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ABSTRACT: Novel self-assembled water-soluble nanomi-
celles that contain fluorescent conjugated polymers (poly-
(9,9-dioctylfluorene) (PFO) or poly[2,7-(9,9-dihexylfluorene)-
alt-4,4′-phenylether] (PF-PE)) have been obtained and used as
the highly sensitive/selective platform for Sudan dye detection.
The Fluorescent nanomicelles exhibited a highly selective
fluorescence quenching by the prohibited food additive Sudan
I, while not for the natural pigments: Capsanthin and Beta-
carotene, due to the more suitable matching of the LUMOs
(lowest unoccupied molecular orbital) of the conjugated
polymers with that of Sudan I molecules. The Stern−Volmer
constants (KSV) of PF-PE/F127 and PFO/F127 for Sudan I
were 1 040 480 and 665 000 M−1, respectively, which were more than 100 times higher than those of the same conjugated
polymers in the orgainc solvents. The significantly enhanced sensitivity was due to the collective effect of the F127 micelles to
both chromophore and analyte, through which the fluorophone−analyte binding interaction is significantly strengthened and
efficient photoinduced charge transfer occurs. The as-proposed materials and approach may be potentially applied in the real-
time food safety screening.

KEYWORDS: conjugated polymers nanomicelles, self-assembly, amphiphilic polymer carriers, hydrophobic synthetic dyes,
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1. INTRODUCTION

Conjugated polymers (CPs) with unique photophysical
properties and electrical conductivity are considered as
promising candidates for the development of fluorescent
sensors, biological imaging probes, etc.1−5 However, the wide
spread application of conjugated polymers to bioimaging and
sensing in aqueous environment is hindered by their poor water
solubilities. In recent years, great efforts have been devoted to
developing colloidal stable conjugated polymer nanopar-
ticles.6−8 Conjugated polymer dots prepared by rapid
precipitation conjugated polymer’s tetrahydrofuran (THF)
solution in water have received attention because of their
small size and well-controlled fluorescence properties.9−11 In
another approach, highly fluorescent conjugated polymer
nanoparticles were prepared via polymerization in aqueous
mini-emulsion.12,13 The fluorescent nanoparticles possess
unique functional and structural properties such as small size,
high fluorescence brightness/volume ratios, and good photo-
chemical stability. These properties indicate an enormous
potential for fluorescent bioimaging and sensing.14−19

Synthetic dyes have been widely used as coloring agents in
the food industry for many years. Many synthetic dyes,
including Sudan dyes, disperse dyes, Rhodamine B, direct black
dyes, and Carmosine, contain azo functional groups and

aromatic rings that may have adverse effects on health and are
prohibited to be applied as additives in food products
worldwide.20 Sudan dyes (Sudan I, II, III, and IV) are a kind
of phenyl-azoic dyes that are commonly used in chemical
industry for coloring hydrocarbon solvents, oils and waxes.
Sudans have been documented as human carcinogen and
mutagen, and are not allowed to be used as additives in foods
according to both the Food Standards Agency and the
European Union.21 Analytical methods for the determination
of Sudan dyes in food are commonly based on chromatography
and mass spectrum.22−24 Recently, enzyme-linked immune
method (ELISA)25,26 and molecular imprinting method have
also been developed.27,28 However, most of these methods
require comprehensive instruments and time-consuming
pretreatment procedures, and are not suitable for real-time
and on-site measurement. In contrast, the fluorescence
analytical technique is a rapid, highly sensitive, and low-cost
method for the detection and quantification of trace analyte,
offering the possibility for development of portable point-of-
care instruments.
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In this contribution, we report a simple and straightforward
strategy which allows the formation of CPs-based nanomicelles
in water by using Pluronic F127 as an encapsulating material.
Pluronics are amphiphilic triblock copolymers composed of
poly(oxyethylene)-block-poly(oxypropylene)-block-poly-
(oxyethylene)(PEOx-PPOy-PEOz) that are commonly used as
nonionic macromolecular surfactants.29,30 Pluronic F127
(PEO100-PPO65-PEO100) is one of the most widely adapted
biocompatible polymers for preparing polymeric nanomicelles
for drug and gene delivery, which was reported to facilitate the
particles−cell interaction and enhance the cellular uptake
efficiency.31,32 This strategy provides an alternative approach
for preparing highly fluorescent and ultrasensitive CPs colloidal
nanoparticles in water by employing F127 nanomicelles as
carriers. The CPs-containing nanoparticles only require
commercially available materials, and based on which the fast
and ultrasensitive detection of hydrophobic Sudan dyes in
aqueous solution could be easily reached. To the best of our
knowledge, this is the first report on fluorescent conjugated
polymer nanomicelles for selective detection of Sudan dyes in
water.

2. EXPERIMENTAL SECTION
Chemicals. Conjugated polymer poly (9, 9-dioctylfluorene) (PFO,

Mw 38 131, polydispersity 2.9)33 and poly[2,7-(9,9-dihexylfluorene)-
alt-4,4′-phenylether](PF-PE, Mw 66 317, polydispersity 1.8)34 were
synthesized following literature methods, respectively. Pluronic
nonionic surfactant Pluronic F127 (Mw 12 600) and two natural
pigment Capsanthin and Beta-carotene were purchased from Sigma-
Aldrich. All other chemicals were purchased from Aldrich or Alfa Aesar
and used without further purification.
Preparation of Conjugated Polymers/F-127 Nanomicelles.

The aqueous dispersion of CPs/F127 fluorescent nanomicelles was
prepared by a micellization method. In a typical procedure, conjugated
polymer was dissolved in THF by stirring overnight under inert
atmosphere. The solution was then filtered through a 0.44 μm filter
and furtherly diluted to a concentration of 0.05 g/L. F127 was also
dissolved in THF to make a 0.1 g/L solution. The conjugated polymer
solution was mixed with F127 solution to produce solution mixtures
with a constant host concentration of 10 g/L and dopant fractions of 5
wt %. The mixtures were stirred to form homogeneous solutions. A 2
ml quantity of the mixture solution was added rapidly to 8 mL of
deionized water while sonicating the mixture. The THF was removed
by rotary evaporation followed by filtration through a 0.25 μm
microfilter. The concentration of conjugated polymers for the
fluorescence quenching measurements was kept constant at 0.005 g/
L. The resulting micelle dispersions are clear and stable for months
with no signs of aggregation.
Characterization Methods. Morphology and size distribution of

the polymer blend nanoparticles were characterized by transmission
electron microscopy (TEM). TEM observations were performed on a
Tecnai G2 F20 electron microscope at an acceleration voltage of 200
KV. For all TEM observations, a drop of micelles water solution was
cast on the carbon-coated copper grids and stained with
phosphotungstic acid (PTA, 2%, w/w) for 3 min before drying in a
desiccator for 24 h. The average hydrodynamic diameter and size
distribution of the as prepared nanomicelles were determined using a
Malvern 90 Plus particle size analyzer equipped with a 30 mW
semiconductor laser diode (659 nm) with an output at a scattering
angle of 90°. All measurements were made at 25 °C. The UV−vis
absorption spectra were recorded with a Shimadzu UV-3600 scanning
spectrophotometer, using 1 cm quartz cuvettes. Fluorescence spectra
were collected with a commercial fluorometer (Jobin Yvon, FL-3),
using a 1 cm quartz cuvette. Cyclic voltam-mograms (CV) were
recorded on a CHI 660A electrochemical workstation. The CV was
performed in a solution of tetrabutylammonium hexafluorophospate
(Bu4NPF6) (0.1 M) in methylene dichloride at a scan rate of 50 mV/s

at room temperature, using saturated calomel electrode (SCE) and a
platinum wire as reference and counter electrode, respectively, A
platinum electrode was used as the working electrode. The highest
occupied molecular orbital (HOMO) level values of the polymers
were calculated according to the following empirical formulas35

= − +E e E( 4.40) (eV)HOMO ox

The Eox is the onset oxidation potential vs SCE. The lowest
unoccupied molecular orbital (LUMO) level values of the copolymers
were estimated from the HOMO energy levels and optical band gap
(Eg

opt) using the equation

= +E E ELUMO HOMO g
opt

Fluorescence Quenching Experiments with Analytes. For the
Stern−Volmer measurements, 2 mL of conjugated polymers/F127
nanomicelles solution were placed in a covered quartz cuvette.
Fluorescence quenching of CPs micelles was obtained by successive
addition of aliquots of analyte solution at room temperature.
Fluorescence spectra were recorded immediately after each addition.
The concentration of conjugated polymers for the fluorescence
quenching measurements was kept constant at 0.005 g/L.

3. RESULTS AND DISCUSSION
Self-Assembly of CPs/F127 Nanomicelles. The sche-

matic illustration of the formation of CPs/F127 nanomicelles
and chemical structures of PFO, PF-PE, Sudan I, Capsanthin
and β-carotene employed in this study are shown in Scheme
1.The commercially availible conjugated polymer PF-PE and
PFO were used for the preparation of CPs/F127 nanomicelles.
The conjugated polymer loaded F127 nanomicelles were
prepared by mixing the tetrahydrofuran dispersions of F127
and conjugated polymer with deionized water. After rapid
addition of a mixing solution of the polymers to deionized
water, the conjugated polymer-F127 complexes spontaneously
self-aggregated into micelles with hydrophobic cores and
hydrophilic shells in dilute aqueous solution driven by
hydrophobic interaction.36,37 Conjugated polymer deposited
on the interior PPO segments of the PF127 micelle, leaving the
exterior PEO segments stretching out in aqueous media, which
yielded clear and transparent nanoparticle dispersions.38

The morphology of the F127 and conjugated polymers/F127
micelles were observed with TEM (Figure 1). As both the PPO
and PEO chains are highly transparent to an electron beam, the
F127 micelles were stained by PTA to give well-defined sphere
particles with average diameter of 25−30 nm, which is
consistent with the literature.39,40 The conjugated polymers
entrapped in the hydrophobic core of F127 micelles appearing
as dark dots in panels c and d in Figure 1 are surrounded by a
white disk of unstained corona of micelles composed by PEO
segments that stands out against the stained background. The
sizes of the dark dots are around 10 nm, which are consistent
with the size of the PPO core of pure F127 micelles determined
in previous cryogenic temperature transmission electron
microscopy (cryo-TEM) and small-angle neutron scattering
(SANS) studies.41−43 Moreover, the size range of the white
disks surrounding the dark dots and some empty white disks
are similar to that of pure F127 micelles positively stained by
PTA. This suggests the conjugated polymers are located at the
core of F127 micelles, and the size and shape of F127 micelles
are not obviously changed by conjugated polymers deposition.
The hydrodynamic size distributions of CPs loaded F127

micelles and empty F127 micelles were determined by the
dynamic light scattering (DLS) technique. The size distribution
histograms of F127, PF-PE/F127, and PFO/F127 micelles are
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similar, which is consisting with the results of TEM. The mean
sizes of F127, PF-PE/F127, and PFO/F127 micelles
determined by the software were 36.4 nm, 38.6 nm and 39.2
nm, respectively, which are a little larger than those observed by
TEM. This may be due to the difference in sample preparation
process. The apparent hydrodynamic radii analyzed by DLS
include the hydrophilic PEO blocks stretching out in aqueous
media, whereas the samples observed by TEM are at contracted
dry state, which do not contain the similar phenomenon as
commonly found in the previous reports.
It was found that the self-assembly of CPs/F127 nano-

micelles occurs immediately when adding a THF solution of
PFO and F127 into an aqueous solution. The conjugated
polymers loaded F127 in water is quite stable and no
precipitate and aggregation is observed several weeks after
preparation. In the current method, common commercially
available light emitting CPs and surfactants are able to self-
assemble into nanomicelles in aqueous solution at low
concentrations through a facile method.
Photophysical Properties. The optical properties of the

fluorescent nanomicelles were investigated by Ultraviolet-visible
(UV−vis) absorption and fluorescence spectroscopy. Figure 2a
shows the absorption spectra of PF-PE and PFO in THF
solution and in F127 aqueous solutions. In the THF solutions

of PFO and PF-PE, the maximal absorptions are observed at
390 and 340 nm, respectively. The PF-PE in F127 aqueous
solution shows a similar absorbance main peak at around 340
nm and retains its structure as in the THF solution. On the
other hand, the PFO’s F127 aqueous solutions undergo a slight
blue-shifted absorption as compared to that of the PFO in THF
solution, which is attributable to the bending or kinking of the
polymer backbone. Moreover, there is a small shoulder peak
apearing at around 436 nm in the UV-vis spectrum of PFO’s
F127 aqueous solutions. This implies the existence of
aggregation that results from interchain interactions or β-
phase formation of PFO.44,45 The corresponding fluorescence
spectra of above samples are displayed in Figure 2b. When
excited at 340 nm, PF-PE in THF solution has PL peaks at 360
and 390 nm, and PFO in THF solution exhibits PL peaks at
420 and 450 nm. Both of the two samples exhibited obvious
red-shifted PL emission when they were transferred to the F127
aqueous solution. It can be found from Figure 2b that PF-PE’s
PL peaks shift to 400 and 420 nm, whereas PFO’s PL peaks
shift to 450 and 475 nm with a more pronounced side peak at
500 nm. The red shift of PFO’s PL peaks should be caused by
the aggregation or crystalline phase changes induced by the
F127 encapsulation and dispersion in water. Similarly, the red-
shifted PL peaks and broadened absorption signal of PF-PE in
F127 aqueous solution also indicate the existence of
aggregation in some degree.
Accordingly, the UV−vis absorption and photoluminescence

(PL) spectra of Sudan I, capsanthin, and β-carotene in the
ethanol solution are illustrated in Figure 3. The absorption
spectra of Sudan I, capsanthin, and β-carotene peak at 450, 475,
and 480 nm, respectively. As shown in Figure 3, Sudan I,
capsanthin, and β-carotene exhibit PL peaks at 566, 569 and
510, 569 nm in the ethanol solution, but show weak fluorescent
intensity.

Scheme 1. Formation of Fluorescent CPs-F127
Nanomicelles and Chemical Structures of Conjugated
Polymer PF-PE, PFO, Sudan I Capsanthin, and Beta-
Carotene in This Study

Figure 1. TEM image for (a, b) the micelles of F127 formed in DI
water obtained by positive staining with 2% PTA; and (c, d) the PF-
PE/F127 micelles in DI water obtained by negative staining with 2%
PTA.

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am500270a | ACS Appl. Mater. Interfaces 2014, 6, 5113−51215115



Fluorescence Quenching Studies with Sudan Dye in
Solution and Aqueous Medium. The response of the two

fluorescent conjugated polymers nanomicelles to Sudan I and
two natural pigments (capsanthin, β-carotene) in F127 aqueous
solutions were studied firstly. Capsanthin and β-carotene were
chosen as the control to examine whether the quenching effect
of natural pigments could be observed, which may affect the
selectivity of the designed sensing system. For each measure-
ment, the steady-state fluorescence intensity changes of the
conjugated polymer samples in response to the addition of
increasing amount of dyes: Sudan I, Capsanthin, and β-carotene
were examined to evaluate their quenching effect. Figure 4a

shows the fluorescence quenching of PF-PE nanomicelles as a
function of added Sudan I. According to Figure 4a, significant
quenching could be obtained when 5 μM of Sudan I is added
and the PL of nanomicelles could be completely quenched with
the addition of 13.58 μM Sudan I. The fluorescence emission
profiles of PFO/F127 were monitored before and after the
addition of the Sudan I. A similar quenching effect with the
fluorescence quenching properties of PF-PE in response to
Sudan I was observed. As shown in Figure 4b, the fluorescence
of the PFO nanomicelles is almost completely quenched by
12.24 μM Sudan I, indicating that the conjugated polymers in
F127 aqueous solution are fully accessible to Sudan I. The
quenching effect of capsanthin and β-carotene to the
conjugated polymers/F127 nanomicelles were shown in Figure
5a, b and Figure 6a, b. As illustrated in Figure 5a and Figure 6a,
addition of capsanthin and β-carotene can only slightly quench
the fluorescence of PF-PE/F127 aqueous solutions, and a
maximum fluorescence loss of 10% is measured even with the
addition of 12.5 μM capsanthin and β-carotene. Their
quenching effect against PFO/F127 aquesous solutions, as
shown in Figures 5b and 6b, were similar to that of PF-PE/
F127 aqueous solutions. This means that the conjugated
polymers/F127 nanomicelles can efficiently discriminate Sudan
I against other natural dyes interferences.
The fluorescence behaviors of free PF-PE and PFO in the

presence of anayltes in the toluene solution were also
investigated, as shown in Figures 4c, d, 5c, d, and 6c, d.
Without the encapsulation of F127 nanomicelles, there is no
significant quenching on the signals of PF-PE and PFO with the

Figure 2. (a) UV−vis and (b) PL spectra of conjugated polymers in
solution and in F127 aqueous solution.

Figure 3. UV−vis and PL spectra of Sudan dye and natural pigments
in solution.

Figure 4. Fluorescence emission spectra of conjugated polymers in the
presence of different concentrations of Sudan I: (a) PF-PE in F127
water solution; (b) PFO in F127 water solution; (c) PF-PE in toluene
solution; (d) PFO in toluene solution.
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addition of each analyte. For Sudan I, only small changes in
fluorencence intensity could be observed for the PF-PE and
PFO toluene solution. On the other hand, Capsanthin and β-
carotene have almost no effect on the emission spectra of the
conjugated polymers’ toluene solutions. These results suggest
that the entrapment effect of F127 nanomicelles plays an
important role in enhancing the quenching efficiencies of Sudan
I with conjugated polymers. The reason is because most of
analytes become entrapped after added into F127 nanomicelles
aqueous solution,46 either within the micelles or in the interior
of the micelles, where they can effectively interact with the
imbed conjugated polymers.
The quenching behaviors can be simply described by the

Stern−Volmer equation as following:

− =I I K Q/ 1 [ ]0 SV

In this equation, I0 is the initial fluorescence intensity of
conjugated polymers without analyte, I is the fluorescence

intensity with added analyte of concentration [Q], and KSV is
the Stern−Volmer constant. The Stern−Volmer plots were
made in order to access a quantitative measurement of
fluorescence quenching. Figure 7 shows the Stern−Volmer

plots of PF-PE and PFO for each analytes in F127 aqueous
solution and in toluene solution. A linear Stern−Volmer
relationship is observed in almost all cases, except for the
Stern−Volmer plot of PF-PE in F127 solution for Sudan I. In
that case, the Stern−Volmer plot becomes nonlinear when the
concentration of Sudan I is higher than 9 μM. A linear Stern−
Volmer relationship may be observed if either a static or
dynamic quenching process is dominant. Thus, in the case of
with higher concentrations of Sudan I, the two processes may
be competitive, which results in a nonlinear Stern−Volmer
relationship. As the concentration increases, the Stern−Volmer
plots for the Sudan I become superlinear, consistent with
“sphere-of-action” quenching.47,48 Significant fluorescence
quenching was also observed with the PFO/F127 solution
upon the addition of Sudan I. At a higher concentration of
Sudan I, the plot bent upward (Figure 8a) indicating
superamplified quenching effect. On the contrary, the Stern−
Volmer plots of PF-PE and PFO in toluence solution with

Figure 5. Fluorescence emission spectra of conjugated polymers in the
presence of different concentrations of capsanthin: (a) PF-PE in F127
water solution; (b) PFO in F127 water solution; (c) PF-PE in toluene
solution; (d) PFO in toluene solution.

Figure 6. Fluorescence emission spectra of conjugated polymers in the
presence of different concentrations of β-carotene: (a) PF-PE in F127
water solution; (b) PFO in F127 water solution; (c) PF-PE in toluene
solution; (d) PFO in toluene solution.

Figure 7. Stern−Volmer plots for PF-PE (a) in F127 water solution
and (b) in toluene solution with the analytes (Sudan, capsanthin, and
β-carotene, quenching versus analytes concentration).
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Sudan I and two natural pigments all show linear relationship.
It is very prominent that the application of F127 could
significantly increase the quenching sensitivity of conjugated
polymers toward Sudan I, but their quenching response toward
the natural pigments are kept low. This indicates the
application of F127 can increase conjugated polymers
selectivity toward Sudan I.
The sharply increased quenching sensitivity may be assigned

to the entrapment of the hydrophobic analyte into F127
micelles that leads to contact quenching as well as the
collisional quenching happening between CPs nanoparticles
with the quencher.49,50 On the other hand, nonionic surfactant
was also reported to be able to enhance the photoluminescence
of the water-soluble conjugated polymers by breaking up
polymer aggregates and by incorporating the polymer chain
into micelles at high concentration.51 Thus, the increased
fluorescence of CPs in micelles may also contribute to the
improved sensitivity.
The PL quenching efficiencies, as indicated by the values of

KSV of each samples, were determined from the slopes of
steady-state Stern−Volmer plots and listed in Table 1. The
Stern−Volmer constant (KSV) of PF-PE/F127 aqueous solution
for Sudan I was 1.04 × 106 M−1, whereas it was only 14 740

M−1 for PF-PE in the toluene solution. The PFO/F127
aqueous solution also show a significantly enhanced KSV of
around 6.65 × 105 M−1 with Sudan I in compare with the value
of 8610 M−1 in toluene solution. It is noteworthy that the KSV
constants for Sudan I in CPs/F127 solution are almost 2 orders
higher than that of Sudan I in CP toluene solution. However,
there is no obvious fluorescence quenching for the two natural
pigments in the CP/F127 solution with the KSV valules about 2
orders of magnitudes lower than that for Sudan I, showing a
high selectivity of CPs/F127 to Sudan I. The KSV values for PF-
PE and PFO in toluene solution with Capsanthin and β-
carotene are calculated to be mostly in the same order of
magnitude with a negligible sensing response. The conjugated
polymers in toluene solution also show a higher sensitivity
toward Sudan I than the natural pigments although their KSV
values are much lower than that in the F127 system. These
results indicate the sensitivity and selectivity of CPs toward
Sudan I are both enhanced by the encapsulation of F127
micelles, and not influenced by capsanthin and β-carotene. This
phenomenon may arise from the contact of Sudan I with
chromophore in the core of F127 micelles, which is driven by a
collective effect of the F127 micelles. In the fluorescence
emission spectra, a linear response of fluorescence intensity by
conjugated polymers nanomicelles vs. Sudan I was observed in
the range of 0−2.5 μM with detection limits of 0.33 μM and
0.28 μM for PF-PE and PFO, respectively (see Figures S2 and
S3 in the Supporting Information). Under the same conditions,
CPs nanomicelles exhibited strong fluorescence responses
toward other “azo” dyes, such as Sudan II, Sudan III, and
Sudan IV (see Figures S4−S6 in the Supporting Informaiton).
Moreover, the effects of interference of the above-mentioned
analytes on monitoring “azo” dyes were studied. It is was found
that the sensing systems only exhibited significant fluorescence
intensity changes upon the addition of Sudan dyes, whereas
there is only a very little fluorescence change observed in the
presence of natural pigments (see Figure S3 in the Supporting
Information). It allowed the selectively determination of Sudan
dye by a fluorescence method.

Investigation of the Photochemical Mechanisms for
Micelle-Induced Fluorescence Quenching. In principle,
the fluorescence quenching process could be considered as
energy transfer or photo induced electron transfer between
donor and acceptor. The different fluorescence quenching
responses of PFO and PF-PE in F127 aqueous solution and in
toluene solution may be explained by the energy levels of dye
receptors compared to the HOMO and LUMO of conjugated
polymers. Efficient energy transfer usually requires good spectra
overlap between donor emission and acceptor absorption
spectra. The selective fluorescence quenching of PF-PE and
PFO by Sudan dyes could be explained by the lower LUMO
energy level of Sudan dyes.

Figure 8. Stern−Volmer plots for PFO in F127 water solution (a) and
in toluene solution (b) with the analytes (Sudan, Capsanthin, β-
carotene, quenching versus analytes concentration).

Table 1. Summary of the Stern−Volmer plots Constants
obtained from Fluorescence Quenching Data for Each
Material with Analytes

KSV(M
−1)

sample
PF-PE in
toluene

PF-PE in
water

PFO in
toluene

PFO in
water

Sudan I 14 740 1 040 480 8610 665 000
capsanthin 2210 11 980 1430 4000
β-carotene 1540 19 800 375 1000

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am500270a | ACS Appl. Mater. Interfaces 2014, 6, 5113−51215118



The HOMO and LUMO energy levels of the different
compounds were estimated using cyclic voltammetry, and the
corresponding bandgap from absorption measurements are
listed in Table 2. The HOMO level values of PF-PE and PFO
were calculated to be −5.47 and −5.38 eV, respectively. As
shown in Table 2, the LUMO levels of PF-PE and PFO are
−2.59 and −2.60 eV.

The HOMO energy level of Sudan I (−5.62 eV) is lower
than those of the conjugated polymers: PFO (−5.38 eV) and
PF-PE (−5.47 eV). The LUMO energy of Sudan I (−3.66 eV)
is contained within the HOMO-LUMO gap of the two
conjugated polymers (Scheme 2). Photoinduced charge

transfer (PCT) occurs when lowest unoccupied molecular
orbital (LUMO) of the electron acceptor is between highest
occupied molecular orbital (HOMO) and LUMO energy levels
of electron donors and when they are in close spatial
proximity.52 In fact, the HOMO-LUMO levels of Sudan I are
well contained between the levels of PF-PE and PFO, which
should favor PCT. Therefore, it is reasonable to expect that
PCT to the LUMO of Sudan I is taking place.53 This order of
energy levels leads to an energetically favored situation for
excited-state quenching via PCT upon excitation of either the
donor or the acceptor, thereby their probabilities vary to
different extents with the donor−acceptor distance. In CPs
toluene solution, much less quenching is observed, despite the
similar optical properties of PF-PE and PFO. This result
indicates that the mechanism of photoluminescence quenching
is attributable to electron transfer from the excited PF-PE and
PFO polymers to the LUMO of the Sudan I. When Sudan I is
close enough to CPs, e.g., co-entrapped in the nanosized
micelles, electron-transfer quenching occurs from the con-
jugated polymers to the LUMO of the analyte. PCT is
essentially a contact process characterized by an exponential
distance dependence and functions effectively at donor−

acceptor distances considerably shorter than those probed by
FRET processes. Control experiments using toluene solutions
of PF-PE and PFO displayed little change in the photo-
luminescence spectrum, which could be explained by the
difference in polarity or hydrophobicity between water and
micelle core environment.
It should be noted that the HOMO energy levels of the

pigments (capsanthin and β-carotene) are higher than those of
the conjugated polymers (PFO and PF-PE), and thus the
charge transfer may also occur between them and consequently
leads to fluorescence quenching as well. However, there is only
a little fluorescence quenching observed in the presence of high
concetrations of capsanthin and β-carotene (see Figure S3 in
the Supporting Information). It is well-known that the engergy
and charge transfer are highly sensitive to the distance between
the host and the guest complexes and the structure of the
complex matrixes.54,55 Moreover, it has been reported that the
shape and the orientation of the fluorophore molecules also
play important roles on the charge/energy tranfer efficencies
bewteen different fluorophores.56,57 Thereby, in addition to the
energy level difference, the very different moelcule shapes
between Sudan dyes and natrual pigments (capsanthin, and β-
carotene), which will lead to different interactions with CPs/
F127 nanomicelles, may also contribute to their dramatically
different quenching efficiencies for the CPs/F127 nanomicelles.
It is believed that the efficient interaction between the CPs and
analyte in the F127 micelles plays an important role in the
signal amplification.58,59 It is also possible that the trace amount
of hydrophobic dye in the aqueous solution can be collected
and enriched in the hydrophobic inner part of F127
nanomicelles by the hydrophobic−hydrophobic interaction,
resulting in the enhancement of the quenching effect.60

4. CONCLUSIONS

In summary, we present an effective approach to design and
prepare conjugated polymers nanoparticles based on a
nanomicelles system. In this method, light-emitting CPs are
easily dispersed in water by encapsulating them in the common
commercially available block copolymer F127, Significantly
enhanced sensitivity of the fluorescent nanomicelles aqueous
solution towards trace amounts of Sudan I is established. The
Stern−Volmer constant of CPs/F127 aqueous solution for
Sudan I was 2-fold higher than that of the CPs in organic
solvent. The detailed photochemical mechanism for amplified
fluorescence quenching was revealed to be due to the charge
transfer between CPs and analytes and the enriching and
collecting effect micelles hydrophobic core. Potentially, the
fluorescent nanomicelles in aqueous media can work as efficient
and selective fluorescent sensor for the fast contamination
monitor, food safety assurance, or imaging biological cells in
water. Moreover, this strategy provides a general approach for
extending the applications of conjugated polymers.

■ ASSOCIATED CONTENT

*S Supporting Information
Hydrodynamic sizes and size distributions of F127 micelles and
conjugated polymers/F127 micelles. Detection limit measure-
ment and PL spectra of the resulting samples (Sudan II, Sudan
III, Sudan IV). Fluorescence quantum yields of the nano-
micelles in the absence and presence of analytes.This material is
available free of charge via the Internet at http://pubs.acs.org.

Table 2. Photophysical Data for Conjugated Polymers
(Including Sudan Dye and Capsanthin)

sample
λabs (nm)
solution

λabs (nm)
film

Eg
opt

(eV)
Eox
(eV)

EHOMO
(eV)

ELUMO
(eV)

PF-PE 340 346 2.88 1.07 -5.47 -2.59
PFO 385 390 430 2.78 0.98 -5.38 -2.60
Sudan I 417 470 493 538 1.96 1.22 -5.62 -3.66
capsanthin 453 470 460 479 2.25 0.42 -4.82 -2.57
β-carotene 450 478 461 495 2.31 0.34 -4.74 -2.43

Scheme 2. Energy Level Diagram of the Component
Materials Used in the Sensor
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