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We report an approach to enhance simultaneously
fluorescence and SERS signals with a single excitation
wavelength by co-encapsulating silicon quantum dots and
Au-Ag alloy nanoparticles encoded with Raman reporter
molecules inside polymeric nanoparticles. The SERS-
fluorescence enhancement exploits the large Stokes shift of
silicon quantum dots, which allows ‘room’ for the display of a
Raman spectrum.

Silicon quantum dots (SiQDs)1 are nanometre-sized crystals of silicon
which are of interest on account of their size-dependent luminescence
characteristics. A characteristic of special interest is the presence of a
large Stokes shift which arises as a result of the combination of direct
and indirect gaps in bulk Si.2 This factor raises the intriguing
possibility that further spectral information can be encoded in the
spectral region between the absorbance and luminescence of the
SiQDs.
would be appealing as it may lead to dual fluorescence and SERS-

In particular, the possibility to encode a Raman spectrum

encoded particles with increased utility as probes in biological
systems3 and as components in anti-counterfeiting technologies.

Dual fluorescence and SERS-encoded particles may be prepared
by co-encapsulating both SiQDs and a SERS reporter molecule within
the polymeric matrix of a polymer nanoparticle. Since Raman spectra
are inherently weak and the overall brightness of SiQDs can be
restricted, 4 to ensure sufficiently high spectral intensities to be useful
in applications it is necessary to enhance both Raman and
We

recently demonstrateds that the co-encapsulation of SiQDs and Au

fluorescence with the aid of noble metals such as Ag or Au.
nanoparticles (NPs) resulted in composite NPs possessing metal-

enhanced fluorescence properties. Here, we report the development
of multi-component polymer composite nanoparticles composed of
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SiQDs and Ag-Au alloy NPs encoded with Raman reporter molecules
which are co-encapsulated inside polymeric NPs. These composite
NPs offer dual optical characteristics associated with SERS of the
Raman-active Ag-Au alloy NPs and metal-enhanced fluorescence
effects associated with SiQDs. Preliminary studies investigating their
SERS and luminescence enhancement effects reveal simultaneous
enhancements of the luminescence of SiQDs (~17 fold) and SERS (up
to five-fold).

Our NPs
luminescent SiQDs and a SERS reporter molecule within a nano-sized

composite were prepared by co-encapsulating

polymer matrix consisting of poly(divinylbenzene). 2-

Naphthalenethiol was chosen as the SERS-active molecule on account
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Scheme 1 Structure of the SERS reported molecule 2-napthlene thiol and
cartoon representations of the various NPs used throughout this study.
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of its strong sharp Raman signals, and its thiol group allows its
conjugation to the surface of Ag-Au alloy NPs® (30 nm = 3.9 nm
diameter) to enhance the SERS signal. To further aid the dispersion of
the SERS-labelled Ag-Au alloy NPs in organic media, linear thiol-
terminated polystyrene chains were also conjugated onto their
surfaces utilizing a previously reported method.” The resulting
polymer coated SERS-labelled Ag-Au alloy NPs (PS-SERS-NPs) and
SiQDs were co-encapsulated inside a polymer matrix utilizing mini-
emulsion procedures”® (see ESI) to afford composite polymeric NPs of
200 nm - 230 nm in diameter with reasonably narrow particle size
distributions as determined by dynamic light scattering (DLS). A
control composite NP absent in SiQDs was also prepared. The various
species utilized in this work are summarized in Scheme 1.

Fig 1 PS-SERS-NPs (92 000x magnification). Because of the low scattering
factor of Si, TEM cannot confirm the presence or absence of SiQDs within
the polymer atrix. Scale bar = 100 nm.

The size and morphology of the polymer composite NPs was
investigated by TEM (Fig 1), revealing their average diameter to be
approximately 100 — 200 nm, in good agreement with results obtained
from DLS measurements. The encapsulated PS-SERS-NPs are clearly
evident as visible spheres of high TEM contrast (black), distributed
evenly within the lower contrast poly(divinylbenzene) matrix(grey).
Furthermore, the existence of un-encapsulated SERS-labelled Au-Ag
NPs and “empty” polymer NPs was also observed. These two features
have been prevalent in previous reports of polymer composite NPs
formed by miniemulsion polymerization® and we anticipate that these
issues could be addressed through further development of the
encapsulation procedures. Because of the low scattering factor of
SiQDs, TEM cannot confirm the existence or absence of SiQDs within
the polymer NPs.

The UV-Vis spectra (Fig 2) indicates the surface plasmon
resonance (SPR) band of the composite NPs (498 nm) is red-shifted
relative to the SPR band of the un-encapsulated PS-SERS-NPs (480
nm) in THF. Both of these species are significantly red-shifted relative
to the citrate-stabilized Ag-Au alloy NPs (448 nm) dispersed in water.
This red shifting is expected on account of the different refractive
indices of the surrounding media of the metal NPs.® As reported
previously,” the red shifting of the SPR of the composite NPs is also
expected as a consequence of small changes in dielectric
environments and the capping layer surrounding the polymer
functionalized Ag-Au alloy NPs. It is well-known™ that the increase in
the refractive index of the surrounding medium and the decrease in
the NPs
influences the spectral features of samples containing dispersed metal
The

wavelengths for the composite polymer NPs arises because of

inter-particle distance between neighbouring metal

nanoparticles. increase in absorption observed at short
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Fig 2 Comparison of the UV-Vis spectra of citrate-stablised aqueous Ag-Au
alloy NPs dispersed in water (orange-coloured trace), PS-SERS-NPs dispersed
in THF (dark red-coloured trace) and the composite NPs dispersed in THF
(pink-coloured trace).

absorption from the encapsulated SiQDs, as samples absent in SiQDs
Taken together, these UV-Vis
spectroscopic and TEM studies suggest successful encapsulation of

do not display this increase.

the polymer functionalized Ag-Au alloy NPs within a polymer matrix.
Raman and luminescence spectra of the composite NPs were
The

luminescence image obtained (ESI, S1) from a sample drop-cast onto

investigated by confocal microspectroscopy. confocal
a glass cover slip reveals bright regions which confirms the existence
of SiQDs which are encapsulated inside and/or associated onto the
surface of polymer nanoparticles. On the contrary, no luminescence
was monitored for the control composite NP absent in SiQDs (data
not shown).

To evaluate the SERS and luminescence enhancement behaviour
of the composite NPs, the average luminescence/Raman spectra were
obtained by averaging the luminescence confocal images over the
regions where particles were observed; this process normalises for
differences in particle density in the image region (Fig 3). The obvious
changes of SERS in comparison to the conventional Raman spectrum
of 2-naphthalenethiol can be observed in the differences in relative
intensities of the most intense bands, and the simplification of the
SERS spectrum where several bands are either not detected or exhibit

10

a very low intensity.* When we attempted to account for the
difference in the numbers of naphthalenethiol molecules in the two
spectra of figure 3a, we obtained a SERS enhancement of order 10>
However, these estimates are subject to large uncertainties and may
give a misleading impression of the intensity actually measured in the
composite NPs. Throughout the paper we therefore report SERS
enhancements as the ratio of intensities between two spectra without
attempting to account for the differences in the numbers of 2-
napthalenethiol molecules in each spectrum. This gives an
enhancement of about seven-fold from Fig 3(a) upon comparing a film
of 2-napthalenethiol to unencapsulated NPs and about five-fold for
encapsulated NPs Luminescence enhancements are reported
similarly by taking the ratio of intensities of two spectra {composite
NPs} : {composite NPs absent in Au-Ag NPs}. The intensities were
obtained by integrating each spectrum from 1900 cm™ to 7000 cm™ to
avoid the main Raman peaks.

The mean luminescence/Raman spectra of un-encapsulated

SERS-labelled Ag-Au NPs (absent in polystyrene coating) (Fig 3a)

This journal is © The Royal Society of Chemistry 2012
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shows significant SERS peaks at 1392 — 1578 cm™ which are attributed
to the aromatic ring stretching mode of the 2-naphthalenethiol unit. A
SERS enhancement up to seven times higher was observed for these
SERS-labelled Ag-Au alloy NPs in comparison to the intensity of the
conventional Raman spectra of a film of 2-naphthalenethiol.
Additionally, small signals at 1069 cm™, 773 cm™ and 356 cm™ were
also observed which correspond to the C-H bending, C—H wagging
and ring deformation respectively. A weak and small SERS signal at
3059 cm™ refers to the C—H stretching of 2-naphthalenethiol. It should
be noted that the observed SERS spectra may be quite different from
the normal Raman scattering spectra of the same molecule due to
factors such as light polarization at the metal surface, orientation of
the chemisorbed species, and other factors such as photo-dissociation
or photochemistry at the metal interface.™

These major SERS bands were also observed for the PS-SERS-NPs
(Fig 3b). The fact that the SERS effect can be observed for these
species is expected because surface modification with linear
polystyrene chains results in less dense packing of polymer chains
onto the Au-Ag NPs surfaces, allowing sufficient space to bind SERS
reporter molecules.® However, minor differences in the spectra were
observed, including the disappearance of small peaks around 300 —
1100 ¢m™ and the broadening of the peak at ~ 3000 cm™. This
phenomenon maybe a consequence of the presence of the polymer
chains at the surface which overlap with the small Raman peaks, and
also to heterogeneous broadening.

The average luminescence/Raman spectrum of control composite
NPs absent in SiQDs (Fig 3c) shows a significant SERS effect as
evidenced from the four-fold increase in intensity of the most intense
band (aromatic stretching band) in comparison to the PS-SERS-NPs.
A five-fold increase in SERS intensity was observed for the composite
NPs relative to un-encapsulated PS-SERS-NPs (Fig 3d). Furthermore,
a broad signal around 1900 — 7000 cm™ attributed to the luminescence
peak of SiQDs indicates significant luminescence enhancement of ~17
fold was obtained when compared to polymeric NPs which
encapsulate SiQDs only (prepared as described in reference 12).
Presumably this enhancement arises because the SiQDs are in close
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Fig 3 Average luminescence/Raman spectra of (a) SERS-labelled Ag-Au NPs
(red trace) and a film of 2-naphthalenethiol (purple trace) (b) PS-SERS-NPs (c)
composite NPs absent in SiQDs and (d) composite NPs. The higher intensity
peak at 0 cm' is the elastically scattered laser light. The excitation
wavelength, A = 488 nm and with a grating of 150 lines per mm.
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proximity to PS-SERS-NPs within the polymer NPs, allowing the
intense field of the Au-Ag alloy NPs surface to couple strongly to the
SiQDs. It is difficult to directly compare the SERS enhancement
obtained in this study with those reported in the literature™ because
the degree of NP aggregation and the concentration of SERS reporter
the

luminescence enhancement of the composite NP correlates with Au-

molecules are often not reported. However, resulting
Si polymer composite NPs reported by us previously® and a rough
estimate of the SERS enhancement, taking account of the difference
in number of molecules in the focal volume between the 2-
naphthalenethiol film and in the composite PS-SERS-NPs, gives a
value of order 10°. It is worth noting that, unlike in the case of pure
rough silver electrodes, where massive SERS enhancements up to a
factor of 10° can be achieved, this study involved a composite whose
main component is a SERS inactive polymer and therefore the
enhancement appears small only because fewer 2-napthalenethiol
molecules are present in the composite than in a film of the pure
SERS-active component. Nevertheless, the enhanced intensity of
SERS bands, together with the

enhancement signals of SiQDs, indicates that the co-encapsulation of

broad, enhanced luminescence

PS-SERS-NPs leads to a significant and simultaneous increase in both
SERS and luminescence characteristics.
both SERS

simultaneously is reported in which Au-Ag alloy NPs encoded with

An approach to enhance and fluorescence
Raman reporter molecules and SiQDs are co-encapsulated inside
polymer nanoparticles using miniemulsion polymerization techniques.
Simultaneous enhancements in the luminescence of SiQDs (~17 fold
compared to the absence of Au-Ag NPs) and SERS (up to five-fold
It should be

emphasized that the simultaneous SERS-luminescence enhancement

compared to films of the reporter) were observed.

is possible only because of the large Stokes shift of SiQDs. These
the
in  numerous

multifunctional polymer
to be utilized as SERS-based probes

applications, especially in biological labelling and anti-counterfeiting.

composite nanoparticles possess

potential
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