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ABSTRACT

Weakly emissive silicon nanoparticles with an average diameter of about 5 nm are prepared via pulsed
laser ablation of silicon wafers in water. Electrostatic assembly of water-soluble conjugated poly-
electrolytes on the surface of the silicon nanoparticles steadily enhances the photoluminescence of these
nanocomposites, indicating the possibility of energy transfer between the semiconductor nanoparticles
and the conjugated polymer, or silicon nanoparticle-induced elimination of chain aggregates of the
conjugated polyelectrolyte. Fluorescence emission of the hybrid silicon-conjugated polymer nano-
composites is steeply quenched by cytochrome ¢, and the minimum detection concentration for the
redox-active protein is found to be 50 nM. The sensitization is realized by ultrafast photoinduced elec-
tron transfer between the electron-deficient protein and the conjugated polyelectrolyte binding on the
silicon nanoparticle surfaces. The results offer guidelines to explore novel sensors for detecting nano-
particles, and also help develop high-efficiency sensory materials based on electrostatic complexes of
conjugated polyelectrolytes and inorganic semiconductor nanoparticles.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Semiconductor nanomaterials offer unique opportunities to
study materials in the regime between molecular and bulk states
due to the quantum confinement effect imposed upon their charge
carriers [1]. Silicon plays a key role in mesoscopic semiconductor
electronics. As an indirect band material, silicon is an inefficient
emitter but shows dramatic changes in optical properties when its
size is reduced to less than 10 nm. Recent investigations on silicon
nanocrystals and one-dimensional silicon quantum wires show
dramatic changes in their light-emission behavior [2,3]. The
potential applications of silicon nanomaterials in optoelectronic
devices, fluorescent labels for biological cell imaging, highly
sensitive biological and chemical sensors, and non-volatile memory
devices have triggered broad interests [4-9]. Silicon nanomaterials
have been fabricated by electrochemical etching of silicon wafers,
laser pyrolysis, high-temperature aerosol reactions, plasma depo-
sition, and chemical reduction techniques in colloids or micro-
emulsions [10-14]. To meet the requirements of biosensor
applications, silicon nanoparticles should be water-dispersible,

* Corresponding author. Tel.: +86 25 83317807; fax: +86 25 83317761.
E-mail address: qdshen@nju.edu.cn (Q.-D. Shen).

0032-3861/$ - see front matter © 2010 Elsevier Ltd. All rights reserved.
doi:10.1016/j.polymer.2009.12.035

highly luminescent, and have functional groups for conjugation
with biological molecules in aqueous environments.

The photoluminescence in the visible region renders the silicon
nanoparticles potential fluorescent probes in biological systems.
However, post-synthesis procedures for semiconductive nano-
materials are generally required to afford a substantial photo-
luminescence quantum yield and hydrophilicity to prevent
aggregation and precipitation in a biological environment. For
example, the silicon nanoparticles have been chemically modified
with allylamine by a platinum-catalyzed addition reaction to
hydrogen-terminated surfaces [15]. In comparison with these
chemical processes, we describe a rather simple method by elec-
trostatic adsorption of oppositely charged conjugated poly-
electrolytes on the silicon nanoparticle surfaces. The chemical
structure of the polyelectrolyte, poly[(2-methoxy-5-propyloxy
sulfonate-1,4-phenylene vinylene)-alt-(1,4-phenylene vinylene)], is
shown in Fig. 1. The water-soluble polyelectrolyte has a m-conju-
gated backbone, which can be regarded as an array of charged
chromophores (or fluorophores) that are fully conjugated [16,17].
Thus it can absorb/emit light that is consistent with its band gap,
and most importantly, effectively transport electrons or energy
along the “molecular wire” of chromophores [18-23]. Electrostatic
assembly thereby affords dual-fluorescent composite nanoparticles
with inorganic semiconductor cores and shells of ultrathin organic
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Fig. 1. Chemical structure of an anionic conjugated polyelectrolyte described in this
study.

semiconductor layers. This hybrid nanocomposites can serve as
a high-sensitivity fluorescence sensor for the detection of the
redox-active metalloprotein cytochrome c.

2. Experimental section
2.1. Materials

The conjugated polyelectrolyte was obtained by the Wittig
condensation reaction [24,25], and the number- and weight-
average molecular weights of it are 12,100 Da and 19,800 Da,
respectively. Horse heart cytochrome ¢ (molecular mass 12,384 Da)
from Sigma and cetyltrimethylammonium bromide (CTAB) from
Shanghai Chemical Reagent Company were used as received.
Silicon wafers were obtained from Huajing Microelectronics (Wuxi,
China). The water used in making the stock solution of the conju-
gated polyelectrolyte, cytochrome ¢, and CTAB was purged with
nitrogen gas for at least 2 h immediately prior to usage.

2.2. Preparation of water-dispersible silicon nanoparticles [26]

A silicon wafer was positioned in a beaker filled with de-ionized
water and 2.3 mM of CTAB. The target was irradiated by KrF laser
pulses (248 nm in wavelength, 25 ns in pulse width and 5 Hz in
repetition rate, with a laser fluence of ~2 J/cm?) equipped with
controlled laser fluences and pulse numbers.

2.3. Instrumentation and measurements

The silicon content in the nanoparticles was determined by
inductively coupled plasma-atomic emission spectrometry (JA1100,
Jarrell-Ash Apparatus, USA) using a standard protocol for the
silicon sample treatment. The emission spectra were measured on
an SLM 48000 DSCF luminescence spectrometer. The excitation
wavelength was chosen to coincide with the maximum absorption
of electron spectrum measured by a Shimadzu UV-3100 spectro-
photometer. The morphology of the silicon nanoparticles was
observed by a transmission electron microscope (Philips Tecnai F20
S-Twin with field emitter). Samples for the microstructure obser-
vation were prepared by adding drops of aqueous solution of the
silicon nanoparticles on electron microscope grids and then dried.

3. Results and discussion
3.1. Photophysical properties of hybrid nanocomposites

Herein, the silicon nanoparticles are prepared by pulsed laser
ablation (PLA) [26,27] of silicon wafer in aqueous solution con-
taining cationic surfactant of CTAB (2.3 mM). The as-prepared
nanoparticles have an average diameter of about 5 nm observed by
a transmission electron microscope (Fig. 2a). The result of induc-
tively coupled plasma-atomic emission spectroscopy indicates that
the silicon nanoparticles are at a concentration of 2.0 pg/mL. The

photoluminescence spectrum (Fig. 2b) shows that the silicon
nanoparticles in aqueous solution are weakly blue-emissive with
an emission peak at 457 nm and a full-width at half maximum
height of 60-70 nm. The asymmetric broad profile of the emission
spectrum is attributed to a large size distribution of the silicon
nanoparticles prepared by PLA. The band gap of the silicon nano-
particles is enlarged with respect to bulk silicon due to a quantum
confinement effect, which in turn increases the probability of
radiative recombination through the direct band gap transitions
and reduces phonon-assisted indirect band gap transitions.

A layer of the conjugated polyelectrolyte is assembled on the
silicon nanoparticles by the following procedure. In brief, the
conjugated polyelectrolyte with weight-average molecular weight
0f 19,800 Da is readily dissolved in water to make a 10 uM (based on
the repeat unit) solution, and then 20 uM surfactant CTAB is added.
Complexation of the polyelectrolyte with the charged silicon
nanoparticles is performed by gradually adding the silicon nano-
particle stock solution into the solution of the conjugated poly-
electrolyte. The aqueous mixture is then stirred to ensure the
completion of electrostatic adsorption. A sequence of fluorescence
emission spectra were taken for each step of addition of the
nanoparticles. Emission intensity and peak position as a function of
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Fig. 2. (a) TEM image of the silicon nanoparticles on a carbon grid. Insert: a high
resolution TEM image of an individual silicon nanoparticle. (b) Photoluminescence
spectrum of the silicon nanoparticles in an aqueous CTAB solution. The excitation
wavelength was 390 nm.
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silicon nanoparticle contents are shown in Fig. 3. Continuous
emission enhancement and a blue-shift of the fluorescence peak
indicate that electrostatic assembly of the conjugated poly-
electrolytes and silicon nanoparticles occurs.

It is important to elucidate the fundamental processes corre-
lated with photophysical properties of the current system. Imme-
diately after mixing 33.3 ng/mL (final concentration) silicon
nanoparticles with the solution, emission intensity increases to
a value obviously larger than that of the parent liquids (Fig. 4a). As-
prepared silicon nanoparticles are stabilized by capping ligands
from small molecule-weight surfactants. The conjugated poly-
electrolyte has a large number of ionic groups and aromatic rings,
which enable a strong adsorption at the silicon nanoparticle
surfaces by electrostatic and hydrophobic interactions. Upon
formation of a layer of the conjugated polyelectrolyte on the silicon
nanoparticles, intrinsic emission of the polymer is clearly observed.
The spectral shape is nearly identical to that of the conjugated
polyelectrolyte and only a slight blue-shift (6 nm) of the emission
maximum is observed. One may also anticipate detecting emission
from silicon nanoparticles, which can also be excited by 395 nm
ultraviolet light. However, the emission around 457 nm can hardly
be seen, indicating the silicon nanoparticles cannot be solely
responsible for the fluorescence enhancement of the solution.
Thereby, the enhancement should be relevant to the interactions
between the conjugated polymers and the nanoparticles in the
ground or excited states. It has been reported that blends of
semiconductor nanocrystals and conjugated polymers exhibit
resonance energy transfer (RET) [28-32], where an excited chro-
mophore (the donor) can transfer energy to another chromophore
(the acceptor) and induce emission of the latter [33]. The emission
enhancement can therefore be attributed to the energy transfer
from the optically excited silicon nanoparticles (core) to the
wrapped conjugated polyelectrolyte chains (shell) in the excited
complex.

By increasing the final concentration of silicon nanoparticles to
66.7 ng/mL, emission intensity at spectral position of the conju-
gated polyelectrolyte increases (Fig. 4a). Both changes in the
spectral shape and significant blue-shift of peak position to 495 nm
are discernable. At the same time, there is a fast emission intensity
increase of the newly formed peak with further introduction of the
silicon nanoparticles (Fig. 4b). The results indicate another mech-
anism associated with the fluorescence enhancement, i.e. silicon
nanoparticle-induced elimination of chain aggregates of the
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Fig. 3. Dependence of fluorescence emission intensity (monitored at 458 nm; solid
square, left-hand y-axis) and peak position (open circle, right-hand y-axis) on the
silicon nanoparticle feeding levels.

conjugated polyelectrolyte, which has a hydrophobic water-insol-
uble backbone. Thereby the amphiphilic polyelectrolyte has
a strong tendency to aggregate, i.e. self-assemble in aqueous media
through hydrophobic interactions. As shown in Fig. 4c, the forma-
tion of aggregate species of the conjugated polyelectrolyte is more
evident in fluorescence spectra recorded in aqueous solution with
surfactant, where the maximum emission wavelength is nearly the
same as that in solid-state film. Meanwhile, break-up of the
aggregated conjugated polyelectrolyte chains in an aqueous solu-
tion containing 90 volume percent of methanol is associated with
a large blue-shift of emission peak.

When the nanoparticle levels are higher than 200 ng/mL, a well-
defined peak at 458 nm becomes dominative in the photo-
luminescence spectrum and remains unchanged irrespective of the
nanoparticle incorporation (Fig. 4b), suggesting a saturated
adsorption of the conjugated polyelectrolyte layer. In comparison,
the aggregate-free conjugated polyelectrolyte has an emission
maximum at 475 nm. The conjugated polyelectrolyte chains totally
wrap around the nanoparticle. The blue-shift may arise from
bending of the conjugated backbones on surfaces with nanoscopic
curvature. However, a decrease of fluorescence quantum yield
should also be expected when effective conjugation lengths of
the chain backbones are shortened, which is contradictory to the
observation of emission enhancement. On the other hand, the
conjugated polyelectrolyte chains behave as rigid rods. Decrease in
coplanarity of the conjugated backbone, if any, is unlikely to result
in such a large blue-shift (17 nm). Therefore the shortest-wave-
length peak at saturation adsorption most likely originates from the
silicon nanoparticles. Full control over surface properties of semi-
conductor nanoparticles is particularly important to achieve
desirable emission characteristics. The emission intensity of silicon
nanoparticles is reported to be dependent on its degree of surface
passivation [34]. Encapsulation of the silicon nanoparticles by
hydrophobic conjugated chains may eliminate surface traps and
improve fluorescence emission efficiency of the former.

3.2. Hybrid nanocomposites for cytochrome c detection

The assembly of molecular layers on nanoparticle surfaces plays
an important role in their functionalization. Luminescent semi-
conductor nanoparticles with modified surfaces have been exten-
sively used to detect biological molecules and in cellular imaging
[35,36]. The silicon nanoparticles encapsulated by the conjugated
polyelectrolytes have a high surface density of ionic moieties and
simultaneously high fluorescence yield, thus they can serve as an
ideal probe for biological molecules. Cytochrome c, a highly soluble
and redox-active protein involved in biological electron transfer
processes, is subsequently investigated. By the in situ fluorescence
method, the minimum detection concentration for the cytochrome
c is found to be 50 nM, where the addition of the protein results in
fluorescence quenching of the nanocomposites of silicon nano-
particles and conjugated polyelectrolytes (Fig. 5). Cytochrome c at
a concentration lower than 600 nM can suppress emission from the
composite nanoparticles to one-half of their original intensity.

The quenching process can be quantitatively described by the
Stern-Volmer equation:

PLy
PL

where PLy and PL are the steady-state emission intensities moni-
tored at 458 nm in the absence and in the presence of quencher
(concentration of which: [Q]), respectively. The Stern-Volmer
constant (Ksy) provides a direct measurement of the quenching
efficiency or sensitivity. At protein concentrations ranging from 0 to

= 1+ Ksy[Q] (1)
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Fig. 4. (a, b) Photoluminescence spectra of the conjugated polyelectrolyte alone (0 ng/mL) and its electrostatic assemblies with the silicon nanoparticles (33.3-366.7 ng/mL). Arrows
indicate the direction of change in emission intensity with continuous addition of the nanoparticles. The excitation wavelength is 395 nm. (c) Emission spectra of the conjugated
polyelectrolyte in a solid-sate film (solid line), in aqueous solution with 20 uM surfactant (dotted line), and in a mixed solvent (9/1 v/v) of methanol and water (dashed line).

450 nM, a linear plot with Ksy of 1.5 x 10® mol~'L is obtained
(Fig. 6). The quenching efficiency is pronounced if one considers
a fluorescence quenching system of small molecule-weight stilbene
(the fluorophore) and methylviologen (the quencher) whose Ksy is
as low as 15.3 mol~ 'L [37]. Such high-sensitivity is also notable
among recently reported results using conducting polyelectrolytes
for protein detections [38-40]. To elucidate the mechanisms
operating in the case of cytochrome ¢ quenching of the composite
nanoparticle fluorescence, a control experiment is conducted to
explore whether the fluorescence of individual components of the
composite nanoparticles are influenced by the protein. Upon
incubation of the conjugated polyelectrolyte with the stock solu-
tion of cytochrome c, fluorescence quenching is also observed
(Fig. 6).

Cytochrome c¢ consists of a single heme (iron-containing
porphyrin) group and its heme iron is ligated to two amino acid
side chains. Both ferric and ferrous redox states are physiologically
relevant. Therefore the protein is capable of undergoing oxidation
and reduction. The Horse heart cytochrome c as-received is
predominantly in the oxidized form, making it an efficient electron
acceptor. In the oxidized state, the protein is also locally unfolded,
thereby enhances exposure of the heme group to water [41] and
ensures easy access of the conjugated polymer through electro-
static or hydrophobic interactions. On the other hand, the conju-
gated polyelectrolyte can absorb photons and the optical
excitations generate bound excitons (electron-hole pairs) or free
electronic carriers which migrate independently throughout the
molecular wires. When the electrons move to trapping sites of
cytochrome c, a fast electron transfer from the excited state of the
conjugated polyelectrolytes to the oxidized ferric state of the
protein occurs. In such photoinduced electron transfer processes,

the energy required to re-emit as fluorescence from the conju-
gated polymer is diminished as chemical energy, and thereby
fluorescence quenching occurs. An alternative fluorescence
quenching process is resonance energy transfer from the conju-
gated polyelectrolytes (donor) to the heme groups (acceptor),
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Fig. 5. Influence of cytochrome c (from 0 to 950 nM with concentration increments of
50 nM) on the fluorescence spectra of dual-fluorescent nanocomposite of the silicon
nanoparticles and conjugated polyelectrolytes. The excitation wavelength is 395 nm.
The arrow indicates the direction of change in emission intensity with increasing
concentration of cytochrome c.
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Fig. 6. Stern-Volmer quenching plots for the composite nanoparticles (solid square)
and the conjugated polyelectrolyte alone (open circle). Solid curves are best fitted by
Equation (1).

which is excluded since no obvious enhancement in the emission
at longer wavelength can be found. The extremely large quenching
efficiency in the current system can be readily attributed to 1)
“concentration enhancement” effect, i.e. facile binding of posi-
tively charged cytochrome c (pl: 10.0-10.5) [42] to the negatively
charged conjugated polymer chains. 2) The “molecular wire”
effect, i.e. rapid and highly efficient transport of the electronic
excited states to the quencher sites plays another important role in
high sensitive response of the composite nanoparticles or the
conjugated polyelectrolytes [43,44]. In contrast, our recent study
reveal that non-metalloprotein bovine serum albumin (BSA, pl:
4.8, 66.3 kDa) and metalloprotein haemoglobin (pl: 7.0, 64 kDa)
have insignificant quenching effects on composite nanoparticles
that proteins with a final concentration of 1 puM can only sup-
press~5% original emission intensity of nanocomposites. In
addition to the redox activity of proteins, the distinct quenching
efficiency can also result from the physical hallmarks of proteins,
including surface charge, hydrophobic property and even molec-
ular weight. A systematic study is under investigation.

Until now, the effect of the nanoparticles on the conjugated
polyelectrolytes has not been fully appreciated. The conjugated
polyelectrolyte alone has significantly inferior fluorescence
quenching efficiency (Ksy = 0.5 x 10°), about one third of the value
of the composite nanoparticles (Fig. 6). Another noticeable differ-
ence is that two concentration regions (0-450 nM and
500-1000 nM) having a linear Stern-Volmer relationship but
different quenching constants are found for evolution of the
composite nanoparticle fluorescence with the protein concentra-
tion. In contrast there exists a linear response of conjugated poly-
electrolytes over the entire concentration range of cytochrome c.
Electron transfer depends, to a large extent, on the life-time of
excitation states and diffusion rate of the carriers towards the
quencher binding site. Energy transfer from the excited silicon
nanoparticles to the conjugated polyelectrolytes greatly attenuates
the exciton population, and thereby the emission intensity and life-
time of the conjugated polymer. Meanwhile, electrostatic assembly
effectively eliminates the aggregation of the conjugated poly-
electrolyte chains in aqueous media, thereby reducing the amount
of the weakly emissive interchain species with short life-time and
increases the diffusion length of the excitons [45]. Such effects may
be responsible for improved sensitivity gains in the conjugated
polyelectrolytes encapsulated on the silicon nanoparticles.

4. Conclusion

Water-dispersible silicon nanoparticles can readily take up
conjugated polyelectrolytes by electrostatic assembly to afford
dual-fluorescent composite nanoparticles with inorganic semi-
conductor cores and shells of ultrathin organic semiconductor
layer. Such inorganic-organic hybrid semiconductors have high
surface density of ionic moieties and simultaneous high fluores-
cence yield and can be exploited to develop sensors for trace
analysis of biological molecules. The nanocomposites are highly
sensitive to cytochrome c. The sensitization is realized by ultrafast
photoinduced electron transfer between the electron-deficient
protein and the conjugated polyelectrolytes binding on the silicon
nanoparticle surfaces. The robust properties of the hybrid structure,
convenient preparation and high-sensitivity merit, coupled with
modern microscopy techniques and advanced nanobiotechnology
[46-48], render this sensory material as a promising fashion for
biomolecular detection and biomedical diagnostics.
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