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ABSTRACT: We report a new strategy to synthesize
core—shell metal nanoparticles with an interior, Raman
tag-encoded nanogap by taking advantage of nanoparticle-
templated self-assembly of amphiphilic block copolymers
and localized metal precursor reduction by redox-active
polymer brushes. Of particular interest for surface-
enhanced Raman scattering (SERS) is that the nanogap
size can be tailored flexibly, with the sub-2 nm nanogap
leading to the highest SERS enhancement. Our results
have further demonstrated that surface functionalization of
the nanogapped Au nanoparticles with aptamer targeting
ligands allows for specific recognition and ultrasensitive
detection of cancer cells. The general applicability of this
new synthetic strategy, coupled with recent advances in
controlled wet-chemical synthesis of functional nanocryst-
als, opens new avenues to multifunctional core—shell
nanoparticles with integrated optical, electronic, and
magnetic properties.

he development of nanostructured probes with unique

optical, electronic, and magnetic properties has opened up
new possibilities for molecular imaging and spectroscopic
detection of specific targets in biomedical and environmental
applications." Surface-enhanced Raman scattering (SERS) that
allows for detecting fingerprint vibrational spectra of single
molecules has emerged as a powerful technique for ultra-
sensitive detection.” Plasmonic metal nanostructures with
confined electromagnetic field arising from localized surface
plasmon resonance (LSPR) are compelling SERS substrates
under intense research.’ In particular, tight interparticle
junctions of plasmonic nanostructures, exhibiting locally
enhanced electromagnetic field, have shown dramatically
improved signal amplification for Raman molecules at the
nanogap area.®* There is growing interest in compact,
nanometer-sized SERS probes with built-in nanogap hotspots,
which not only provide fundamental insights into the structure-
SERS activity correlation but also can possibly address the
practical needs in crossing size-limited biological barriers.’
Major efforts have been made to develop multimeric ensembles
of metal nanostructures with tailored interparticle nanogaps via
lithographic and self-assembly approaches.® More recently,
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Nam et al. have reported the use of DNA-functionalized Au
nanoparticles to synthesize core—shell SERS nanoprobes with 1
nm interior gap, which show highly uniform and efficient SERS
activity in contrast to the anisotropic signal from multimeric
ensembles.”

Here we report a new class of core—shell Au nanoparticles
with a built-in Raman-encoded nanogap that can be tailored in
sub-10 nm range. The use of amphiphilic block copolymer,
consisting of a Raman dye-tagged hydrophobic block and a
hydrophilic block carrying redox-active phenol pedant groups,
forms the technological basis of our strategy. As illustrated in
Figure 1, self-assembly of amphiphilic block copolymers around
Au nanoparticles leads to core—shell hybrid nanoparticles, with
the Raman dye-tagged hydrophobic block sandwiched between
the Au core and the hydrophilic polymer brush shell. The
abundant phenol groups in the shell subsequently reduce Au
precursor locally to form an integral Au nanoshell, giving rise to
nanogapped nanoparticles (NNPs) with Raman tags positioned

Hydrophobic
Block

Self-Assembly

Metallization¢

Au +

X

Hydrophilic Raman Dye

(Redox-Active) Block

Figure 1. Schematic illustration of the synthesis of nanogapped Au
nanoparticles, based on Au nanoparticles templated self-assembly of
amphiphilic block copolymers and the localized reduction of Au
precursor by phenol group-containing polymer brushes, and chemical
structure of the Raman dye-tagged amphiphilic block copolymer.
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in the nanogap between the Au core and shell. Au nanoshell, as
a pioneering class of plasmonic nanostructures, has been
explored for a broad spectrum of applications in nanomedicine
and biosensing.® Conventional synthesis of Au nanoshell
involves immobilization of tiny Au nanoparticle seeds on a
dielectric or semiconductor core and subsequent electroless Au
plating on the seeded nanoparticle for complete shell growth.”
Our strategy of taking advantage of redox-active polymer
coating represents an entirely new approach toward the growth
of metallic nanoshell, which coupled with nanoparticle-
templated self-assembly of amphiphilic block polymers,
provides new opportunities to prepare a diverse range of
hybrid core—shell nanostructures with a built-in nanogap. Of
particular interest for the development of SERS-encoded
plasmonic nanostructures is that this method allows for
positioning and locking Raman tags inside the nanogap
hotspot, eliminating the possible signal fluctuation resulting
from detachment or diffusion that often happens to Raman tags
anchored on nanoparticle surfaces. Also important is that
controlling the thickness of polymer shell in the block
copolymer-coated nanoparticles makes it possible to tailor the
core—shell spacing (that is width of the nanogap) of the NNPs
for optimized SERS performance. Furthermore, the SERS-
encoded NNPs can be easily functionalized with a thiolated
aptamer that is specific to cancer biomarker MUC-1 protein,"’
and the bioconjugated nanoparticles lead to specific targeting
and ultrasensitive SERS spectroscopic detection of breast
cancer cells with overexpressed MUC-1 on their membrane.

The amphiphilic block copolymer (Figure 1) that we
synthesized by atom transfer radical polymerization (ATRP)
(details in Supporting Information (SI)) consists of hydro-
phobic polystyrene (PS) block and hydrophilic block of 4-
vinylphenol (VPh) and di(ethylene glycol) methyl ether
methacrylate (EGM) copolymer (PVPhEGM). Raman probe,
rhodamine B (RhB), was tagged on the hydrophobic block by
copolymerization of a RhB-containing monomer (Figure 1)
and styrene (St). The pedant phenol group of VPh is a strong
reducing agent when reaction pH is higher than its pK,
~10)."" Tts deprotonation at this condition endows
PVPhEGM copolymer with excellent water solubility. Our
experiments have shown that the characteristic red color of Au
nanoparticles immediately appeared upon addition of KAuCl,
into aqueous solution (pH 11) of PVPhEGM copolymer,
indicative of strong reducing activity of the phenol group.
Transmission electron microscopy (TEM) observation (Figure
S1) confirms the generation of Au nanoparticles. Micellization
of the amphiphilic block copolymer was induced by adding
water, which is a selective solvent for hydrophilic PVPhEGM
block, into DMSO solution of the polymer. We have found that
it is necessary to have 20% hydrophilic EGM in the PVPhEGM
block to give rise to stable micelles. Importantly, the
PVPhEGM copolymer in the micelles maintained the strong
reducing power. TEM images (Figure S2) display that slowly
adding KAuCl, into the micelle dispersion (pH 11) led to
localized reduction of Au precursor on the micelle surface,
forming a complete Au nanoshell eventually. It is worthwhile
mentioning that localized reduction of Au precursor by
PVPhEGM eliminates possible self-nucleation of the precursor
in solution to form free nanoparticles, which often occurs when
external reducing agents are used.

ATRP allows for optimizing molecular weight and
composition of the amphiphilic block copolymer for eflicient
encapsulation of nanoparticles and Raman probe tagging.'> The
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block copolymer with a composition of St;s5-RhBs-VPhgy-
EGM,; was selected to coat 20 nm Au nanoparticles
synthesized by citrate reduction. Previous work on nano-
particle-templated self-assembly of amphiphilic block copoly-
mers mostly used PS-b-poly(acrylic acid) (PAA)." Taton et al.
reported that thickness of the PS-b-PAA coating can be
controlled by varying the polymer to nanoparticle ratio, with
higher ratio resulting in greater surface density, more stretched
polymer chain and thicker coating.13b Our results in this study
have demonstrated that the block copolymer we designed can
also give rise to efficient encapsulation of nanoparticles. As
displayed in TEM images (Figure 2a—c), increasing the average

Figure 2. TEM images of polymer-encapsulated gold nanoparticles
(20 nm) with different thickness of polymer coating: 11 (a), 18 (b),
and 26 nm (c). TEM images of the corresponding Au NNPs with an
interior nanogap of 1.5 (d), S (e), and 11 nm (f).

number of polymer chains on each nanoparticle from 720,
2000, and 3500 (details in Figures S3 and S4) led to gradually
increased thickness for the polymer coating from 11, 18, to 26
nm. Hydrodynamic diameter of the three samples measured by
dynamic light scattering is 49, 64, and 81 nm (Figure SS).
When the polymer-coated nanoparticles underwent Au
deposition by localized reduction of KAuCl,, core—shell
nanoparticles with a built-in nanogap were produced (Figures
2d—f and S6). More importantly, control over the polymer
thickness in the hybrid nanoparticles was translated into the
ability to tailor the nanogap size. For the three hybrid
nanoparticles with a polymer thickness of 11, 18, and 26 nm,
the nanogap expands from 1.5 + 0.1, S + 0.7, to 11 + 1.1 nm
(Figure S7). Interestingly, it appears that interconnecting
bridges were formed between Au core and shell in the NNPs
(insets in Figures 2d—f and S6), suggesting that the RhB-
labeled PS block unlike silica coating reported previously'* did
not completely insulate the core nanoparticles from Au
deposition. We reason that epitaxial growth of Au on the Au
core at defected regions of the polymer coating led to the
formation of the nanobridges. Notably, recent report by Nam et
al. has suggested that forming nanobridges in the nanogap leads
to greatly improved electroma7gnetic enhancement and
consequently better SERS activity.

Optical properties of plasmonic nanostructures are strongly
dependent on their structural parameters and immediate
dielectric environment.'® Figure 3a shows that the LSPR of
20 nm Au nanoparticles red-shifted 8—535 nm after coated
with the block copolymers because of higher refractive index of
the polymer coating, compared to water. The NNPs exhibit
significantly different LSPR profile. For the two samples with
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Figure 3. (a) UV—vis spectra of the 20 nm Au nanoparticle (black
line), polymer-coated nanoparticle (green line) and Au-NNP with 1.5
nm (red line), S nm (purple line) and 11 nm (blue line) nanogap. (b)
Dark-field images of Au-NNPs with 1.5 nm gap (b1), S nm gap (b2)
and 11 nm gap (b3). (c) SERS spectra of Au-NNPs (0.4 nM) with 1.5
nm gap (red line), S nm gap (purple line) and 11 nm gap (blue line);
40 nm Au nanoparticle (black line); hollow Au nanoshells (green
line), and double-layered Au nanoparticles of ~43 nm with RhB tags
positioned between the two layers (orange line). (d) SERS intensity at
1646 and 1206 cm™ as a function of the average number of RhB
molecules loaded in each particle.

larger nanogap (purple and blue lines in Figure 3a), a new
resonance component emerged at 730 nm after growth of Au
shell, in addition to the peak at lower wavelength. In contrast,
when the nanogap shrinks to ~1.5 nm, LSPR of the NNP
resembles that of solid nanoparticles, and only one dipole
resonance at 556 nm was detected, which is in line with what
reported recently.” In comparison with the polymer-coated 20
nm Au nanoparticle core, extinction efficiency of the NNP has
increased by a factor of 3.2. Dark-field imaging reveals the
scattering property of NNPs at single particle level.'® As
displayed in Figures 3b and S8, the NNP with 1.5 nm interior
nanogap predominantly shows green-yellow scattering, and the
scattering of NNPs with larger gap red shifts into the orange-
red range, which is consistent with the extinction spectra
obtained in bulk measurements.

The combinational use of RhB-tagged and RhB-free block
copolymer for Au nanoparticle encapsulation allows us to
control the average number of Raman probes loaded in the
nanogap. As summarized in Figure 3c, SERS measurements
(632.8 nm excitation) on the NNP samples containing an
average number of 200 RhB in each particle reveal that the
NNP with 1.5 nm nanogap shows much better SERS activity
compared to the NNP with larger gap sizes. The calculated
enhancement factor (EF) of the 1.5 nm gap sample is 1.4 X 10°,
dropping to 1.1 X 107 and 2.7 X 10° when the gap size increases
to 5 and 11 nm. Because the RhB tags residing in the nanogap
have no direct contact with the Au surfaces, electromagnetic
enhancement is expected to have a leading contribution to the
SERS activity of the NNPs, which, in conjugation with the
dramatic field enhancement of sub-2 nm nanogap, results in the
highest signal intensity of the NNP with 1.5 nm gap. In clear
contrast, negligible SERS signal was detected from solid Au
nanoparticles of similar size (40 nm), demonstrating the
importance of placing Raman tags inside the nanogap hotspots.
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The Au nanoshell prepared by localized reduction of Au
precursor on the RhB-labeled PS-b-PVPhEGM micelles also
showed no SERS activity. Co-adsorption of RhB dye and end-
thiolated PVPhEGM on 20 nm Au nanoparticles, followed by
PVPhEGM-induced Au deposition, gives rise to double-layered
Au nanoparticles of ~43 nm (Figure S9) with RhB tags
positioned between the two layers. These nanoparticles,
although having roughly the same size as the NNPs, also
showed poor SERS amplification. Another strong evidence
supporting the major contribution of plasmonic coupling
between the Au core and shell is that signal intensity of
Raman peaks at 1206 and 1646 cm™" is linearly dependent on
the number of RhB probe loaded in the nanogap (Figure 3d).

We next explored the use of NNPs for the specific targeting,
Raman imaging, and spectroscopic detection of cancer cells.
Breast cancer cell line, MCF-7, is known to have highly
overexpressed MUC-1 protein on its cell membrane.'” The Au
NNPs offer straightforward surface functionalization by forming
Au-S bond with incoming ligands. Here a MUC-1 aptamer
carrying a thiol group at its 5" end was attached on the NNP
with 1.5 nm gap.'” Dual-modality dark-field and fluorescent
imaging clearly shows the efficient binding and uptake of
aptamer-conjugated NNPs into the MCF-7 cells. Figure 4a

0 um

-
Figure 4. Dark-field imaging of the MCF-7 cells incubated with
aptamer-conjugated Au NNPs (a) and Au NNPs modified with
scrambled DNA sequence (b). (c) Bright-field (top) and Raman
mapping (bottom) of the MCF-7 cells labeled with targeted (left) and

nontargeted Au NNPs (right). (d) Raman spectra of different number
of MCF-7 cells treated with targeted Au NNPs.
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reveals that both green-yellow scattering from single NNPs and
orange-colored scattering from small clusters were observed in
the live cells. On the other hand, the NNPs modified with a
scrambled DNA sequence did not lead to obvious labeling
(Figure 4b) of the MCF-7 cells. Raman imaging (Figure 4c),
generated by mapping Raman signal at 1646 cm™, also shows
the same trend. While a strong punctuate signal was detected in
the cells labeled with the MUC-1 aptamer targeted NNPs,
NNPs carrying scrambled DNA sequence did not afford
detectible signal. The strong SERS signal of the NNP probe
enabled ultrasensitive measurement of the labeled MCF-7 cells.
A minimum number of 30 cells/mL (Figures 4d and S10) can
be detected for MCF-7 cells incubated with the aptamer-
targeted NNPs for 40 min, indicating the potential use of NNP

dx.doi.org/10.1021/ja502024d | J. Am. Chem. Soc. 2014, 136, 6838—6841



Journal of the American Chemical Society

Communication

probes for detecting circulating tumor cells."® The cells treated
with the targeted NNP of various concentrations (0.25—2.0
nM) up to 240 min showed more than 95% viability (Figure
S11), suggesting the excellent biocompatibility of the Au NNPs.

In summary, we have developed a new synthetic method
toward SERS-encoded NNPs based on nanoparticle-templated
self-assembly of amphiphilic block copolymers and the use of
redox-active polymer carrying phenol groups for localized metal
precursor reduction. One key finding is that the nanogap sizes
in core—shell NNPs can be readily tailored by controlling the
polymer coating thickness, leading to highly SERS-active NNPs
with 1.5 nm interior gap for ultrasensitive SERS detection of
cancer cells. Our strategy is broadly applicable for other
functional nanocrystals, which, in combination with recent
advances in wet-chemical synthesis and surface engineering of
functional nanocrystals of diverse chemical identity,'® opens a
new avenue for controlled synthesis of multifunctional
nanogapped nanocrystals, such as fluorescent quantum dot
core-plasmonic metal shell nanoparticles."**° Likewise, con-
verting the nanoscopic domains of redox-active polymers
through localized reduction provides an enabling method for
designing metal nanostructures with customized plasmonic and
electronic properties.21
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