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ABSTRACT: Fluorescent organic nanoparticles have a much better
photostability than molecule-based probes. Here, we report a simple
strategy to detect chemicals and biomolecules by a binary nanoparticle
system based on fluorescence resonance energy transfer (FRET).
Poly(9,9-di-n-octylfluorenyl-2,7-diyl) (PFO, energy donor) and poly
[2-methoxy-5-(2-ethylhexyloxy)-1,4-phenylenevinylene] (MEH-PPV,
energy acceptor) are utilized to prepare the binary nanoparticle system through a reprecipitation method. Since the FRET
process is strongly distance-dependent, a change in the interparticle distance between the two kinds of nanoparticles after
introduction of analytes will alter the FRET efficiency. The response of the binary nanoparticle system to cationic
polyelectrolytes was investigated by monitoring the FRET efficiency from PFO to MEH-PPV nanoparticles and the fluorescence
color of the nanoparticle solutions. Furthermore, the cationic polyelectrolyte pretreated binary nanoparticle system can be used
to detect DNA by desorption of nanoparticles from the polyelectrolyte’s chains and the detection concentration can go down to
10−14 M. Thus, the binary nanoparticle system shows great promise for applications in chemical sensing or biosensing.

KEYWORDS: fluorescence, conjugated polymer, fluorescence resonance energy transfer, polyelectrolyte, organic nanoparticles,
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■ INTRODUCTION

Intramolecular and intermolecular fluorescence resonance
energy transfer (FRET) is one of the most widely used sensing
mechanisms for ratiometric fluorescent (FL) probes.1−4 FRET
is a nonradiative process in which an excited dye donor
transfers energy to a dye acceptor in the ground state through
long-range dipole−dipole interactions. When used in fluo-
rescence sensing, it has the characteristic of distance-dependent
emission, two-color fluorescence correlation, and good
sensitivity.5 Nowadays, numerous FRET-based fluorescent
probes including conjugated polymers nanoparticles, small
molecules, water-soluble conjugated polymer, quantum dots,
and upconversion nanoparticles (NPs) have been exploited to
detect either biomolecules such as proteins and nucleic acids or
chemicals such as toxins, active oxygen species, and metal
ions.6−13 Most of these fluorescent probes are small molecules
or water-soluble conjugated polymers.1,14−16 However, such
molecular probes often suffer from low photostability such as
photoblinking, photobleaching, and photooxidation.17,18

In recent years, fluorescent organic nanoparticles (FONs)
have attracted much attention since they own unique optical
properties.19−21 Compared with molecular systems such as
conjugated polymers, FONs have advantages of good photo-
stability and easy surface functionalization, which are important
in the applications of fluorescence detection. In comparison
with metal NPs, inorganic quantum dots (QDs), and
upconversion NPs, organic nanoparticles are easy to prepare
by methods such as reprecipitation and miniemulsion,19 and
the raw materials are cheaper, less cytotoxic, and easier to be
modified.19,20,22−31 Many kinds of fluorescent organic materials

can be chosen to fabricate FONs including small molecules,32

oligomers,33 and fluorescent polymers.34,35 By contrast, most of
the reported QD approaches required covalent conjugation of
DNA to the quantum dots, which often decreases the colloidal
stability and the emission intensity of QDs.12 Currently, FONs
are utilized in aqueous solutions as chemical sensors,36

photosensitizers,37,38 biosensors,39,40 and cell imaging
agents.41,42 Nevertheless, almost all the reported FON probes
are based on a unitary nanoparticle system where FRET can
hardly be utilized to play a role in sensing. Due to the validity
and sensitivity of FRET in fluorescent sensing, which have
already be widely verified in molecule-based systems, it is
expected that a binary nanoparticle system can be exploited for
chemo-/biosensing, where both the merits of FRET and
photostability can be combined.
Nowadays, the existing methods for DNA detection include

polymerase chain reaction (PCR), immunoassays, and fluo-
rescent dye molecules. Although these approaches are
convenient, their detection limits are not good.43,44 The
FRET based probes currently used for ssDNA mainly contain
QDs, upconversion NPs, and water-soluble conjugated
polymers. The detection limits are usually in the range of
10−9−10−8 M.12,13,45 The other mainstream detection
technique is gold nanoparticle based detection and the
detection limit can reach 10−12 M.17,46
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In this paper, we utilize a binary nanoparticle system
composed of conjugated polymers to respond cationic
polyelectrolytes and trace amount of single-strand DNAs
(ssDNAs) via FRET mechanism. Poly(9,9-di-n-octylfluorenyl-
2,7-diyl) (PFO) and poly[2-methoxy-5-(2-ethylhexyloxy)-1,4-
phenylenevinylene] (MEH-PPV) are employed to serve as the
building materials for FONs. The reprecipitation method is
utilized to fabricate the binary nanoparticle system with
blended PFO and MEH-PPV nanoparticles in aqueous
solution. FRET will occur between the two kinds of
nanoparticles within an appropriate distance. We found that,
in aqueous solution, PFO and MEH-PPV nanoparticles have
negative surface charges and cationic polyelectrolytes can
shorten the distance among neighboring nanoparticles, which
can increase the FRET efficiency between the two kinds of
nanoparticles. Therefore, we can use this binary nanoparticle
system to respond cationic polyelectrolytes. Furthermore, since
ssDNA has high density of negative charges, an electrostatic
interaction may be expected to occur with the polymeric chain
of polyelectrolytes. Consequently, ssDNAs can desorb the
nanoparticles from the chains of polyelectrolytes and the FRET
efficiency between the two kinds of nanoparticles will decrease.
As a result, by using this strategy, we can realize an
ultrasensitive detection of ssDNAs with a limiting concen-
tration down to 10−14 M.

■ EXPERIMENTAL METHODS
Materials. Poly(9,9-di-n-octylfluorenyl-2,7-diyl) (PFO) (Mn =

15 834, Mw = 58 200), poly[2-methoxy-5-(2-ethylhexyloxy)-1,4-
phenylenevinylene] (MEH-PPV) (Mn = 40 000−70 000), poly-
(ethylenimine) (PEI) (Mw = 750 000), poly(diallydimethylammonium
chloride) (PDDA) (Mw = 200 000 to 350 000), poly(acrylic acid)
(PAA) (Mw = 100 000), poly(allylamine hydrochloride) (PAH) (Mw =
∼58 000), and poly(styrenesulfonate) sodium (PSS) (Mw = 70 000)
were obtained from Sigma-Aldrich Co. Poly(L-lysine)hydrobromide
(PLL) (Mr = 70 000 to 150 000) was purchased from Bio Dee
Biotechnology Co., Ltd. All of the chemicals were used as received
without any further purification. The oligonucleotides were purchased
from Sangon Biotech (Shanghai) Co., Ltd. Tetrahydrofuran (THF)
and ultrapure deionized water (18.3 MΩ) were used as the solvents in
the experiments. Fluorescent emission and ultraviolet−visible (UV−
vis) absorption spectra were obtained using a Hitachi F-7000
fluorescence spectrometer and a Hitachi U-3900H spectrophotometer,
respectively, at room temperature. The zeta-potential and average
hydrodynamic diameters of the nanoparticles were measured using a
Nano ZS90 instrument (Malvern Instrument Ltd.) in solutions at
room temperature. Fluorescence images of nanoparticles were
recorded using an Olympus FV1000-IX81 confocal laser scanning

microscope with an excitation wavelength of 385 nm and a capture
range above 420 nm. The optical photographs of nanoparticle
suspensions in cuvettes were taken under the irradiation of 365 nm
light produced by an ultraviolet (UV) lamp.

Preparation of the Binary Nanoparticle System and Optical
Characterization. PFO and MEH-PPV blended NPs were fabricated
through a reprecipitation method.23 Briefly, the conjugated polymers
were dissolved in THF in the dark to form molecule-dispersed
solutions with a concentration of 2.0 mg/mL. Thereafter, they were
filtered by 0.22 μm polyvinylidene fluoride (PVDF) filters. After that,
250 μL of the PFO THF solution was rapidly injected into 5 mL of
deionized water (18.3 MΩ) at 45 °C under ultrasonication for 5 min.
Then, 250 μL of the MEH-PPV THF solution was rapidly injected
into the former nanoparticle solution at 45 °C under ultrasonication
for another 5 min. This solution was then filtered through a 0.22 μm
poly(tetrafluoroethylene) (PTFE) filter.

Polyelectrolyte Response Assay of the Nanoparticles. The
binary nanoparticle solution was incubated for 12 h in order to be well-
mixed. After that, 500 μL of the binary nanoparticle solution was
injected into six quartz cuvettes, respectively. Then, 200 μL of
deionized water was added to each cuvette to dilute the above
nanoparticle solution. Various polyelectrolytes have been investigated
including PLL, PAH, PDDA, PEI, PSS, and PAA. They were injected
into the six diluted solutions with the final concentration ranged from
1 × 10−6 to 1 × 10−4 M (calculated on repeating unit concentration).
The fluorescent emission spectra were obtained with an excitation
wavelength of 385 nm.

ssDNA Detection. 500 μL of the binary nanoparticle solution was
put into two quartz cuvettes. Then, 200 μL of deionized water was
added to both cuvettes to dilute the above solutions. After that, PLL
was injected into one of the nanoparticle solutions with a final
concentration of 1 × 10−5 M. Then, ssDNA was injected into the
nanoparticle solutions (both with and without PLL pretreatment) to
get a final DNA concentration from 1 × 10−14 to 5 × 10−12 M.
Fluorescent spectra were measured with an excitation wavelength of
385 nm.

Fluorescence Images. First, coverslips were cleaned up by
distilled water and then treated by piranha solution (H2O2:H2SO4 =
1:2 v/v) for 1 h. Then, the coverslips were washed with ultrapure
deionized water for three times and dried under a gentle stream of
nitrogen gas. The fluorescence images were then obtained by dropping
2 μL of the corresponding solutions, which are the binary nanoparticle
solutions without any additives, with PLL, and with PLL+ssDNA, onto
the cleaned coverslips.

■ RESULTS AND DISCUSSION

Characterization of Nanoparticles in Aqueous Sol-
ution. FRET is the physical process by which energy is
transferred nonradiatively from an excited molecular chromo-
phore (the donor, D) to another chromophore (the acceptor,

Figure 1. (a) FL emission spectra of PFO nanoparticles and UV−vis absorption spectra of MEH-PPV nanoparticles. (b) Size (diameter) distribution
of the binary nanoparticle system (PFO+MEH-PPV dispersed in aqueous solution). The inset shows the photograph of this solution under UV (365
nm) irradiation.
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A) by means of intermolecular long-range dipole−dipole
coupling. The essential requirements for effective transfer are
that the distance is from 1 to 10 nm and that the fluorescence
spectrum of the donor and the absorbance spectrum of the
acceptor overlap adequately.47 In general, PFO exhibits a blue
emission and shows a dominant peak at 425 nm with shoulders
at 457 and 489 nm.48 Pristine MEH-PPV exhibits orange color
with the dominant peak above 550 nm and a shoulder peak at
598 nm in a hydrous THF solution.49 As shown in Figure 1a,
MEH-PPV nanoparticles demonstrate a broad UV−vis
absorption band in the range of 300−580 nm which overlaps
well with the emission band of PFO nanoparticles. According
to the calculation, the Forster radius R0 is ∼6 nm (see details in
Supporting Information). As a result, an FRET process may be
expected to occur in the binary nanoparticle system given that
the interparticle distance is appropriate. Figure 1b shows the
size distribution of the blended PFO and MEH-PPV nano-
particles in aqueous solution. These nanoparticles have a mean
particle size of 94.3 nm (with a polydispersity index of 0.114).
The nanoparticle solution is very stable even over 1 month with
no evidence of aggregation. These nanoparticles can be
stabilized in aqueous solution by the repulsive electrostatic
force between particles due to the same kind of surface charges
they carried. According to Coehn’s empirical rule, when two
dielectrics are in intimate contact, the electrostatic charge
separation may occur. The substance with higher dielectric
constant will receive the positive charge, while the other one
will receive the negative charge.50,51 The relative dielectric
constant of water is 80, while that of PFO and MEH-PPV is
3.26 and 3.0, respectively.52,53 As a result, negative charges
should form on the surface of PFO and MEH-PPV nano-
particles in aqueous solution. As verified from the ζ potential
measurement, the value of the binary nanoparticle suspension
is−25.2 mV.
Response of the Binary Nanoparticle System to

Polyelectrolytes. As mentioned above, nanoparticles in the
aqueous solution have negative surface charges. Therefore, they
can be absorbed onto the polymeric chains of cationic
polyelectrolytes and thus be expected to demonstrate a
fluorescence change. To verify this hypothesis, either cationic
polyelectrolytes including PLL, PAH, PEI, and PDDA or
anionic polyelectrolytes including PSS and PAA were
investigated under identical conditions. Figure 2 shows the
molecular structures of these polyelectrolytes. Figure 3 shows

the FL emission spectra for the binary nanoparticle aqueous
solutions with different concentrations of polyelectrolytes and
the insets show the photographs of the nanoparticle aqueous
solutions either untreated or treated by the polyelectrolytes.
They were all normalized at the wavelength of 437 nm. The
emission bands in the short wavelength (blue light) region
came from the PFO emission and those in the long wavelength
(orange light) region arose from the MEH-PPV emission.
With increasing the concentration of cationic polyelectrolytes

(PLL, PAH, PEI, and PDDA) in the binary nanoparticle
system, the emission intensity of MEH-PPV becomes larger
and larger relative to that of PFO (Figure 3a−d). In addition,
the emission colors of the solutions are obviously changed from
blue to yellow (shown in the insets of Figure 3a−d). However,
for the anionic polyelectrolytes (PSS and PAA), it is a different
case. With increasing the concentration of anionic polyelec-
trolytes in the binary nanoparticle system, the emission
intensity of MEH-PPV is only slightly changed relative to
that of PFO and the emission colors of the solutions are almost
unchanged (Figure 3e and f). As mentioned above, both PFO
and MEH-PPV nanoparticles have negative surface charges,
while cationic polyelectrolytes have positive charges in the
polymeric chains. Introduction of cationic polyelectrolytes into
the binary nanoparticle system will move the nanoparticles
close to each other, mediated through the electrostatic
adsorption between nanoparticles and polymeric chains.
Because FRET is distance dependent, a reduced distance
among nanoparticles in the aqueous solution will enhance the
FRET efficiency from PFO to MEH-PPV, leading to an
increase in the emission intensity of MEH-PPV nanoparticles.
As for anionic polyelectrolytes, since they carry negative
charges the same as PFO and MEH-PPV nanoparticles, there is
no electrostatic adsorption occurring and the distance between
the two kinds of nanoparticles can hardly be reduced.
Therefore, the FRET efficiency has no obvious change. As
shown in Figure 4, the FRET ratio (defined here as the
fluorescent intensity ratio of I574 nm/I437 nm) in the binary
nanoparticle system without any additives is 0.23, while the
FRET ratios of the binary nanoparticle system with the addition
of PLL, PDDA, PAH, PEI, PSS, and PAA (with the final
concentration of 1 × 10−4 M) are 1.59, 1.15, 1.01, 0.99, 0.25,
and 0.22, respectively. As reflected by the ratios of I574 nm/
I437 nm, the FRET efficiency in the binary nanoparticle system
with the addition of cationic polyelectrolytes increases at least
3.3 times over that before addition of polyelectrolytes, and a
maximum increase of 6 times is achieved when treated by PLL.
As seen from Figure 2, the repetitive unit of PLL has two

amino groups. Both of them can be hydrolyzed in aqueous
solutions to carry positive charges, while each repetitive unit of
PAH, PDDA, and PEI only has one amino group to be
hydrolyzed. So PLL has a higher charge density than the other
cationic polyelectrolytes in the same repetitive unit concen-
tration. Thus, the electrostatic interaction between PLL and
nanoparticles is stronger than other cationic polyelectrolytes,
leading to the intensity of MEH-PPV being a little higher when
PLL is added.
However, the FRET efficiency in the binary nanoparticle

system treated by anionic polyelectrolytes has little change. As a
result, it demonstrates that the PFO and MEH-PPV binary
nanoparticle system has a response to cationic polyelectrolytes.

DNA Detection in Aqueous Solution. Since the binary
nanoparticle system with the addition of PLL can exhibit the
best enhancement in FRET efficiency, we selected PLL for theFigure 2. Molecular structures of the polyelectrolytes.
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following experiment. In this experiment, the binary nano-
particle system pretreated by PLL was used to detect DNA. As
an example, the ssDNA of A43 (CTGACATACTAGCACG-
TCCTATATCTTCTCGTCTCGTAGACGT) was injected
into the binary nanoparticle solutions which were either
untreated or treated with PLL. Since ssDNA carries negative
charges, when injected into the pristine binary nanoparticle
system, the FRET efficiency should have almost no change,
similar to the case of anionic polyelectrolytes. This can be
verified from Figure 5a, where only a very small degree of
quenching is observed in the FL emission of MEH-PPV. In
addition, the FRET efficiency changes only slightly as the
concentration of ssDNA was varied from 1 × 10−14 to 5 × 10−12

M. However, when ssDNA is injected into the binary
nanoparticle system pretreated by PLL (1 × 10−5 M), the
FRET efficiency is decreased. As shown in Figure 5b, with
increasing concentrations of ssDNA, the FRET ratio (I574 nm/
I437 nm) in the binary nanoparticle system with PLL pretreat-

Figure 3. FL emission spectra of the binary nanoparticle system with different concentrations of polyelectrolytes: (a) PLL, (b) PAH, (c) PDDA, (d)
PEI, (e) PSS, and (f) PAA. The insets show the photographs of UV-radiated nanoparticle aqueous solutions either untreated (pristine) (left) or
treated by the polyelectrolyte (1 × 10−4 M) (right). Spectra were normalized at 437 nm and the excitation wavelength was fixed at 385 nm.

Figure 4. FRET ratio I574 nm/I437 nm for the binary nanoparticle system
in aqueous solutions which are either untreated or treated by PLL,
PDDA, PAH, PEI, PSS, and PAA with the final concentration of 1 ×
10−4 M, respectively.
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ment gradually decreases and is reduced from the initial value
of 0.680 to 0.236 when the ssDNA concentration reaches 5 ×
10−12 M, which is nearly equal to that of the pristine binary
nanoparticle system without any additives. It should be noted
that, even when the ssDNA concentration is extremely low (1
× 10−14 M) in the binary nanoparticle system pretreated by
PLL, an obvious decrease in the fluorescent intensity of MEH-
PPV relative to that of PFO can still be observed (27%
reduction). Compared with the other methods, such as QDs,
upconversion NPs, gold NPs with the detection limits in the
range of 10−9−10−12 M, our method shows a much better
detection limit.12,13,46

Since ssDNA has a high negative charge density, it can bind
more strongly to the chains of cationic polyelectrolytes than
PFO and MEH-PPV nanoparticles. As a result, nanoparticles
can be desorbed from the polymeric chains of PLL after
injecting A43 into the binary nanoparticle solution and the
distance between PFO and MEH-PPV nanoparticles became
larger than before. Consequently, the FRET efficiency
decreased. As confirmed by the ζ potential measurement, the
binary nanoparticle system exhibited a value of 23.1 mV with
PLL pretreatment, while it decreased to 1.7 mV when ssDNA
was introduced (5 × 10−12 M). By drawing a curve with CssDNA/
I versus CssDNA, where CssDNA is the concentration of ssDNA
and I is the FL intensity of MEH-PPV in Figure 5b, we found
that a linear relationship existed (see the inset of Figure 5b).
This result resembles the Langmuir adsorption isotherm,54,55

indicating that the binding of ssDNA to PLL coincides with the
Langmuir adsorption model.
When injecting ssDNA with different sequence lengths into

the binary nanoparticle system pretreated by PLL (1 × 10−5

M), the FRET efficiency are different. The system responses
better to ssDNA with larger lengths. As seen from Figure 5b
and Figure S1, with increasing concentrations of ssDNA, the
FRET ratio (I574 nm/I437 nm) of A43 decreased obviously, the
FRET ratio (I574 nm/I437 nm) of P25 (ATCGCTAGAAAACCC-
TTTATCGCTA) only had a slight decrease, and the FRET
ratio (I574 nm/I437 nm) of P7 (AAAACCC) had almost no
change. So this method can distinguish DNA sequences with
different lengths.

Confocal Laser Scanning Microscope Images of the
Binary Nanoparticle System. The real-color fluorescence
images (Figure 6a and b) of the binary nanoparticle system
without and with the addition of PLL were measured by
confocal laser scanning microscope (CLSM). As shown in
Figure 6a, in the absence of PLL, the aggregation degree of
nanoparticles is small and the fluorescence brightness of MEH-
PPV is faint. Because both kinds of FONs are of good
dispersibility in solution (shown in Figure 1b), it should be
noted that the aggregation of nanoparticles described here is
not an irreversible process and should be considered a
temporary event occurring during the imaging period. After
injection of PLL into the binary nanoparticle solution, the
cationic polyelectrolyte can shorten the distance between PFO
and MEH-PPV nanoparticles. As a result, the FRET efficiency
can increase, which can be verified from Figure 6b. In this
image, more particles with brighter orange fluorescence can be
observed and the aggregation degree of nanoparticles becomes
large. Due to the electrostatic interactions between PLL (with
positive charges in its chain) and nanoparticles (with negative
charges on their surfaces), the distance among nanoparticles
can be shortened with the help of polymeric chains and some
nanoparticles can even be wrapped by PLL. Consequently, a
large degree of nanoparticle aggregation can be observed. In
such aggregations, PFO and MEH-PPV NPs approach very
close to each other and a short distance of less than 10 nm may
be guaranteed, so FRET can occur efficiently. Figure 6c shows
the fluorescence image of the PLL pretreated binary nano-
particle system with the addition of ssDNA. When ssDNA
(A43) was injected into the PLL pretreated binary nanoparticle
system, the oligonucleotides which carry a high negative charge
density can bind to the polymeric chains of PLL and allow PFO
and MEH-PPV nanoparticles to be desorbed. As can be seen
from Figure 6c, the aggregation degree of the nanoparticles
became small again, which means the distance among
nanoparticles becomes large and the fluorescence brightness
of the MEH-PPV nanoparticles turns weak. In addition, as seen
from Figure 6d, the dominated hydrodynamic diameter is 94.3
nm for the binary nanoparticle system in the absence of PLL
and it changes to 141.8 nm with the presence of PLL. After
injection of the ssDNA (A43) into the PLL pretreated binary
nanoparticle system, the hydrodynamic diameter recovered to a
similar value as that in the pristine one. As a result, the binary
nanoparticle system pretreated by cationic polyelectrolyte has a
good response to the trace amount of ssDNA.

■ CONCLUSION
Conjugated polymer nanoparticles with good dispersibility
were produced using the reprecipitation method. They have
been explored for cationic polyelectrolyte response and trace

Figure 5. FL emission spectra for the binary nanoparticle system,
which was either untreated by PLL (a) or pretreated by PLL (1 × 10−5

M) (b), with different concentrations of ssDNA. The inset in (b)
shows the relationship of MEH-PPV’s intensity (I) to the
concentration of ssDNA (CssDNA), which is in accord with the
Langmuir adsorption isotherm. FL spectra were normalized at 437 nm
and the excitation wavelength was fixed at 385 nm.
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amount of DNA detection. A binary nanoparticle system
comprising PFO and MEH-PPV nanoparticles responded well
to cationic polyelectrolytes such as PLL, PAH, PEI, and PDDA
by monitoring the FRET efficiency from PFO to MEH-PPV
nanoparticles; however, it was inert to anionic polyelectrolytes.
The higher the cationic polyelectrolyte concentration is, the
more efficient the FRET process becomes. The FRET
efficiency in the binary nanoparticle system is reflected by the
fluorescent intensity ratio (I574 nm/I437). An enhancement in the
FRET efficiency of at least 3.3-fold has been observed with the
addition of cationic polyelectrolytes (1 × 10−4 M), especially
with the addition of PLL which exhibited a maximum increase
of 6-fold. Furthermore, this response can be utilized to detect
ssDNA. The ability of detecting ssDNA by the PLL pretreated
binary nanoparticle was also investigated by monitoring the
FRET efficiency from PFO to MEH-PPV nanoparticles. With
the injection of ssDNA (A43), the FRET ratio (I574 nm/I437)
had obviously decreased, which is in accord with the Langmuir
adsorption isotherm. In the PLL pretreated binary nanoparticle
system, the distance among nanoparticles and brightness of
MEH-PPV nanoparticles before and after addition of ssDNA
were different in the CLSM images. Even a trace amount of
ssDNA as low as 1 × 10−14 M can be detected by using this
strategy. Therefore, we believe that the binary nanoparticle
system based on FRET provides a new avenue for the
ultrasensitive DNA detection.
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