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Selective and sensitive detection of metal ions
by plasmonic resonance energy transfer-based

nanospectroscopy

Yeonho Choi', Younggeun Park?, Taewook Kang?* and Luke P. Lee™

Highly selective and sensitive optical methods for the detection
of metal ions have had a substantial impact on molecular
biology'3, environmental monitoring*'® and other areas of
research. Here we demonstrate a new method for detecting
metal ions that is based on selective plasmonic resonance
energy transfer (PRET) between conjugated metal-ligand com-
plexes and a single gold nanoplasmonic probe. In addition to
offering high spatial resolution due to the small size of the
probe, our method is 100 to 1,000 times more sensitive than
organic reporter-based methods3-8. Moreover, it can achieve
high selectivity owing to the selective formation of Cu?* com-
plexes and selective resonant quenching of the gold nanoplasmo-
nic probe by the conjugated complexes. We expect that PRET-
based metal ion sensing could have applications in cellular
imaging, systems biology and environmental monitoring.

Most biological and chemical optical detection methods are primar-
ily based on organic reporters, which are detected by a change in
colour? or fluorescence emission spectra®—®. However, chromophores
and organic fluorophores have particular limitations with respect to
temporal resolution, sensitivity, selectivity or incompatibility with
aqueous environments owing to low water solubility. To address
these limitations, noble metal nanoparticles (such as gold and silver)
have been used as alternative probes. The nanoparticles selectively
self-aggregate in the presence of metal ions, and the plasmonic coup-
ling between the particles can be exploited as a method of detection®°.
However, this random plasmonic coupling of self-assembled nanopar-
ticles cannot provide nanoscopic resolution—owing to the aggregation
of many particles—or molecular-specific information about the metal
ions. These are both very important capabilities that would constitute
breakthroughs in metal-ion detection systems.

Here, we present a nanospectroscopic metal-ion detection tech-
nology based on metal-ligand coordination chemistry as well as
plasmonic resonance energy transfer (PRET). This technique
differs fundamentally from previously described detection
systems®> 10 in several aspects. First, this technique provides poten-
tially nanoscopic spatial resolution as well as high sensitivity (due
to the large extinction coefficient) by shrinking the dimension of
a detection site to a single nanoscale probe. Second, we can
achieve molecular specificity through two main mechanisms: the
selective formation of a resonant metal-ligand complex on the
surface of the gold nanoplasmonic probe, and ion-specific resonant
quenching in the Rayleigh scattering. This second phenomenon
occurs because of the selective energy transfer (plasmonic quench-
ing) that only takes place if the resonance frequency matching con-
dition between the gold nanoplasmonic probe and the metal-ligand
complexes is satisfied.

The underlying concept of our detection system for metal ions
is illustrated schematically in Fig. 1. Analogous to the donor-
acceptor energy matching in Forster resonance energy transfer
(FRET), we found that when the frequency of the electronic
absorption band of a molecule is matched with the resonance fre-
quency of the Rayleigh scattering of a plasmonic particle upon
conjugation of the particle with the molecules, PRET generates
distinguishable spectral resonant quenching on the Rayleigh scat-
tering spectrum!!. Owing to their unique electronic transitions
(for example, d-d transitions), metal-ligand complexes can gener-
ate a matched absorption band with Rayleigh scattering fre-
quency, meaning that those metal-ligand complexes are able to
be acceptors in PRET (Fig. la). Therefore, we would expect that
a gold nanoplasmonic particle conjugated with specific ligands
could act as a selective probe for a target metal ion with high
sensitivity and selectivity by providing the quantitative spectro-
scopic quenching information as a function of the local concen-
tration of the target near the single probe. This has not been
explored yet by most modern optical organic and inorganic
probes (Fig. 1a,b).

As a demonstration, our detection system was applied to detect
Cu?" in an aqueous solution. Cu** was chosen as our model
system for several reasons: (i) analytical significance in biological
and environmental processes'>”'; (ii) comparison of the sensing
performance: a large number of Cu** ion detection methods have
been reported®!®13; and (iii) absorption frequency matching
(Fig. 1b): the amine complex of Cu?* has optical absorption
peaks in the visible range (around 550 nm) coinciding with the scat-
tering peak of our probe. In our experiment, the Cu®*" complex,
created by two equivalent ethylenediamine ligands (note that the
log K; (association constant) for the ethylenediamine and Cu®* in
solution is 10.75, and log K, is 9.28; ref. 19), exhibited a broad
absorption band in the visible region centred at 547 nm with full
width at half maximum (FWHM) of >90 nm, and gave a deeply
blue-purple solution (see Supplementary Fig. S1).

Our nanoplasmonic probe is 50 nm in diameter to ensure a suffi-
cient intensity of light scattering, and is composed of gold, which
allows for the binding of the ethylenediamine moiety on the surface
and can therefore selectively recognize Cu®" in the aqueous solution.
The preparation of the probe consists of the following steps (see
Supplementary Fig. S2 for more details): (i) immobilization of gold
particles on a glass slide; (ii) self-assembly of 3-mercaptotrimethoxy-
silane (MPTMS) on the surface of the particles; and (iii) hydrolysis
of the methoxy groups?® of MPTMS and silanization of N-[3-(tri-
methoxysilyl)propyl]ethylenediamine (TMSen). The scattering
images and spectra of individual functionalized gold nanoplasmonic
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Figure 1| Plasmonic resonance energy transfer-based metal ion sensing (PRET-MIS). a, When the transition metal ion (blue) binds with the matching
ligand (red), d orbitals are split, which can generate a new absorption band of the metal-ligand complex in the visible range. Owing to the new absorption
band, Rayleigh scattering energy from a gold nanoplasmonic probe (GNP) can be transferred to the metal-ligand complex. b, There is no spectral overlap
between ligands without the metal ion and the GNP (left). When the electronic absorption frequency of the metal-ligand complex matches with the Rayleigh
scattering frequency, the selective energy transfer is induced by this spectral overlap (middle) and the distinguishable resonant quenching on the resonant
Rayleigh scattering spectrum is observed (right) ¢, A schematic illustrating the detection of Cu?* via PRET between a single GNP and conjugated resonant
complexes [Cu(TMSen),]?* (the hydrogen atoms are not shown), and the expected Rayleigh scattering profile. I, scattering intensity.
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Figure 2 | Resonant quenching of a single gold nanoplasmonic probe by conjugated absorbing Cu?* complexes. a, Detailed experimental configuration
(left); enlarged schematic diagram of the oblique angle light excitation (middle); dark-field Rayleigh scattering image of GNPs on a colour CCD camera

(top right), and corresponding zero-order spectrograph image (bottom right). A single GNP is targeted and isolated on the slides for spectroscopic examination.
The scale bars represents 2 um. NA, numerical aperture. b, Representative time-dependent true colour images (top) and corresponding schematics (bottom)
of ethylenediamine (TMSen)-functionalized GNP after exposure with 10 mM Cu?*. The white arrow indicates a single GNP. The scale bars represents 2 wm.
¢, Corresponding Rayleigh scattering spectra of a single GNP. The black triangles represent the raw data; the red lines are Gaussian fitted curves.

probes were acquired using a dark-field microscopy system with a true-
colour imaging charge-coupled device (CCD) camera and a spec-
trometer (Fig. 2a). Only a single probe showing the plasmon resonance
peak centred at ~530-540 nm (typical FWHM bandwidth in our
study is around 50 nm) with green colour was investigated.
Aggregates, as judged by colour and scattering profile, were ruled
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out in the following analyses. The total number of chelating ligands
on a single gold nanoparticle was estimated to be ~53,300 (see
Supplementary Information).

Coordination of Cu?* with an ethylenediamine-functionalized
probe leads to striking changes in the Rayleigh scattering profile.
After five minutes of exposure to Cu®*, Rayleigh scattering exhibits

NATURE NANOTECHNOLOGY | VOL 4 | NOVEMBER 2009 | www.nature.com/naturenanotechnology

© 2009 Macmillan Publishers Limited. All rights reserved.


http://www.nature.com/doifinder/10.1038/nnano.2009.258
www.nature.com/naturenanotechnology

NATURE NANOTECHNOLOGY Dol 10.1038/NNANO.2009.258 LETTERS

a 1.2
o-0-0
| i ’.7.7.7‘,01 -0
| i. A .‘. e0-qoooQeood 1
iJnM 10nM 100nM  TgM  10pM 100pM  1TmM
104 &
. L tes
ERN AT
) 0o o000
= “ 0o o I
= oo -e-,
< 08 ® oo, e |
®-0-0 ®eo
® oe-0-o !
%o o ¢
1 ®- oe-0-0-o
°
o0
0.6 - .‘7.;.\.
\*O\rro
T T T T T T T
0 20 40 60 80 100 120 140
t (min)
b
0.5 +
0.4 +
Al 7
lo | 03
0.2 +
o ®
L e I s O B B O B B
109 1078 1077 1076 1075 104 1073
[CuZ*] (M)

Figure 3 | Detection performance of the gold nanoplasmonic probe (GNP)
system. a, Real-time detection of Cu®*. Plot of normalized scattering
intensity at the scattering maximum (A,,,,,), I(t)/I, versus time for a TMSen-
modified GNP (black dots) and a control (without TMSen; grey dots) for
concentrations ranging from 1 nM to 1 mM. The relative scattering intensity
at each Cu®* concentration for the unmodified GNP was subtracted from
the relative scattering intensity for the TMSen-modified GNP to give the
difference, providing a plot of the net change in the relative scattering
intensity, Al(t)/I, (red dots). The concentration values are indicated on the
plot. Arrows mark the points when solutions were changed. The blue dot
indicates the relative scattering intensity with deionized water. b, Equilibrium
differential scattering intensity change, |Al/l,| (taken as an absolute value for
the sake of clarity) as a function of Cu?* concentration. The dashed grey
line is a logarithmic fitted to the Cu?* concentration data points. Error bars
are equal to +1 s.d. The regression coefficient (R?) is 0.995.

a drastic decrease in intensity with a concomitant decrease in
dark-field transmittance without any noticeable spectral shift
(AA,,,) (Fig. 2b,c). Such a significant spectral decrease without
AA,,,, cannot be explained by either a local refractive index
change adjacent to the gold nanoparticles or direct optical absorp-
tion by the conjugated Cu®* complexes. In fact, direct optical
absorption by the conjugated complexes is several orders of magni-
tude too small to explain the current observations. The optical
absorption only accounts for <0.1% of scattered light intensity
loss even under the assumption of 100% excitation efficiency (not
shown). Previous studies using single-particle plasmon resonance
focused only on the shift of the resonant frequency due to the
change of dielectric property of the particle’s surroundings®!.
We attribute the current observations of the spectral decrease to
resonant energy quenching of the gold nanoplasmonic probe by the
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Cu?* complexes. Previous studies of the surface plasmon-mediated
FRET process?***, resonance peak shifts due to redox molecules®
and surface plasmon quenching with quantum dots?® imply the possi-
bility of such energy transfer. Further evidence for the proposed PRET
comes from previous experiments using cytochrome c'!. Interestingly,
in the case of cytochrome ¢ conjugation, the PRET process results in
quantized quenching dips whose positions exactly correspond to the
optical absorption peaks of cytochrome ¢ (note that reduced cyto-
chrome ¢ has two peaks at 525 nm (FWHM of ~20nm) and
550 nm (FWHM of ~12 nm)!!). Taken together, we concluded that
the energy transfer from the gold nanoplasmonic probe to the
metal-ligand complex could result in either a ‘spectral decrease’, as
in this study, or in a quantized ‘spectral quenching dip’, depending
on the broadness of the absorption band of the resonant molecules
(see Supplementary Fig. $3)!1. We are currently exploring experimen-
tal and theoretical approaches to address the effect of the strength of
the extinction coefficient, plasmon dependence, surface coverage
and energy transfer distance dependence on PRET in greater detail.

Having established that the plasmon resonance energy could be
transferred to surface Cu** complexes, we investigated the sensing
performance of the probe in detail. To evaluate the sensitivity,
different concentrations of Cu?>* from a single stock solution were
tested. Figure 3a shows the normalized response of the particle to
order-of-magnitude changes in Cu®* concentration. The scattered
light intensity of a single probe decreases rapidly (in ~5 min) to a
constant value on addition of Cu?* solution, and the normalized
scattering intensity, I(t)/I,, at A,,,, shows a very similar systematic
decrease with increasing Cu®" concentration. By stark contrast, the
control shows that addition of Cu®" solution to gold nanoparticles
lacking ethylenediamine ligands does not produce a change in scat-
tered light intensity except an 8.8+3.5% increase on the first
exposure to Cu®* solution. The regression coefficient in the equili-
brium curve in Fig. 3b is higher than 0.99 (semi-log scale) for a con-
centration range from 1 nM to 1 mM. It is noteworthy that a single
gold nanoplasmonic probe registers a substantial 11.0+3.1% scat-
tered light intensity decrease after 5min of exposure to 1nM
Cu?*. This response is significantly larger than the <1.0% drift in
scattered light intensity of bare gold nanoparticles over 20 min.
Our gold nanoplasmonic probe-based system is 100 to 1,000
times more sensitive than organic fluorophores, chromophore-
based detection systems*® and even advanced gold nanoparticle-
based systems!®. Moreover, the metal ions can be dissociated from
the complex, thus regenerating the probe, by simply washing with
1 M HCl for 1 h.

The selectivity of this system was explored by testing the response of
the probe to other biologically and environmentally relevant metal
ions, including Mg**, Ca?", Na* and K* at a concentration range
of 100 nM to 100 M. The bar graph in Fig. 4 summarizes the
sensing response to other metal ions. With the exception of Cu**,
treatments of other metal ions with free ethylenediamine ligands gen-
erate no colour change, nor are their respective absorbances in the UV-
vis range (data not shown). As expected, upon exposure to other metal
ions, our probe produces no discernable change in the scattered light
intensity and ~AI/I, randomly fluctuates by 5% at most, irrespective of
concentration, suggesting that only a resonant metal-ligand complex
with an absorption profile similar to the scattering spectrum of a single
probe could indeed be a receptor in the PRET process. Additional
experiments with Co®>" and Ni** also confirm the selectivity for
Cu?T over other transition metal ions as the probe was ineffective
despite these ions forming similar charge-transfer complexes with
the chelating ligands used owing to the interaction of the d-orbital
(Fig. 4). We attribute this remarkable selectivity to two key features
of our detection system: exclusive complex formation only with the
targeted metal ion, and energy transfer only in the case of a
frequency-matching condition between the particle and the metal-
ligand complex.
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