of polymer—probe
complex), an additional equilibration period of 10 min was
added to ensure complete and stable complex formation. For
the non labeled system, hybridization was done in 0.1 M
NaCl unless specified otherwise; for the labeled system, hy-
bridization was performed in sterilized Nanopure® water.
Detailed information on these experimental procedures can
be found in references [10, 13] for the non labeled system
and in reference [15] for the labeled system.

Determination of fluorescence quantum yield

The quantum yield (QY) of the fluorescent polymeric trans-
ducer within the aggregates (or associated with dsDNA) was
determined using the following formula [23]:

Afluo, Aver nﬁ
X

X >
Afluoes A, 2,

Pu = Pret X

6]

where ¢, is the QY to be determined and ¢.s is the QY
of the reference; Afluo, and Afluo,s stand for the area of
the fluorescence spectra of the unknown and of the refer-
ence, respectively; A, and A represent the absorbance of
the unknown and of the reference, respectively; and nﬁ and
n’, are the squared values of the refraction index of the sol-
vent for the unknown and the reference, respectively. Lucifer
Yellow, with a QY in water of 0.21 [24] and a peak fluores-
cence wavelength of 530 nm, was used as the reference. The
fluorescence spectra of Lucifer Yellow and of the labeled
aggregates (fluorescence maximum at 575 nm, i.e., the peak
fluorescence wavelength of AF546) were taken in identi-
cal experimental conditions. All fluorescence measurements
were recorded on a Varian Cary Eclipse spectrofluorome-
ter. Absorbance measurements were performed at 425 nm
(the peak absorption wavelength of both fluorophores) us-
ing a custom-made high-stability absorption photometer that
allowed the measurement of very low absorbance changes
with sufficient accuracy [13]. The instrument is based on a
superluminescent blue LED source powered by an ultra low
noise current source (Model LDX-3620, ILX Technologies),
a photomultiplier tube detector (Model R3896, Hamamatsu)
and a low noise current preamplifier (Model SR570, Stanford
Research Systems).

Determination of RET efficiency

The RET efficiency (E) can be obtained experimentally ac-
cording to Eq. (2) [23], where Fy, is the resulting fluores-
cence of the donor in presence of the acceptor and Fy the
original fluorescence of the donor.

E=1 Faa 2
- ‘(E) @

Both Fg, and Fy were measured at 530 nm, the emission
maximum of the donor.

Fluorescence lifetime measurements

Fluorescence lifetime measurements were performed using a
frequency-domain lifetime spectrofluorometer (Model Flu-
orolog Tau 3, Horiba Jobin-Yvon). The experiments were
done using a 450 W Xenon excitation lamp and a photo-
multiplier tube detector. The modulation achieved by the
Pockell cell and the high-frequency RF amplifiers allowed
a frequency modulation range of 5-300 MHz. In order to
maximize the detection sensitivity, the emission monochro-
mator was removed from the instrument and measurements
were performed either using a highpass (>440 nm) dichroic
filter (in which case Fluorescein was used as the lifetime
calibration standard) or without any filter (in which case
LUDOX® was used as the calibration standard). For each
lifetime determination, measurements were taken at at least
eight modulation frequencies for an integration time of 10 s,
and three replicates were made for each frequency.

Determination of Forster distance, donor—acceptor
distance and RET transfer rate

The Forster distance R, for a RET system (i.e., the distance
at which RET is 50%) is given by:

Ry = 0.211[k*n " *¢ppJ (W)]V/° 3)

where k is an orientation factor that varies between 0 and
4 (a value of 2/3 is usually taken for solutions, i.e., with-
out orientation [23]), # is the refractive index (for biological
molecules in water, a value of 1.4 is suggested [23]), ¢p
is the quantum yield of the donor and J(1) is the overlap
integral between the donor emission and the acceptor mo-
lar extinction coefficient. The average distance between the
donor and the acceptor (r) can then be obtained from the
following expression:

1 1 (1 RS
— = —><—> “4)

TDA D D r
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where Ty is the lifetime of the AF546 quenched triplex and
Tp is the lifetime of the triplex. Finally, the transfer rate (k)
can be obtained by:

Results and discussion

The degree of signal amplification achieved by the labeled
molecular system was determined by comparing the signal
sensitivity and RSD obtained for labeled and non labeled
20-mer oligonucleotides, using the best experimental condi-
tions found for both systems [13, 15]. The results, presented
in Table 1, show that the sensitivity is about 4000 times
higher and the RSD on the polymer-probe complex signal
(i.e., the blank signal) is seven times lower for the labeled
probe system versus the non labeled system. This massive
amplification of the detection sensitivity hinges on two con-
ditions: the aggregates must be stable and compact enough
to ensure a sufficient proximity between the donor and the
acceptors, and the energy transfer between the triplex and
the AF546 must allow the excitation of a large number of
acceptors with only one donor. Dynamic light scattering has
shown that aggregates are formed spontaneously when the
polymer-labeled probe duplex is formed. The diameter of
these aggregates is on average about 100 nm and remains sta-
ble upon hybridization [15]. Assuming that the aggregates
are spherical, that dsDNA is rod-shaped and has a radius
of 9.5 A and a length of 3.4 A per base [25], and that the
polymer-probe duplex has approximately the same volume
(a volume of 5 nm? is added for each AF546), a maximum
of about 4200 labeled polymer-probe duplexes can fit in a
100 nm diameter spherical aggregate.

In order to confirm the dependence of the increase in sig-
nal amplification observed on the large excess of labeled
probe-polymer duplexes (versus DNA targets), the fluores-
cence intensity and QY of the triplex in the aggregates as
well as the RET efficiency were measured as a function of
the target to probe ratio, i.e., the number of added target
ssDNA strands (in probe ssDNA equivalents), which turns
out to be also the number of RET donors in the system
(Fig. 2). The results show that the slope of the fluorescence
curve is greatest at the smallest target/probe ratios and dimin-

ishes rapidly as this ratio is increased. This is in agreement
with the expected behavior of our model duplex aggregates,
i.e., the relationship between the fluorescence intensity and
the number of target copies should only be linear until the
number of targets becomes equal, on average, with the num-
ber of aggregates. Past this point, the rate of increase in
fluorescence will gradually diminish with increasing target
concentration, until the increasing fraction of probes that be-
come hybridized within the aggregates threaten the stability
of the latter. Measurements by light scattering have shown
that, for target/probe ratios higher than 25%, the aggregates
collapse and reorganize into smaller entities. In addition, ex-
trapolation of the QY and RET curves towards zero target
concentration indicates that the RET efficiency and QY of
the aggregates is close to 100% in the range of lowest con-
centrations. This observation, which could result from the
confinement of the AF546 fluorophores and triplex donors
within the aggregates and away from quenching species, is
consistent with recent studies [26] on the confinement of
fluorescent guest molecules (pyrene butyric acid, PBA) in
host capsules and the significant increase in fluorescence
QY, an effect attributed by the authors to the structural con-
straint imposed by the host, which minimizes the radiation-
less decay pathways such as collisional quenching by solvent
molecules. Furthermore, Nesterov and coworkers [27] found
that the orientation of end-capped polymers within a liquid-
crystal phase enhances its intrachain transfer rate and fluo-
rescence QY. In a similar way, our polymer, confined in the
aggregates, could also be oriented within them, which could
explain the increase of the quantum yield from 3% for the
non labeled triplex to around 94% for the labeled aggregates
(for a 1% equivalent of target DNA strand). The improved
photostability of the triplex fluorophore when placed within
the aggregates (100% of conserved fluorescence intensity
after 60 min irradiation period versus 40% for the non la-
beled triplex) is also in agreement with the increase in QY
observed in the studies described earlier [26, 27].

Whereas the confinement and orientation of the triplex
donor in the molecular aggregates may improve its quantum
yield and energy transfer efficiency, the amplification mech-
anism proposed by our aggregate model must also involve a
very fast means to transfer energy between the triplex donor
and the AF546 acceptors, in order to explain the massive
amplification factor observed. Recent studies on ultrafast
intra- and interchain energy transfer in conjugated polymers

Table 1 Detection of Candida 20-mer target strand hybridized with labeled or non labeled probe using the polymer as a transducer

Sample Experimental conditions

Sensitivity (counts/copy) RSD on the duplex signal (%)

Non labeled probe [13] 50°C, 0.1 M NaCl + 0.3 mM Triton
X-100, detection at 530 nm

Labeled probe [15] 50°C, pure water, detection at 575 nm

0.01 3.40

40 0.49
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similar to ours [16—18] mention that the energy transfer oc-
curring in theses molecules might differ from usual Forster-
type transfer. This type of energy transfer is indeed ultrafast;
Beljonne et al. [16] calculated an interchain transfer rate of
139 ps~! (i.e., each energy hop takes ~7.2 fs) for short
polyindenofluorene chains. In view of these studies and of
the extremely high detection sensitivity of our sensing sys-
tem, it is likely that the transfer rate of the triplex donor
within the aggregates is also in the ultrafast regime (i.e., ex-
cited state lifetimes in femtosecond to picosecond range) to
allow the excitation of a large number of AF546 molecules
from only one triplex donor.

It has previously been reported [28] that oligothiophenes
have fluorescence lifetimes below 1 ns; the measured life-

0.2 0.4 0.6 0.8 10
Target / probe DNA ratio

time of our polythiophene derivative (Table 2, line 1) is thus
in agreement with the literature. We also determined that
the lifetime of the polymer increases when complexed with
dsDNA, the donor in the RET system (Table 2, line 2) and
decreases drastically, as expected, when associated with the
AF546-labeled probe (Table 2, lines 3-6). Interestingly, the
T values in lines 3—6 show that the measured lifetime of
the AF546 acceptors is influenced by the RET of the donor.
In the case of measurement 5, in which the tagged probe
and the polymer are in 1:1 stoichiometric concentrations,
the lifetime of the AF546 acceptors (1.59 ns) is shorter than
the accepted value of 4 ns for the free fluorophore [28],
due to the influence on the acceptor decay time of a fast
RET rate between the donor and the acceptor [23]. Given

Table 2 Results from

multi-exponential analysis of Sample

aT TT (27N TA as Ts X

lifetime measurements®

—_

. Polymer alone (with filter)
2. Non labeled triplex in
NaCl 0.1 M (without filter)
3. AF546 quenched triplex,
10% equivalent of target
DNA (with filter), 1.5:1
probe-polymer ratio

Note. ar and 77 (xp and T, os
and tg) are the proportional

coefficient and lifetime for the
triplex donor, the AF546
acceptor, and the scatter
component, respectively; the x?2
parameter indicates the
goodness-of-fit. For all
measurements, uncertainties of
0.5 for the phase (p,) and 0.01
for the modulation (p.,) were
used.

“All lifetimes in ns and taken at

50°C in pure water, unless
specified otherwise.

. AF546 quenched triplex,

10% equivalent of target
DNA (without filter), 1.5:1
probe-polymer ratio

. AF546 quenched triplex, 10%

equivalent of target DNA
(without filter), 1:1
probe-polymer ratio

. AF546 quenched triplex, 15%

equivalent of target DNA
(without filter), 1.5:1
probe-polymer ratio

1 0.17 — — — — 421
0.38 0.86 — 0.62 ~0 0.67

0.17 0.01 0.83 3.41 — — 246

0.66 0.07 0.15 3.25 0.19 ~0 1.1

0.14 0.06 0.21 1.59 0.65 ~0 267

0.76 0.09 0.14 3.94 0.10 ~0 3.1
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the significant difference in wavelength (> 100 nm) between
the donor and acceptor absorption bands, we can assume
that, for 1:1 stoichiometric conditions, the excitation of the
AF546 is only due to RET. In such a case, the more efficient
the RET becomes, the greater will be its influence on the de-
cay of the acceptor [29]. This might explain why the acceptor
lifetime measured for samples with a higher percentage of
hybridized probes (Table 2, line 6) is closer to the lifetime
of the free AF546, since the RET of the labeled triplex was
shown to decrease with increasing target/probe ratio (Fig. 2).
As for the acceptor lifetime values measured at 10% of hy-
bridized probes but with a 1.5:1 excess of tagged DNA probes
(Table 2, lines 3 and 4), which is shorter than the lifetime
of the free AF546 (3.41 and 3.25 versus 4 ns) but longer
than that measured at a 1:1 probe—polymer ratio (1.59 ns),
these results were probably influenced by the presence in the
aggregates of uncomplexed AF546-labeled probes.

The values presented in Table 2 (obtained with 10% of
hybridized probes) were used to calculate the Forster dis-
tance Ry (Eq. (3)). Calculating an overlap integral J(1) equal
t05.601 x 10" M~! cm~! nm* between the triplex emission
and the AF546 molar extinction coefficient, we obtained a
Ry of 53 Afork=2 (atypical value for an oriented system),
which falls within the range of 20-90 A that is usual for
molecular systems that display RET properties [23]. In this
case, the calculated average distance between the donor and
acceptor is 33 A, which is lower than the Forster distance
for the system. From these values, one can finally calculate
aRET rate of 1.884 x 10'° transfers per second, or 53 ps per
transfer, which is ca. 16 times faster than the emission decay
time of 865 ps measured for the non labeled triplex. Faster
energy transfers can even be anticipated with a lower degree
of hybridization. Thus, the increase in detection sensitivity
obtained from the use of labeled probes and the subsequent
formation of labeled aggregates could result from the com-
bination of this fast energy transfer between the polymer
donor and the AF546 acceptors, the significant increase
in the QY of the acceptors, as well as the homotransfer
between AF546 chromophores (Stokes shift <20 nm).

Conclusion

The results presented herein on the photophysical proper-
ties of our molecular system support the hypothesis of a
superlighting process within self-assembled aggregates that
provide an enhancement in the fluorescence yield of ac-
ceptor molecules and an efficient resonance energy transfer
mechanism by conjugated polymer-based donor molecules.
The confinement and orientation of the RET donor in these
supramolecular aggregates were shown to improve the quan-
tum yield and photostability, while the polymeric, structured,
and conjugated nature of the DNA hybridization transducer
and its proximity to the multiples acceptors makes possible
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an ultrafast transfer rate. This important data should con-
tribute to the design of a new generation of ultrasensitive
optical biosensors.
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