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ABSTRACT: We report a new class of turn-on surface enhanced Raman scattering (SERS) SERs o SERS ON
sensors for the sensitive and selective detection of cadmium ion (Cd* ) by taking advantage of
the interparticle plasmonic coupling generated in the process of Cd*"-selective nanoparticle : “_ :
self-aggregation. The SERS-active nanoparticles consist of 41-nm gold nanoparticles, encoded
with a Raman-active dye through a disulfide anchoring group, and a layer of Cd**-chelating
polymer brush coating grafted on the nanoparticle via surface-initiated atom transfer radical | # ron
polymerization. These SERS nanoparticles are optimized to remain spectrally silent when
staying as single particles. Addition of Cd** leads to interparticle self-aggregation and - '
immediately turns on the SERS fingerprint signal with up to 90-fold of signal enhancement. The select1v1ty of the SERS
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nanoparticle for Cd** was also examined, showing that various common metal ions cannot induce interparticle self-aggregation and
the turn-on of SERS signal. In contrast to nanoparticle-based colorimetric assays, the SERS probe is also capable of detecting Cd*" in

heavily colored samples.
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1. INTRODUCTION

Metal ion sensors are of considerable current interest for a
broad range of biological and environmental applications.' > Tt
has been increasingly recognized that certain metal ions such as
Zn>" are essential nutrients to maintain regular cell functions.””
On the other hand, the chronic and acute exposure to toxic heavy
metal ions such as Cd*", Pb**, and Hg”" can exert direct impact
on human health and are linked to ma]or human diseases such as
cancer and cardiovascular disease.”® Highly sensitive and selec-
tive methods for the detection of metal ions not only can provide
insight into the physiological activity of metal ions but also are in
great demand for waste management and food safety screening.
Technologies such as atomic absorption spectrophotometry,
fluorescence spectroscopy, and electrochemical analysis have
been commonly used to detect metal ions present in biological
or environmental specimens. 5712 However, selectivity, long-
term stability, compatibility with aqueous environments, and
easiness for on-site sampling remain significant challenges for
many of these techniques.

Recent advances in nanotechnology have led to the develop-
ment of new detection mechanisms for the design of metal ion
sensors."*"?* For example, localized surface plasmon resonance
(LSPR) of gold or silver nanoparticles exhibits sizable red-shifts
upon forming nanogarncle aggregates because of interparticle
plasmonic coupling. The spectral shift coupled with the
high extinction coefficient of metal nanoparticles allows for the
development of colorimetric sensors based on metal nanoparti-
cles with surface coatings responsive to specific metal ions.'*>>*
These colorimetric nanosensors can address intrinsic limitations
of small molecular dye-based fluorescent sensors such as the
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fluorescence quenching by metal ions and poor photostability.
However, their practical uses in media exhibiting strong absorp-
tion of visible light are still problematic.

The other detection mechanism that benefits from the target-
specific self-aggregation of metal nanoparticles is surface en-
hanced Raman scattering (SERS). 26728 GERS has emerged as a
powerful technique with extraordinary sensmwgf for applications
in a number of chemical and biological systems.”*** Accumulat-
ing evidence have demonstrated that the SERS signal of Raman
dyes tagged on the nanoparticles can be significantly enhanced by
the interparticle plasmonic coupling induced by the aggregation
of metal nanoparticles .**** The enhancement resulting from the
aggregation of SERS-active nanoparticles carrying single-strand
DNA probes has been employed to track DNA hybridization,
allowing the detection of target DNA with single base accuracy.***’
Recently, Nie et al. reported the fabrication of stimuli-responsive
SERS nanoparticles coated with block copolymer brushes,
in which the pH-sensitive conformational change of poly-
(methacrylic acid) block can reversibly modulate the intensity of
Raman signals in a off-on switchable manner.*®

Here, we report a new class of sensitive and selective turn-on
SERS sensors for Cd** by taking advantage of the plasmonic
coupling generated in the process of Cd**-selective nanoparticle
self-aggregation. Our design of SERS nanoparticles consists of
41-nm gold nanoparticles, encoded with a Raman-active dye through
a disulfide anchoring group, and a layer of cd? *-chelating
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polymer brush coating grafted on the nanoparticle via surface-
initiated atom transfer radical polymerization (SI-ATRP). Pre-
vious reports have suggested that the extent of SERS signal
amplification by single metal nanoparticles is closely correlated
to the size of the nanoparticle, the average number of SERS dyes
on the particle, and the laser excitation wavelength of choice.”” In
this study, the SERS-active nanoparticles are optimized to remain
spectrally silent when staying as single particles. SLATRP offers
the flexibility of growing a host of densely grafted polymer
brushes of functional monomers on nanoparticles with defined
sizes and geometry.”” *' The polymer coating in this design
plays dual roles of stabilizing the nanoparticles against nonspe-
cific aggregation and recognizing Cd”" through specific me-
tal—ligand interaction, and the latter leads to fast interparticle
aggregation. Our results have shown that SERS fingerprint signal
can be sensitively and selectively turned on by Cd** among a
group of competing metal ions including Zn>*, which has been
the main source of interference for Cd** detection due to their
similar chemical properties and electronic structures.” ° The
current work represents a proof-of-concept example of utilizing
Raman-active dye encoded nanoparticles for the detection of
metal ions.

2. EXPERIMENTAL SECTION

Methoxypoly(ethylene glycol)thiol (PEG-SH) with a molecular
weight of 2000 Da was purchased from Laysan Bio, Inc. Chloroauric
acid and n-butyllithium (2.88 M solution in hexane) were obtained from
Alfa Aesar. Succinic anhydride, 2-aminoethanol, 2-aminoethyl metha-
crylate hydrochloride, N-hydroxysuccinimide (NHS), N,N'-dicyclohex-
ylcarbodiimide (DCC), 4-bromophenol, 2-bromoethanol, methyl
2-bromopropinate, and 4,4’-bis-(N,N-diethyl amino)benzophenone
were purchased from Sigma-Aldrich and used as received. 2,2’-Dithiobis
[1-(2-bromo-2-methyl-propionyloxy) Jethane (DTBE) was synthesized
according to our previous report.*” Tris(2-(dimethylamino ) ethyl)amine
(MegTREN) was prepared according to literature procedures.* Water
was deionized with a Milli-Q SP reagent water system (Millipore) to a
specific resistivity of 18.0 MQcm. All the other chemical reagents were
obtained from commercial suppliers and used without further purification.

"H NMR characterization was conducted at Bruker AV300, using
CDCl; and D, O as solvents. SERS measurements were implemented on
aPeakSeeker Pro (Agiltron) Raman system using an excitation laser with
785 nm wavelength at 100 mW. Raman spectra were collected in the
wavenumber range of 200—2000 cm ! for an integration time of 10 s,
calibrated with a silicon standard at 520 cm ™. Peak heights for the SERS
spectral band at 525 cm™ ' were determined by taking the difference
between the peak intensity maximum and an average baseline for each
spectrum. The enhancement factor was calculated by using the signal from
single particles as the background signal. UV—vis absorption spectra were
recorded by using a Thermo Electron UV—vis spectrophotometer
(NICOLET evolution 500). Transmission Electron Microscopy (TEM)
observations were conducted on a Jeol JEM 2010 electron microscope at an
acceleration voltage of 300 kV. Gel permeation chromatography (GPC)
was measured on a Shimadzu HPLC system using CHCl; as the eluent, and
the molecular weight is calibrated with polystyrene standards.

Synthesis of Gold Nanoparticles. Uniform 13-nm gold nano-
particles were prepared by citrate reduction of HAuCl, in aqueous
solutions. Typically, a sodium citrate (102 mg) DI water solution (2 mL)
was rapidly injected into a boiling aqueous HAuCl, (30 mg in 200 mL of
DI water) solution under vigorous stirring. After boiling for 15 min, the
solution was cooled to room temperature. Gold nanoparticles with an
average diameter of 41 nm were synthesized using 13 nm nanoparticles
as seeds. Briefly, a freshly prepared aqueous HAuCl, solution (20 mg in

100 mL of DI water) was heated to boiling, followed by the sequential
injection of the as-prepared seed solution (8 mL, 13-nm Au
nanoparticles) and sodium citrate solution (0.56 mL, 20 g/L) under
vigorous stirring. The mixed solution was then heated for another 30 min
before cooled down to room temperature.

Synthesis of 2-(4-Bromophenoxy)ethanol. A mixture of
K,CO3 (30.0 g, 0.22 mol), 4-bromophenol (30.0 g, 0.17 mol), and
2-bromoethanol (31.0 g, 0.25 mol) in acetone (500 mL) was refluxed
under N, for 48 h. Then, the mixture was filtered and evaporated to
dryness. CH,Cl, was added to dissolve the products and then washed
with brine. The organic phase was dried over anhydrous MgSO,. After
the insoluble solids were removed by suction filtration, the CH,Cl,
solution was concentrated using a rotary evaporator. The crude product
was further purified by silica gel column chromatography using ethyl
acetate/petroleum ether (1:2, v/v) as the eluent. After removing all the
solvents, the product was obtained as a white solid (22.14 g, yield: 60%).
"H NMR (CDCls, 8, ppm, TMS): 7.39 and 6.81 (4H, phenyl), 4.05 (2H,
—OCH,CH,0H), and 3.96 (2H, —OCH,CH,OH).

Synthesis of 2-(4-(Bis(4-(diethylamino)phenyl)(hydroxy)-
methyl)phenoxy)ethanol (1). This compound was synthesized
according to literature procedures with little modification.** In a typical
run, 2-(4-bromophenoxy)ethanol (4.0 g, 18.4 mmol) was dissolved in
100 mL of anhydrous THF under nitrogen atmosphere. The solution
was cooled to —70 °C in a bath of liquid nitrogen and acetone. n-
Butyllithium (12.8 mL of a 2.88 M solution in hexane, 36.8 mmol) was
added with a syringe dropwise under continuous stirring. The mixture
was left at —70 °C for 1S min. Then, 4,4’-bis-(IN,N-diethylamino)-
benzophenone (6.0 g, 18.4 mmol) was added as a solid under stirring,
and the mixture was allowed to warm to room temperature and left for
2 h. Saturated solution of NaHCO5 (100 mL) was added to quench the
reaction, and ethyl acetate (100 mL) was used to extract the crude
product. The organic phase was washed with 100 mL of brine and dried
over anhydrous MgSO,. The insoluble solids were removed by suction
filtration, and ethyl acetate was concentrated using a rotary evaporator.
The crude product was further purified by silica gel column chroma-
tography using petroleum ether/ethyl acetate (1:3, v/v) as the eluent.
After removing all the solvents, the product, 1, was obtained as a green
solid (4.26 g yield: 50%). "H NMR (CDCls, 8, ppm, TMS): 7.25—6.57
(12H, phenyl), 407 (2H, —OCH,CH,0OH), 3.94 (2H, —OCH,CH,OH),
3.32 (8H, —N(CH,CH,),), 1.99 (1H, —OCH,CH,0H), and 1.14
(12H, —N(CH,CHS,),).

Synthesis of 2-(4-(Bis(4-(diethylamino)phenyl)(hydroxy)-
methyl)phenoxy)ethyl 5-(1,2-Dithiolan-3-yl)pentanoate
(BGLA, 2). A 50 mL round-bottom flask was charged with lipoic acid
(0.76 g, 3.7 mmol), DCC (0.76 g, 3.7 mmol), and anhydrous CH,Cl,
(1S mL). The reaction mixture was cooled to 0 °C in an ice—water bath,
and a solution of 1 (1.50 g, 3.2 mmol), DMAP (0.05 g, 0.4 mmol), and
anhydrous CH,Cl, (15 mL) was added dropwise over a period of 1 h
under magnetic stirring. After the addition was completed, the reaction
mixture was stirred at 0 °C for 1 h and then allowed to warm to room
temperature for 12 h. After removing the insoluble salts by suction
filtration, the filtrate was concentrated and further purified by silica gel
column chromatography using petroleum ether/ethyl acetate (1:6, v/v)
as an eluent. After removing all the solvents, the product, 2, was obtained
as a green solid (1.25 g, yield: 60%). '"H NMR (CDCls, 0, ppm, TMS):
7.25—6.57 (12H, phenyl), 441 (2H, —OCH,CH,0CO—), 4.15 (2H,
—0OCH,CH,0C0O-), 3.32 (8H, —N(CH,CHs),), 2.58—1.52 (12H,
lipoic acid), and 1.14 (12H, —N(CH,CHj),).

Synthesis of 4-(2-Hydroxyethylamino)-4-oxobutanoic
acid (HEBA, 3).%. Succinic anhydride (4.0 g, 0.04 mol) and 2-ami-
noethanol (2.44 g, 0.04 mol) were dissolved in 10 mL of acetone,
respectively. The reaction took place under ice—water bath, and both of
the acetone solutions were added to a three-neck bottle which contained
20 mL of acetone. The solutions were added slowly in about 30 min, and

4757 dx.doi.org/10.1021/cm201791r |Chem. Mater. 2011, 23, 4756-4764



Chemistry of Materials

>
@] o=
e
) /
s

A
PEG Q-~°

-

ATRP Initiator (f) _~J

< | ATRP

Figure 1. Schematic illustration of the procedure employed for the fabrication of SERS dye encoded gold nanoparticles via ligand exchange and surface-
initiated ATRP and the working mechanism for selective Cd*" recognition and binding.

then the reaction system was stirred for another 2 h. After all solvents
were removed, the crude product, 3, was obtained and used without
further purification for later synthesis. "H NMR (D,0, 6, ppm): 3.53
(2H, HOCH,CH,NHCO—), 3.23 (2H, HOCH,CH,NHCO—), and
2.44—2.50 (4H, —NHCO(CH,),COOH).

Synthesis of 2-(4-(2-Hydroxyethylamino)-4-oxobutana-
mido)ethyl methacrylate (HEBAMA, 4). DCC (4.50 g, 0.022 mol)
and 3 (3.22 g, 0.02 mol) were dissolved in 20 mL of ice-cold DMSO. After
the solid was dissolved, NHS (2.53 g, 0.022 mol) was added in the solution.
The reaction mixture was stirred continuously for 10 h at room temperature.
Then, 2-aminoethyl methacrylate hydrochloride (3.31 g, 0.02 mol) and
2.5 mL of NEt; were added. After the mixture was stirred for another S h,
60 mL of ethyl acetate was added, the insoluble salts were removed by
suction filtration, and the filtrate was washed with water (5 x S0 mL) to
remove the excess salts and DMSO. The organic layers were dried over
anhydrous Na,SO,, and ethyl acetate was concentrated using a rotary
evaporator. The crude product was further purified by silica gel column
chromatography using n-hexane/ethyl acetate (1:1, v/v) as an eluent. After
removing all the solvents, the product, 4, was obtained as a light yellow
liquid (3.15 g yield: 57.8%). "H NMR (CDCls, 6, ppm, TMS): 8.02 (2H,
—~NHCOCH,CH,CONH-), 6.13 and 560 (2H, CH,=C(CHs)-
COO0-), 423 (2H, —COOCH,CH,NHCO—-), 3.55—3.48 (4H, HO-
(CH,),NHCO-), 320 (2H, —COOCH,CH,NHCO—-), 2.52 (4H,
—~NHCO(CH,),CONH-), and 2.04 (3H, CH,=C(CH;)COO—).

Preparation of SERS Dye Encoded Gold Nanoparticle-
Based ATRP Initiator. Gold nanoparticle-based ATRP initiator was
prepared by a series of ligand exchange reactions. In a typical procedure,

a freshly prepared reporter solution of 4 (2 mL, 6.0 uM; BGLA final
concentration not exceeding 0.24 uM) was added dropwise to a rapidly
stirring SO mL Au colloid (41-nm) over S min, and then stirring was
continued for another 20 min, to make sure of the sufficient adsorption of
reporter molecules onto Au surface. Subsequently, PEG-SH (MW = 2000
Da, S mg) and DTBE (6 mg) in DMF (2 mL) were added. After having
been stirred for 48 h, the solution was centrifuged (5000 g for 10 min) to
recover the nanoparticles (Au@BGLA/PEG/DTBE). The supernatant was
discarded, and the nanoparticles were redispersed in DMF for further uses.
Preparation of Polymer Grafts Coated SERS-Active Gold
Nanoparticles Using Surface-Initiated ATRP. Typically, to a
Schlenk tube equipped with a magnetic stirring bar, 4 (0.4 g, 1.1 mmol),
Au@BGLA/PEG/DTBE (1 mL, 3.0 nM), and a suitable amount of free
initiator, methyl 2-bromopropinate, were dissolved in DMF (1 mL). After
the mixture was degassed for 30 min by N,, CuBr (4.0 mg) and Me,TREN
(30.0 uL) were added, and the reaction mixture was allowed to degas for
another 5 min and then kept in a 50 °C oil bath for 16 h. After purification
by centrifugation (6000 g for 10 min), the SERS-active Au@BGLA/PEG/
PHEBAMA nanoparticles were stored in DI water for characterization and
measurements. The separated DMF solution of free polymer was purified by
repeated centrifugation and precipitated with ethyl ether, and the resultant
precipitate was dried in vacuum for molecular weight measurements.

3. RESULTS AND DISCUSSION

Figure 1 summarizes procedures for the preparation of SERS-
active nanoparticles and the working mechanism for Cd** detection.
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Figure 2. (a) Synthetic routes for the preparation of 2-(4-(bis(4-(diethylamino)phenyl)(hydroxy)methyl)phenoxy)ethanol (1) and 2-(4-(bis-
(4-(diethylamino)phenyl) (hydroxy)methyl) phenoxy)ethyl S-(1,2-dithiolan-3-yl)pentanoate (BGLA, 2). (b) '"H NMR spectra recorded for 1 and 2
in CDCls. (c) UV—vis spectrum recorded for the aqueous solution of BGLA (0.05 g/L, 25 °C) at pH 7.0.

Citrate-stabilized gold nanoparticles of 41 nm in diameter,
which were synthesized in a two-step seeded growth proce-
dure, were functionalized with a Raman active dye at first,
followed by the coadsorption of methoxypoly(ethylene gly-
col)thiol (PEG-SH, MW = 2000 Da) and an ATRP initiator,
2,2'-dithiobis[ 1-(2-bromo-2-methyl-propionyloxy) ]ethane (DTBE)
through the Au—S bond. In previous studies, numerous Raman
dyes such as IR-792 have been attached to nanoparticles surfaces
through weak noncovalent interactions. 3673846 However, we
found that DTBE used in the ligand exchange reaction can
effectively remove weakly adsorbed IR-792 dyes since the
formation of the Au—S bond is a much more favorable process
compared to the noncovalent absorption of IR-792. To address
this problem, we designed a new Raman dye containing brilliant
green moiety and a disulfide anchoring group (Figure 1). The
synthetic route of the new dye, named BGLA, is schematically
illustrated in Figure 2, and the chemical structures of all the
intermediates and the final product are confirmed by "H NMR
and UV —vis spectroscopy. Briefly, 2-(4-bromophenoxy)ethanol
was activated by n-butyllithium and then coupled with 4,4'-
bis-(IN,N-diethylamino)benzophenone, affording the brilliant
green backbone, which were further reacted with lipoic acid to
yield BGLA. In contrast to IR-792, BGLA can survive over the
ligand exchange reaction by PEG and DTBE to remain on
nanoparticle surfaces due to the strong multivalent interaction
between the disulfide anchoring group and gold nanoparticle
surfaces.*”*® The short PEG chains are necessary to maintain the

colloidal stability of gold nanoparticles during the ligand ex-
change reaction. Because both BGLA and DTBE are hydro-
phobic, the ligand exchange reaction at the surface of water-
dispersible citrate-stabilized gold nanoparticles will result in the
formation of insoluble aggregates in the absence of the PEG
stabilizer. The free unbounded BGLA, DTBE, and PEG were
removed by repeated centrifugation and washing, and the
purified nanoparticles became dispersible in organic solvents
including DMF, ethanol, and tetrahydrofuran, indicating a
successful ligand exchange since the original nanoparticle cannot
be dispersed in these solvents. As depicted in Figure 3, a new
functional monomer, 2-(4-(2-hydroxyethylamino )-4-oxobutana-
mido)ethyl methacrylate (HEBAMA), containing two amide
linkages, was synthesized via the amidation reaction of 2-ami-
noethyl methacrylate hydrochloride with 4-(2-hydroxyethylamino)-
4-oxobutanoic acid (HEBA), which was prepared by the coupling
of succinic anhydride and 2-aminoethanol. The design of HE-
BAMA is inspired by previous research on selective recognition
of Cd*" by polyamlde groups. For example, Qian and co-workers
reported a Cd>* fluorescence sensor based on a BODIPY dye
with four-armed polyamide chelating groups, which have shown
selective affinity to Cd** with association constants K;; and Ky,
of 7.2 x 10 and 1.3 x 10°, respectively.®

SI-ATRP has become a versatile tool to graft well-defined
polymer brushes at the surface of functional nanoparticles.*®
In our recent study, amphiphilic gold nanoparticles have
been produced by a tandem ligand exchange reaction and
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Figure 3. (a) Synthetic routes employed for the preparation of 4-(2-

xyethylamino)-4-oxobutanamido)ethyl methacrylate (HEBAMA, 4). (b) *

hydroxyethylamino)-4-oxobutanoic acid (HEBA, 3) and 2-(4-(2-hydro-
H NMR spectra recorded for 3 and 4 in D,O and CDClI;, respectively.

surface-initiated ATRP reaction, leading to smart nanoparticles
coated with polymer brushes responsive to external stimuli such
as pH.*' Here, surface-initiated ATRP of HEBAMA was conducted
in the presence of CuBr/Tris(2-(dimethylamino)ethyl)amine
(MesTREN) in dimethylformide (DMF) at SO °C, leading to
hybrid nanoparticles coated with PEG and narrowly dispersed
poly(HEBAMA) (PHEBAMA) chains (M, = 21 kDa, M,,/M,, =
1.24). Our previous study showed that the sequential ligand
exchange and surface-initiated ATRP reactions afforded
hybrid nanoparticles with a polymer grafting density of 0.4—
0.5 chain/nm?, which corresponds to ~2000 }zaolymer chains
at the surface of 41 nm gold nanoparticles.*"*

Polymer coatings have been widely used to endow nanoparticles
with stimuli-responsiveness and improve the colloidal stability and
biocompatibility of functional nanoparticles.*>**~*#~*" The
SERS nanoparticles coated with hybrid brushes of PEG and
PHEBAMA, which is highly water-soluble, exhibit a LSPR peak at
540 nm (Figure 4), red-shifted 8 nm relative to the citrate
stabilized nanoparticles due to the higher refractive index of
the polymer coating,®® The LSPR peak remains unchanged in
various buffer solutions such as phosphate buffered saline,
confirming the excellent colloidal stability of the SERS nanopar-
ticles. This is crucial for colloidal nanoparticle-based sensors because
signal incurred by nonspecific aggregation can be effectively
eliminated. In contrast, nanoparticles with small-molecular li-
gands typically exhibit low tolerance to the increased ionic
strength of buffer solutions, and the aggregation because of poor
colloidal stability often produce false signals.”” Figure 4a shows
that interparticle plasmonic coupling is immediately turned on
upon the addition of Cd** ions (8 #M) in the SERS probe
dispersion (12 pM). In the UV—vis spectra, a pronounced
shoulder at 720 nm appears and its intensity gradually increases
with increasing amount of Cd>* added; at the same time, the
intensity of the original LSPR peak at 540 nm progressively
decreases, which is accompanied by a colorimetric red-to-blue
transition. Transmission electron microscopy observation
(Figure 4b) reveals that the SERS probe remained as dispersed
single particles in the absence of Cd**, and addition of Cd**
induced clustering of the probe to form large aggregates.
Obviously, due to the significant difference in chain lengths of
the two types of polymer grafts, the short PEG chain does not
interfere with the binding of PHEBAMA with Cd**. SERS spectra

of the corresponding solutions were captured under 785-nm
laser excitation, showing dramatic increases in SERS signal
intensities (Figure 4c) induced by the plasmonic coupling. For
the Raman reporter BGLA, 633-nm laser excitation is preferred
to achieve maximum signal amplification due to the resonance
enhancement effect associated with its electronic transition at
616 nm (Figure 2¢).>* Meanwhile, previous work has shown that
633-nm and 785-nm laser excitations are favorable for well-
dispersed single gold nanoparticles and nanoparticle aggregates,
respectively.”” Under the consideration of the above issues,
785-nm excitation is selected for a better off-on signal contrast.
The SERS-active nanoparticles remain spectrally silent when
staying as single particles and the SERS signal is only turned on
upon forming aggregates. The SERS peak at 525 cm ™' corre-
sponding to the ring skeletal vibration of radical orientation of
the BGLA tag was used to determine the SERS enhancement
factor. For example, 35 uM Cd** led to a 90-fold enhancement at
525 cm™ ' in comparison with the background signal from single
particles. We also found that using multiple Cd salts with
different anions did not cause significant changes in the SERS
spectroscopic profiles and the enhancement factors, indicating
the potential uses of the SERS sensor for the detection of metal
ions from different origins. When 12 pM aqueous dispersion of
SERS-active gold nanoparticles is employed, the SERS probe in
this study shows a detection limit of 1.0 #uM (S/N = 3), which is
comparable to that (0.6 uM) of the fluorescence sensor reported
by Qian and co-workers.® Recently, Xue et al. described that a
colorimetric sensor of Cd** based on gold nanoparticles stabi-
lized with small molecular ligands, i.e., 6-mercaptonicotinic acid
and L-cysteine displays a detection limit of 0.1 uM (S/N = 3) .
However, it can be expected that the practical application of this
kind of colorimetric sensors is limited by two practical issues: the
poor colloidal stability of the nanoparticles and the inherent
incapability of colorimetric assays for heavily colored samples.
As shown in Figure 4e and f, our results have demonstrated
that the SERS probe maintained its response to Cd”" in the
presence of the blue-colored complex of CuBr and N,N,N’,N’,
N"-pentamethyldiethylenetriamine, although the UV—vis
spectra and solution color showed little change. In addition,
the combination of the SERS probe and portable Raman
spectroscopy allows for onsite sampling and quantitative detec-
tion, offering unique advantages over other sensing schemes
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Figure 4. (a) UV—vis spectra recorded for aqueous dispersions (25 °C, pH 7; 12 pM) of Cd*'-chelating polymer brush-coated SERS-active
nanoparticles upon gradual addition of Cd*" ions, and the inset shows photographs of the aqueous dispersion of SERS-active nanoparticles before and
after Cd**addition (25 #M). (b) TEM images of the SERS nanoparticles at in absence (left) and 8 uM (right) of Cd*" ions. (c) SERS spectra recorded
for aqueous dispersions (25 °C, pH 7; 12 pM) of SERS-active nanoparticles upon gradual addition of Cd*" ions. (d) SERS spectra of SERS-active
nanoparticles in aqueous solutions of different Cd salts (25 uM). (e) SERS spectra recorded for aqueous dispersions (25 °C, pH 7; 12 pM) of Cd*'-
chelating polymer brush-coated SERS-active nanoparticles before and after addition of 8 uM Cd>*. (f) UV—vis spectra measured for aqueous
dispersions before and after addition of 8 uM Cd*". These two detections are performed in an aqueous medium obtained by mixing equal amount
(500 uM) of CuBr and aqueous solution of PMDETA in deionized water and stirred for 30 min.

requiring bulky instruments such as atomic absorption spectro-
photometry. For environmental applications, the current probe
is highly useful for screening and monitoring burst release of
Cd*" ions.

The SERS nanoparticles also exhibit excellent selectivity for
Cd** over various common metal ions. Figure S shows that,
among the metal jons tested, Na*, K, Cs*, Ca™", Cu**, Pb**, Cr™,
Fe*, and Hg2+ do not induce interparticle aggregation and the
associated plasmonic coupling. Zn>* has been the main source of
interference for Cd>* due to their similarity in terms of electronic
structures.” ° At equivalent concentration (25 4M), Zn>* results
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in a slight shoulder at ~720 nm in the LSPR spectrum (Figure Sa),
and its intensity is considerably lower than that caused by Cd**.
SERS measurement offers a more quantitative comparison
(Figure Sb), revealing that the signal enhancement by cd*
is ~7 times of that by Zn**. While increased concentration
(100 uM) of other metal ions still does not lead to detectable
SERS signals (Figure Sc and d), the signal resulting from 100 uM
Zn™" increases to about 30% of that of 25 uM Cd**, suggesting a
need for further optimizing the recognition ligand for better
selectivity. A competitive assay (Figure Se) using metal ions
of 25 uM and 100 uM further demonstrates that Cd** can

dx.doi.org/10.1021/cm201791r |Chem. Mater. 2011, 23, 47564764
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Figure S. The detection selectivity of SERS-active nanoparticles. UV—vis spectra measured for aqueous dispersions (25 °C, pH 7; 12 pM) of the
nanoparticle upon addition of 25 uM (a) and 100 uM (c) different metal ions (Na", Cs”, Pb>*, K*, Cu**, Ca*", Hg2+, Cr’*, Fe?*, Zn**, and Cd2+). (b)
SERS spectra recorded for the aqueous dispersions of SERS-active nanoparticles upon addition of 25 uM (b) and 100 #M (d) different metal ions. (e)
The SERS intensity of the probes in 25 M (black bars) and 100 M (blue bars) competitive metal ions, and 25 uM Cd*" ions in the presence of 25 uM
(red bars) and 100 #M (green bars) competitive ions. (d) Metal ion (Cd™, Zn**, and K*) concentration dependence of SERS signal intensity at

525 ecm .

effectively turn on the signal of the SERS nanoparticles premixed
with other metal ions. In the presence of 25 M competitive
metal ions, equivalent Cd** (25 uM) leads to ~8 fold of signal
enhancement for Zn>* and ~50—90 fold for the rest of metal
ions tested. The same concentration of Cd*" give rise to ~3
fold of signal enhancement for 100 M Zn>". Notably, the
SERS signal (Figure Sf) of 12pM 2gold nanoparticle solution
reaches the maximum at 25 M Cd“", indicating the saturation
of binding sites of the PHEBAMA brushes. Similarly, 70 uM
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Zn** also leads to the saturation, but the signal intensity is
only comparable to that of 8 #uM Cd**. Our SERS nanopar-
ticles are densely grafted with mixed polymer brushes of long
PHEBAMA chains and short PEG chains. This type of desi§n
can significantly increase the local concentration of Cd™*-
recognizing polyamide groups, which achieve a multivalent
coordination effect and the observed superior detection
selectivity. Previous work by Carron et al.*’ have used metal-
chelating ligand modified Ag substrates for SERS detection of

dx.doi.org/10.1021/cm201791r |Chem. Mater. 2011, 23, 47564764
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metal ions. Since the signal readout in that approach relies on
the metal ion-binding induced spectral shifts (10—20 cm™")
of the ligand, it is very challenging to translate the signal
changes for specific metal ions and avoid interference from
competitive species when used in complex medium. In compar-
ison, the Raman tag and polymer brushes in our design serve
for signaling and metal ion recognition separately, and the quan-
tification is exclusively based on the fingerprint signal of the
Raman tag and its enhancement generated by aggregation of the
nanoparticle scaffolds, thus allowing for easy signal readout and
assignment.

4. CONCLUSIONS

In summary, we have presented a new desi%n of highly
sensitive and selective SERS nanosensors for Cd“*, based on
the use of a new Raman reporter dye with a disulfide anchoring
group, a new polymer ligand for specific Cd** chelating, and
surface-initiated ATRP for the surface coating preparation. The
narrow SERS signature peaks, integrated with the ability of
ATRP for controlled polymerization of versatile monomers,
offers new possibilities to develop an array of SERS nanoparticles
for multiplex detection of multiple metal ions of interest simul-
taneously. The development of portable Raman spectroscopy
eliminates the need for bulky instruments in other sensing
schemes, providing the opportunity to perform onsite sampling
and quantitative detection.
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