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Extreme Red Shifted SERS Nanotags 

Matthew A. Bedics,a Hayleigh Kearns,b Jordan M. Cox,a Sam Mabbott,b Fatima 
Ali,b Neil C. Shand,c Karen Faulds,b Jason B. Benedict,a Duncan Graham,b,* and 
Michael R. Dettya,*  

Surfaced enhanced Raman scattering (SERS) nanotags operating with 1280-nm excitation were 
constructed from reporter molecules selected from a library of 14 chalcogenopyrylium dyes 
containing phenyl, 2-thienyl, and 2-selenophenyl substituents and a surface of hollow gold 
nanoshells (HGNs). These 1280 SERS nanotags are unique as they have multiple chalcogen 
atoms available which allow them to adsorb strongly onto the gold surface of the HGN thus 
producing exceptional SERS signals at this long excitation wavelength. Picomolar limits of 
detection (LOD) were observed and individual reporters of the library were identified by 
principal component analysis and classified according to their unique structure and SERS 
spectra.  
 

Introduction 

Surface-enhanced Raman scattering (SERS) has been utilized 
as an extremely sensitive analytical tool in the study of 
biological systems.  The combination of a metallic nanoparticle 
and an organic dye reporter molecule provide SERS nanotags 
that can be used to detect target molecules using laser Raman 
spectroscopy or SERS microscopy.1,2  SERS nanotags1,3 and 
SERS reporters have been designed and utilized with the 785-
nm laser4,5 for most medical applications. Although the optical 
absorptance of human tissue is minimal in the 600-800-nm 
window, the depth of penetration of infrared light increases at 
longer wavelengths due to decreased scattering, reaching a 
minimum near 1300 nm.6 The superior penetration depth of 
1300-nm light vs. 800-nm light is documented,7,8 but Raman 
scattering at 1300 nm is so weak that it is impossible to use. 
Therefore, to exploit the advantages of the unique vibrational 
signatures produced by Raman scattering, surface enhancement 
of the signal must be used to operate at this longer wavelength 
of excitation. 

SERS nanotags operating at 1064-nm have been described 
using crystal violet, rhodamine 6G, methylene blue, and 9-
aminoacridine as reporter molecules.9,10 A direct comparison of 
the 1064-nm (Ti:sapphire) and 1280-nm (Cr:forsterite) lasers 
on tissue samples (no SERS) showed that the 1280-nm laser 
excitation gave reduced sample burning, limited photo-
bleaching, reduced background fluorescence/autofluorescence, 
and greater penetration depth into biological tissues.6,11  The 
superior penetration of 1280-nm light in turbid media such as 
tissue and blood7,9 has been utilized in both optical coherence 
tomography7,12 and fluorescence microscopy.13  To date, there 
appear to be no SERS nanotags compatible with a 1280-nm 
excitation laser and a great need remains for effective SERS 
nanotags operating with 1280-nm excitation. 

We report the design of 1280-nm SERS nanotags based on hollow 
gold nanoshells (HGNs)14 and reporter molecules selected from a 
small library of (chalcogenopyranyl)chalcogenopyrylium 

monomethine (1-8) and trimethine dyes (9-14, Chart 1). These dyes 
are substituted with phenyl, 2-thienyl, and 2-selenophenyl 
substituents at the 2- and 6-positions of the pyrylium/pyranyl rings, 
which allow them to bind strongly to the HGN surface with multiple 
attachment groups. Dye 14 with two sulfur atoms in the 
thiopyrylium/thiopyranyl core and four 2-selenophenyl substituents 
at the 2,2’,6,6’-positions was exceptionally bright in this library of 
reporters with 1280-nm excitation. All fourteen members of the 
reporter library can be uniquely identified by principal component 
analysis of their SERS spectra.  

Results and Discussion 

Reporter Library Synthesis and Properties 

The library of dyes 1-14 was constructed by condensation of 4-
methylthiopyrylium and 4-methylselenopyrylium salts 15 either 
with chalcogenopyranones 16 or with (4-chalcogeno-
pyranylidene)acetaldehyde derivatives 17 in acetic anhydride to 
give monomethine dyes 1-8 or trimethine dyes 9-14, 
respectively (Figure 1).15 4-Methylthiopyrylium and 4-
methylseleno-pyrylium salts 15 were prepared by the addition 
of MeMgBr to the corresponding chalcogenopyranone 16 
followed by treatment with aqueous HPF6. Synthetic details are 
provided in the Electronic Supplementary Information (ESI).  
Values of absorption maxima, Ȝmax, in CH2Cl2 for 1-8 varied 
from 653 nm for 1 to 724 nm for 6 and values of the molar 
extinction coefficient, İ, were in the range of 1.1 × 105 to 1.5 × 
105 M-1 cm-1 (Table 1).  For trimethine dyes 9-14, values of Ȝmax 
in CH2Cl2 varied from 784 nm for dye 10 to 826 nm for dye 14 
while values of İ were in the range of 2.0 × 105 to 2.8 × 105 M-1 
cm-1 (Table 1).  The interchange of S and Se atoms in the 
chalcogenopyrylium backbone, the use of monomethine and 
trimethine bridges, and the interchange of phenyl, 2-thienyl, 
and 2-selenophenyl substituents at the 2-,2’-, 6- and 6’-
positions allow the fine tuning of wavelengths of absorption15 
and allow each dye to have a unique Raman fingerprint. 
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Fig. 1. Chalcogenopyrylium monomethine (1-8) and trimethine 
dyes (9-14) from building blocks 15-17. 

 

Table 1.  Values of the absorption maximum (Ȝmax), molar 
extinction coefficient (İ) and calculated LOD values from the 
SERS experiment with associated standard deviation (s.d.) error 
for chalcogenopyrylium dyes 1-14. 

Dye Ȝmax, nm 

(CH2Cl2) 

İ, M-1 cm-1 

(CH2Cl2) 

LOD, pMa 

1 653 1.3 × 105 21.8 ± 1.9 

2 676 1.3 × 105 29.4 ± 2.7 

3 699 1.5 × 105 32.8 ± 2.4 

4 676 1.2 × 10 5 -- 

5 698 1.1 × 105 5.4 ± 0.6 

6 724 1.3 × 105 -- 

7 659 1.4 × 105 4.6 ± 0.5 

8 687 1.1 × 105 3.4 ± 0.2 

9 806 2.5 × 105 9.1 ± 0.7 

10 784 2.0 × 105 5.9 ± 0.3 

11 810 2.5 × 105 1.8 ± 0.2 

12 789 2.2 × 105 6.6 ± 0.6 

13 813 2.8 × 105 1.5 ± 0.1 

14 826 2.3 × 105 1.5 ± 0.1 

a SERS - LOD ± s.d.   

SERS Spectra and SERS Nanotags with Dyes 1-14 

Raman scattering tends to be weak in the near infrared 
(NIR) region due to its dependence on the 4th power of the 
excitation frequency, but can be significantly enhanced by 
trapping molecules close to the gold surface of HGNs.14 The 

enhancement obtained from SERS is related to the frequency of 
the surface plasmon excited on the metal rather than the 4th 
power law.16 Therefore, to make SERS a viable method at 1280 
nm, the surface plasmon resonance (SPR) should have some 
resonance with the NIR excitation source.  The SERS spectrum 
of dye 14 is shown in Figure 2a with the SERS spectra of dyes 
1-13 in Figure S1 of the ESI. The HGNs have a SPR at 720 nm 
as shown in the extinction spectrum in figure S2 of the 
supplementary information. Moreover, the extinction spectra 
showing that the SPR does not shift upon functionalizing HGNs 
with these dyes or with the addition of KCl, can also be seen in 
figure S2. It is important to note that the plasmon resonance 
frequencies obtained do not match the excitation frequency at 
1280 nm, however, it has been reported previously that for 
effective SERS to be achieved, the excitation wavelength does 
not need to match the wavelength of the plasmon maximum.17 

 

 

Fig. 2. a) SERS spectrum of dye 14 (10 µM) analyzed with 
HGNs (SPR recorded at 720 nm) and KCl (30 mM). The 
spectrum has been background corrected. b) SERS particle 
dilution study for dye 14 with HGNs and KCl over the 
concentration range 1.93 nM to 6 pM. The limit of detection 
was calculated to be 1.5 ± 0.1 pM. Peak height at 1590 cm-1 
was analysed by subtracting background ‘HGN only’ signal 
from each data point.  Error bars represent one standard 
deviation resulting from 3 replicate samples and 5 scans of 
each. 1280-nm laser excitation was used for both a) and b) and 
an exposure time of 3 s for a) and 7 s for b) were employed in 
this analysis. 

The 1280-nm SERS nanotags, consist of three important 
components, the first being the SERS substrate. In addition to 
strong SERS properties,18 HGNs have small size (usually 50-80 
nm), spherical shape and a strong tunable plasmon band from 
the visible to the NIR region.19  Commonly, Ag and Au 
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spherical nanoparticles with plasmon bands in the visible region 
are used as SERS substrates.20  However, dyes 1-14 on these 
nanoparticles produced significantly weaker SERS signals than 
those observed with the HGNs (see Figure S3, ESI) due to their 
lack of red-shifted SPR. 

The second necessary component of SERS nanotags is the 
Raman reporter. Since the SERS effect decreases exponentially 
as a function of distance from the nanoparticle,21 the Raman 
reporter must be near the gold surface.  Dyes 1-14 incorporate S 
and Se atoms in the chalcogenopyrylium core and in the 2-
thienyl and 2-selenophenyl groups on select members of this 
library to provide novel attachment points to gold for Raman 
reporters. Earlier studies have shown that thiophenes22 and 
selenophenes23 are both capable of forming self-assembled 
monolayers on gold.  Selenolates have also been shown to have 
greater affinity for gold than thiolates.24  

As shown in Figure 1 and in Figure S1 (ESI), dyes 1-14, 
which are highly aromatic, produce vibrationally rich and 
intense SERS spectra with a laser excitation of 1280 nm. The 
trimethine dyes 9-14 produce more intense signals than their 
monomethine counterparts (dyes 1-8), with the selenophene-
substituted reporters producing stronger SERS spectra than the 
thiophene-substituted dyes. The SERS spectra for dyes 1-13 
were acquired with a 7-s acquisition time with the 1280-nm 
laser.  The SERS spectrum of dye 14 with four 2-selenophenyl 
substituents was collected with only 3-s acquisition time due to 
the signal intensity saturating the spectrometer. Both 13 and 14 
are significantly red-shifted with light absorption maxima >800 
nm, making them NIR active. Dye 13 with four 2-thienyl 
substituents gave a weaker SERS signal compared to dye 14 
with four 2-selenophenyl substituents. This suggests that the 
selenophene group adheres more effectively to the gold surface 
than thiophene and supports previous reports where selenolates 
have shown a greater affinity for gold surfaces than thiolates.24 

The third component in the SERS nanotag is the 
aggregating agent, usually a simple inorganic salt such as KCl 
that screens the Coloumbic repulsion energy between the 
nanoparticles, allowing the reporter molecules to adhere more 
closely to the nanoparticle surface.25 Although the aggregating 
agent with an optimum concentration at 30 mM was necessary 
for most of the dyes, it is important to note that with dyes 13 
and 14, KCl was not required for intense signals to be observed 
(Figure S4, ESI). This is possibly due to a strong interaction 
occurring between the reporter and HGN surface inducing self-
aggregation. This partial aggregation observed from these 
nanotags perhaps widens the scope for future SERS 
applications where aggregating agents are not required and the 
aggregation of the nanoparticles comes solely from a biological 
recognition event such as DNA-DNA interactions, DNA-
protein interactions, peptide-protein interactions or sugar-
protein interactions.20,26  These nanotags could be used as 
alternative reporters in biological applications such as 
photothermal ablation therapy or optical coherence tomography 
where there is a great need for NIR active materials. 

X-ray Crystallographic Studies of Trimethine Dye 14 

X-ray structural studies have shown that the 
chalcogenopyrylium/chalcogenopyranyl rings and the methine 
carbon of chalcogenopyrylium monomethine dyes related to 1-

8 are coplanar and computational studies predict similar 
coplanarity in trimethine dyes 9-14.15b  In the chalcogeno-
pyrylium dyes bearing phenyl substituents at the 2-,2-’,6-, and 
6’-positions, the phenyl rings for steric reasons cannot be 
coplanar with the chalcogenopyrylium/chalcogenopyranyl rings 

and the methine carbon. Other studies have shown that a 2-
thienyl group can be coplanar with an attached thiopyranyl 
ring.27  By having reduced steric interactions with an attached 
pyranyl ring, the 2-thienyl substituent has more conformational 
freedom to optimize interactions with a gold surface to which it 
is attached in the monomethine and trimethine dyes of this 
study. 

X-ray crystallographic analysis of single crystals of dye 14 
indicate that the thiopyrylium/thiopyranyl trimethine core and 
the four 2-selenophenyl substituents are highly coplanar as 
shown in Figure 3 (angles between the mean-planes of the 
aromatic groups are given in the ESI).  In essence, all six 
chalcogen atoms can be involved in binding the reporter to the 
gold surface. Furthermore, the 2-selenophenyl substituents can 
rotate from coplanarity with the thiopyrylium/thiopyranyl 
trimethine core to a conformation to optimize binding to the 
HGN surface.   

 

Fig. 3. Thermal ellipsoid plots of the primary disorder species 
of dye 14 at the 50% probability level viewed a) from above 
and b) approximately parallel to the molecular plane. Atom 
colors are as follows: Se (dark grey), S (yellow), C (light grey), 
and H (white). Solvent molecules and counter-ion have been 
omitted for clarity. 

Limits of Detection (LODs) with Reporter Dyes 1-14 

Due to the exceptional response obtained with dye 14 and 
HGNs, particle dilution studies were conducted in order to 
calculate a limit of detection (LOD) for this dye at this 
extremely red-shifted laser wavelength. The LOD study was 
carried out by initially using the optimum conditions (those 
used in Figure 1a to obtain SERS at 1280 nm and detailed in 
the Supporting Information) in which the dye concentration was 
1.93 nM and then subsequent dilutions in water were made 
until no signal from dye 14 was observed.  The peak at 1590 
cm-1, which should arise from heterocyclic aromatic ring 
stretching within the molecule,28 was used to calculate the LOD 
since it was the most intense peak in the spectrum.  Figure 1b 
shows that a linear response was followed and a LOD of 1.5 ± 
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0.1 pM was calculated.  The LOD was calculated to be 3 times 
the standard deviation of the blank, divided by the gradient of 
the straight line in Figure 1b.  LODs for dyes 1-13 were also 
measured and are compiled in Table 1. Trimethine dyes 9-13 all 
gave LODs of <10 pM with LODs of 1.8 ± 0.2 and 1.5 ± 0.1 
pM, respectively, for 11 and 13, which were comparable to dye 
14. Monomethine dyes 5, 7, and 8 gave LODs of 3.4 to 5.4 pM, 
respectively, while monomethine dyes 1-3 gave LODs of 22 to 
33 pM.  The 1280-nm SERS signals from reporters 4 and 6 
were too weak to allow determination of LODs. 

The non-resonant commercial dyes BPE (1,2-bis(4-
pyridyl)ethylene) and AZPY (4,4-azopyridine), which are 
commonly used with gold nanosubstrates for SERS 
analysis17b,29 were also tested with the HGNs at this laser 
wavelength but failed to produce a SERS signal (Figure S5, 
ESI). 

Principal Component Analysis (PCA) with Reporter Dyes 1-14 

Dyes 1-14 can be separated out and individually identified 
in a reproducible manner based on their unique structures and 
SERS spectra through multivariate analysis in the form of 
principal component analysis (PCA). PCA is employed to 
reduce the dimensionality of the spectroscopic data thus 
facilitating identification of variations in the SERS spectra.30 

PCA was carried out on 14 data sets consisting of three 
replicate spectra obtained from each individual dye. The 
resulting principal component (PC) scores plot (Figure 4) 
clearly illustrates three unique groupings. The red cluster 
contains the trimethine dyes 9-14; these reporter molecules 
produced the most intense SERS signals and all contain 3 sp2 
carbons in their trimethine bridge. The blue clustering 
highlights the monomethine dyes (1-3,5,7,8), which are good 
Raman reporters and produce intense SERS spectra with HGNs 
and KCl while the green cluster contains the two dyes which 
produced a weak SERS response (dyes 4 and 6) when excited 
with the 1280-nm laser. The monomethine dyes only contain 1 
sp2 carbon in their monomethine bridge and this simple 
difference in molecular structure could be responsible for the 
variation in signal intensities observed between the trimethine 
and monomethine dyes. Moreover, this simple structural 
change can affect the distance, orientation and/or the 
polarizability of the reporter which ultimately affects the SERS 
response. Loadings plots showing the spectral variations 
responsible for the classification of the dyes can be viewed in 
Figure S6, ESI. 

 

Fig. 4. PCA scores plot discriminating between each of the 14 
chalcogenopyrylium dyes and grouping them according to their 
structures and SERS spectra. The red cluster contains the 
trimethine dyes 9-14 which produce the best SERS signals, blue 

cluster highlights the monomethine dyes (1-3,5,7,8) which 
work well as reporters for SERS and the green clustering 
contains the two dyes which produce only weak signals with 
HGNs (dyes 4 and 6). 

Additionally, it can be observed that within the three 
groupings, all 14 dyes can be individually identified by PCA 
and classified according to their unique structure and SERS 
spectra. Replicates for each dye are tightly clustered illustrating 
the excellent reproducibility of the SERS spectra. A further 
benefit for these 1280-nm SERS nanotags is their potential for 
use in future multiplexing systems, where multiple analytes 
need to be identified simultaneously, such as in chemical or 
medical detection assays.26d,31 

Conclusions 

In conclusion, a set of new extreme red shifted SERS nanotags 
have been designed and synthesized to demonstrate 
unprecedented performance using 1280-nm excitation, a set of 
chalcogenopyrylium dye reporter molecules, and HGNs. These 
nanotags show a LOD in the picomolar range. The dye 
molecules are unique NIR reporters as they have multiple 
chalcogen attachment groups which allow them to bind strongly 
to the gold surface of the HGN and thus produce intense SERS 
signals. Dyes 1-14 with the more widely used gold 
nanoparticles or HGNs with conventional Raman reporters such 
as BPE were unable to match the combined performance of the 
chalcogenopyrylium dyes and HGNs indicating the unexpected 
and superior performance of SERS nanotags based on the 
combination of these dyes and the tunable HGNs.  This 
significant result now makes SERS nanotags available for 
future use in a wide range of optical applications with 1280-nm 
excitation including deep tissue analysis and will provide a 
basis for future studies into harnessing their unique spectral 
properties. 

Acknowledgements 

M.A.B. and M.R.D. acknowledge the National Science 
Foundation (CHE-1151379) for partial support of this work. 
J.C. and J.B.B. acknowledge financial support provided by the 
Department of Chemistry, University at Buffalo. D.G. 
acknowledges the Royal Society for support in the form of a 
Wolfson Research Merit Award. This work was also supported 
by Dstl and the Engineering and Physical Sciences Research 
Council [grant number EP/J500550/1]. The research data 
associated with this paper will become available at the 
following link from Jan 2015 
https://pure.strath.ac.uk/portal/en/projects/epsrc-doctoral-
training-grant(288fce07-0618-470d-8f27-af9f3db358ea).html.  

Notes and references 
a Department of Chemistry, University at Buffalo, The State University of 

New York, New York 14260, United States. mdetty@buffalo.edu 
b Centre for Molecular Nanometrology, WestCHEM, Department of Pure 

and Applied Chemistry, University of Strathclyde, 295 Cathedral Street, 

Glasgow, G1 1XL, United Kingdom. duncan.graham@strath.ac.uk 
c Dstl, Porton Down, Salisbury, UK. 

† Electronic Supplementary Information (ESI) available: General 

experimental details for the synthesis and characterization of dyes 1-14, 

intermediates 15-17, and HGNs; general description of the chemometrics 

used for principal component analysis; figures of SERS spectra of 

Page 4 of 5Chemical Science

C
he
m
ic
al
Sc
ie
nc
e
A
cc
ep
te
d
M
an
us
cr
ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
li

sh
ed

 o
n 

21
 J

an
ua

ry
 2

01
5.

 D
ow

nl
oa

de
d 

on
 2

4/
01

/2
01

5 
16

:4
2:

59
. 

 T
hi

s 
ar

ti
cl

e 
is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
tt

ri
bu

ti
on

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

DOI: 10.1039/C4SC03917C

https://pure.strath.ac.uk/portal/en/projects/epsrc-doctoral-training-grant(288fce07-0618-470d-8f27-af9f3db358ea).html
https://pure.strath.ac.uk/portal/en/projects/epsrc-doctoral-training-grant(288fce07-0618-470d-8f27-af9f3db358ea).html
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.1039/c4sc03917c


Journal Name ARTICLE 

This journal is © The Royal Society of Chemistry 2012 J. Name., 2012, 00, 1-3 | 5  

dye/HGN nanotags with 1280-nm excitation; extinction spectrum for 

HGNs; SERS spectra of Au and Ag nanoparticles and dye 13 aggregated 

with KCl; SERS spectra of dyes 13 and 14 on HGN not aggregated with 

KCl; details of mean plane angle calculations, tables of crystallographic 

data, atomic coordinates and equivalent isotropic displacement 

parameters, anisotropic placement parameters, bond lengths, bond angles, 

and hydrogen atom coordinates and isotropic displacement parameters for 

dye 14. CCDC reference numbers . 

 

1 Y. Wang, B. Yan and L. Chen, Chem. Rev. 2013, 113, 1391. 

2 Y. Wang and S. Schlücker, Analyst 2013, 138, 2224. 

3 X. Qian, X. H. Peng, D. O. Ansari, Q. Yin-Goen, G. Z. Chen, D. M. 

Shin, L. Yang, A. N. Young, M. D. Wang and S. Nie, Nat. 

Biotechnol. 2008, 26, 83. 

4 A. Samanta, K. K. Maiti, K.-S. Soh, X. Liao, M. Vendrell, U. S. 

Dinish, S.-W. Yun, R. Bhuvaneswari, H. Kim, S. Rautela, J. Chung, 

M. Olivo and Y.-T. Chang, Angew. Chem. Int. Ed. 2011, 50, 6089. 

5 K. K. Maiti, U. S. Dinish, A. Samanta, M. Vendrell, K. S. Soh, S. J. 

Park, M. Olivo and Y. T.Chang, Nano Today 2012, 7, 85. 

6 R. R. Anderson and J. A. Parrish, J. Invest. Dermatol. 1981, 77, 13. 

7 J. M. Schmitt, A. Knuttel, M. Yadlowsky and M. A. Eckhaus, Phys. 

Med. Biol. 1994, 39, 1705. 

8 M. Balu, T. Baldacchini, J. Carter, T. B. Krasieva, R. Zadoyan and B. 

J. Tromberg, J. Biomed. Opt. 2009, 14, 010508. 

9 N. Leopold and B. Lendl, J. Phys. Chem. B. 2003, 107, 5723. 

10 K. KneippE. Roth, C. Engert and W. Kiefer, Chem. Phys. Letts. 1993, 

207, 450. 

11 I. Chen, S. Chu, C. Sun, P. Cheng and B. Lin, Opt. Quantum 

Electron. 2002, 34, 1251. 

12 a) J. K. Barton, A. J. Welch and J. A. Izatt, Optics Express 1998, 3, 

251. b) B. E. Bouma, G. J. Tearney, I. P. Bilinsky, B. Golubovic and 

J. G. Fujimoto, Opt. Lett. 1996, 21, 1839. 

13 D. Kobat, M. E. Durst, N. Nishimura, A. W. Wong, C. B. Schaffer 

and C. Xu, Optics Express 2009, 17, 13354. 

14 E. C. Le Ru and P. G. Etchegoin, Principles of Surface-Enhanced 

Raman Spectroscopy and Related Plasmonic Effects; Elsevier: 

Amsterdam, 2009, pp 23, 209-214. 

15 a) M. R. Detty and B. J. Murray, J. Org. Chem. 1982, 47, 5235. M. R. 

DettyJ. M. McKelvey and H. R. Luss, Organometallics 1988, 7, 

1131. b) M. R. Detty, J. M. McKelvey and H. R. Luss, 

Organometallics 1988, 7, 1131. 

16 K. A. Lynn, G. McNay, N. C. Eustace, N. C. Shand and W. E. Smith, 

Analyst 2010, 135, 1904. 

17 a) S. L. Kleinman , E. Ringe , N. Valley , K. L. Wustholz , E. Phillips 

, K. A. Scheidt , G. C. Schatz , R. P. Van Duyne , J. Am. Chem. Soc. 

2011 , 133 , 4115-4112. b) H. Kearns, N. C. Shand, W. E. Smith, K. 

Faulds and D. Graham, Phys. Chem. Chem. Phys. 2015, DOI: 

1039/C4CP04281F. c) S. AbaldeǦCela, S. Ho, B. RodríguezǦ
González, M. A. CorreaǦDuarte, R. A. ÁlvarezǦPuebla, L. M. LizǦ
Marzán and N. A. Kotov, Angew. Chem. 2009, 121, 5430-5433. d). 

B. Nikoobakht, J. Wang and M. A. El-Sayed, Chem. Phys. Lett. 2002, 

366, 17-23. 

18 a) H.-n. Xie, I. A. Larmour, W. E. Smith, K. Faulds and D. Graham, 

J. Phys. Chem. C 2012, 116, 8338. b) E. Boisselier and D. Astruc, 

Chem. Soc. Rev. 2009, 38, 1759. c) M. C. Daniel and D. Astruc, 

Chem. Rev. 2004, 104, 293. d) H. Chon, C. Lim, S.-M. Ha, Y. Ahn, 

E. K. Lee, S.-I. Chang, G. H. Seong and J. Choo, Anal. Chem. 2010, 

82, 5290. 

19 A. M. Schwartzberg, T. Y. Olson, C. E. Talley and J. Z. Zhang, J. 

Phys. Chem. B 2006, 110, 19935. 

20 M. M. Harper, K. S. McKeating and K. Faulds, K. Phys. Chem. 

Chem. Phys. 2013, 15, 5312. 

21 P. L. Stiles, J. A. Dieringer, N. C. Shah and R. P. Van Duyne, Annu. 

Rev. Anal. Chem. 2008, 1, 601. 

22 A. Dube, A. R. Chadeayne, M. Sharma, P. T. Wolczanski and J. R. 

Engstrom, J. Am. Chem. Soc. 2005, 127, 14299. 

23 T. Nakamura, R. Kimura, F. Matsui, H. Kondoh, T. Ohta, H. Sakai, 

M. Abe and M. Matsumoto, Langmuir 2000, 16, 4213. 

24 a) F. K. Huang, R. C. Horton, D. C. Myles and R. L. Garrell, 

Langmuir 1998, 14, 4802. b) A. Y. Lee, E. Ito, H. Kang, M. Hara, H. 

Lee and J. Noh,  J. Phys. Chem. C 2014, 118, 8322. 

25 I. A. Larmour, K. Faulds and D. Graham J. Phys. Chem. C 2010, 114, 

13249. 

26 a) K. Gracie, V. Dhamodharan, P. I. Pradeepkumar, K. Faulds and D. 

Graham, Analyst 2014, 139, 4458. b) T. Donnelly, W. E. Smith, K. 

Faulds and D. Graham, D. Chem. Commun. 2014, 50, 12907. c) D. 

Craig, J. Simpson, K. Faulds and D. Graham, Chem. Commun. 2013, 

49, 30. d) K. Gracie, E. Correa, S. Mabbott, J. A. Dougan, D. 

Graham, R. Goodacre and K. Faulds, Chem. Sci. 2014, 5, 1030. 

27 M. R. Detty, R. S. Eachus, J. A. Sinicropi, J. R. Lenhard, M. 

McMillan, A. M. Lanzafame, H. R. Luss, R. Young and J. E. Eilers, 

J. Org. Chem. 1995, 60, 1674. 

28 S. Abalde-Cela, S. Ho, B. Rodríguez-González, M. A. Correa-Duarte, 

R. A. Álvarez-Puebla, L. M. Liz-Marzán and N. Kotov, Angew. 

Chem. 2009, 121, 5430. 

29 A. Kim, F. S. Ou, D. A. Ohlberg, M. Hu, R. S. Williams and Z. Li, J. 

Am. Chem. Soc. 2011, 133, 8234. 

30 D.-H. Kim, R. M. Jarvis, Y. Xu, A. W. Oliver, J. W. Allwood, L. 

Hampson, I. N. Hampson and R. Goodacre, Analyst 2010, 135, 1235. 

31 J. A. Dougan and K. Faulds, Analyst 2012, 137, 545. 

Page 5 of 5 Chemical Science

C
he
m
ic
al
Sc
ie
nc
e
A
cc
ep
te
d
M
an
us
cr
ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
li

sh
ed

 o
n 

21
 J

an
ua

ry
 2

01
5.

 D
ow

nl
oa

de
d 

on
 2

4/
01

/2
01

5 
16

:4
2:

59
. 

 T
hi

s 
ar

ti
cl

e 
is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
tt

ri
bu

ti
on

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

DOI: 10.1039/C4SC03917C

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.1039/c4sc03917c

