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ABSTRACT: We have demonstrated that cysteine and glutathione induced edge-to-edge coupling of gold nanocubes (Au NCs)
caused a band-selective enhancement of two-photon photoluminescence (TPPL). The photoluminescence intensity of the X-
band of Au NCs was found to be enhanced up to 60-fold and 46-fold upon addition of cysteine and glutathione, respectively,
while the intensity of L-band remained almost unchanged. This band-selective enhancement behavior is totally different from the
previously observed aggregation enhanced TPPL of spherical metal nanoparticles (NPs). The band-selective enhancement was
ascribed to preferential enhancement of the X-band emission through resonant coupling with longitudinal surface plasmon
resonance (SPR) band of the Au NCs assembly. This phenomenon was utilized to develop a new two-photon fluorescence turn-
on sensing platform for detection of cysteine and glutathione. This method displayed high sensitivity and excellent selectivity
over the other 19 amino acids. Together with the advantage of deep tissue penetration and localized excitation of two-photon
near-infrared excitation, this strategy has promising applications in in vivo biosensing and imaging.

KEYWORDS: Au nanoparticles, surface plasmon resonance, plasmon coupling, two-photon photoluminescence,
fluorescence enhancement, biosensing

■ INTRODUCTION

Noble-metal nanoparticles (NPs), such as Au and Ag, display a
unique optical property known as surface plasmon resonance
(SPR), which arises from the collective oscillation of the
conduction-band electrons.1−3 The SPR band is sensitive to the
particle size, shape, and dielectric properties of the media
surrounding the metal nanoparticles.2,4,5 Plasmon coupling of
closely spaced metal nanoparticles can also lead to a red-shifted
SPR peak6−9 and significantly enhanced local electrical field
within the gap region.10 The field enhancement can amplify
both the incoming and outgoing light fields and, consequently,
increase the excitation efficiency and radiative decay rates.11

Interactions between noble-metal NPs and chromophores are
responsible for many interesting phenomena such as surface-
enhanced Raman scattering (SERS), metal-enhanced fluores-
cence, second-harmonic generation (SHG), and two-photon
photoluminescence (TPPL).12−17 These phenomena have been

widely utilized in various applications such as sensing, imaging,
and optoelectronics.18−20

As one of the 20 most important amino acids encoded by the
universal genetic code, cysteine plays a crucial role in the
physiological processes of human body by providing intra-
molecular cross-linking of protein through disulfide bonds to
support their secondary structures and functions.21 A deficiency
of cysteine would lead to many diseases, such as hematopoiesis
decrease, leukocyte loss, and psoriasis.22 Glutathione is another
very important thiol species abundant in cells with vital
biological functions. It keeps the cysteine thiol groups of
proteins in the reduced state and protects DNA and RNA from
oxidation.23 Therefore, it is important to detect cysteine and
glutathione in vivo with high sensitivity. Various methods,
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including fluorescent dye-based fluorometry,24 electrochemical
voltammetry,22 and fluorescence-coupled high-performance
liquid chromatography (HPLC) techniques,25 have been
developed for detection of cysteine and glutathione. Cysteine
and glutathione molecules were found to induce particle
aggregation of metal nanoparticles, resulting in a red-shift of
their SPR bands.6−8 This phenomenon has been utilized to
develop colorimetric assays for detection of cysteine and
glutathione. The colorimetric methods generally gave limited
sensitivity with limit of detection (LOD) of ≥5 μM.7,8

Emission methods usually offer higher sensitivity, compared
to the colorimetric methods. However, noble-metal NPs
generally display low emission quantum yields.26 Two
mechanisms were proposed to account for the photo-
luminescence in Au nanostructures: interband transition and
plasmonic emission. The interband emission originates from
the recombination of sp-band electrons with d-band holes,
which preferentially occurs near the L and X symmetry points
of the Brillouin zone of a face-centered cubic (fcc) gold crystal
structure and gives emission bands at 510 and 630 nm,
respectively.27,28 The plasmonic emission arises from direct
radiative relaxation of surface plasmon. The resultant emission
spectra closely resemble their extinction spectra.29,30 Both
emission processes can be significantly affected by the local field
enhancement of the metal NPs. Recently, we found that
aggregation-induced plasmon coupling can cause significantly
enhanced TPPL of metal NPs (by up to 50-fold).16 The
plasmon-coupling-induced TPPL enhancement has been
further utilized to develop a new sensing platform for Hg2+

detection with significantly improved sensitivity and selectivity,
compared to the colorimetric approach.31 Compared to silver
(Ag) NPs, gold (Au) NPs are known to display better
biocompatibility.18,19 We have recently demonstrated that
coupled Au NPs displayed TPPL enhancement comparable
to that of Ag.32 Gold nanocubes (Au NCs) have been found to
display higher emission quantum efficiency than metal NPs of
other shapes.33 Here, we demonstrate that cysteine/glutathione
can induce TPPL enhancement of Au NCs. Au NCs thus can
act as a cysteine/glutathione probe. This method displays high
sensitivity and excellent selectivity over the other 19 amino
acids. In addition, using near-infrared (NIR) light as the
excitation source, two-photon excitation possesses the advan-
tages of high penetration depth, intrinsically localized
excitation, less tissue autofluorescence, and reduced photo-
damage. This new approach has promising applications in in
vivo biosensing and imaging.

■ EXPERIMENTAL SECTION
Materials. Gold(III) chloride trihydrate (HAuCl4·3H2O, 99.9%),

sodium borohydride (NaBH4, 98%), L-alanine (Ala), L-arginine (Arg),
L-asparagine (Asn), L-aspartic acid (Asp), L-cysteine (Cys), L-glutamic
acid (Glu), L-glutamine (Gln), L-glutathione (GSH), glycine (Gly), L-
histidine (His), L-isoleucine (Ile), L-leucine (Leu), L-lysine (Lys), L-
methionine (Met), L-phenylalanine (Phe), L-proline (Pro), L-serine
(Ser), L-threonine (Thr), L-tryptophan (Trp), L-tyrosine (Try), and L-
valine (Val) were purchased from Sigma−Aldrich. Cetyltrimethylam-
monium bromide (CTAB) and L-(+)-ascorbic acid (99%) were
purchased from Alfa Aesar. All chemicals were used as-received,
without further purification. All aqueous solutions are prepared in
deionized (DI) water.
Preparation of Gold Nanocubes (Au NCs). Au NCs were

prepared using a previously reported seed-mediated method.34 The
seeds were prepared by sequential addition of HAuCl4 (0.125 mL, 0.01
M) and freshly prepared ice-cold NaBH4 solution (0.3 mL, 0.01 M)

into CTAB aqueous solution (3.75 mL, 0.1 M), followed by rapid
stirring for 2 min. The resultant seed solution was kept at room
temperature for 1 h prior to use. The growth solution was prepared by
sequential addition of CTAB (6.4 mL, 0.1 M), HAuCl4 (0.8 mL, 0.01
M) and ascorbic acid (3.8 mL, 0.1 M) into water (32 mL). The seed
solution was diluted 10 times in water. 0.02 mL of diluted seed
solution was then added into the growth solution. The resultant
solution was mixed by gentle inversion for 10 s and then left
undisturbed overnight.

Sample Preparation for Amino Acid Sensing. The pH of the
as-prepared Au NCs was first adjusted to 2.3 by adding the proper
amount of 1.0 M HCl. Proper amounts of 0.1 M cysteine and
glutathione stock solutions were then added into 2 mL of Au NCs. For
other amino acids, 150 μM was added to the Au NCs solution. The
samples were incubated at 35 °C for 10 min before the measurements.

Instrumentations and Characterizations. The pH value was
measured using a MP220 pH meter. Transmission electron
microscopy (TEM) images of nanoparticles were obtained using a
Philips CM10 TEM microscope at an accelerating voltage of 100 kV.
Ultraviolet−visible light (UV-vis) extinction spectra were measured
using a Shimadzu Model UV-2550 spectrophotometer. One-photon
photoluminescence was measured using a 10-mW 405-nm diode laser
as the excitation source. Two-photon photoluminescence was
measured using a mode-locked femtosecond Ti:sapphire oscillator
(Tsunami, Spectra Physics) as the excitation source. The output laser
pulses have a central wavelength at 820 nm with pulse duration of ∼80
fs and repetition rate of 80 MHz. The laser power for two-photon
excitation before the sample was 100 mW. The laser beam was focused
onto the sample using a lens with focus length of 3 cm. The emission
from the sample was collected at the perpendicular direction of the
excitation beam to minimize the scattering and directed into a
monochromator (Acton, Spectra Pro 2300i) coupled CCD (Princeton
Instruments, Pixis 100B), using an optical fiber. A 450-nm long-pass
and a 750-nm short-pass filter was placed before the monochromator
for one-photon and two-photon excitation, respectively, to minimize
the light scattering from the excitation beam.

■ RESULTS AND DISCUSSION

Cysteine-/Gutathione-Induced Assembly of Au NCs.
As thiol-containing amino acids, cysteine and glutathione can
easily bind to the surface of Au NPs.35,36 In the acidic
environment, their carboxyl and amino groups are ionized to
form a zwitterionic structure (see Scheme 1). The cooperative
two-point electrostatic interaction induces the coupling of Ag
and Au NPs.35,36

The morphology of the prepared Au NCs was confirmed by
their TEM images (Figure 1A). The isolated Au NCs have an

Scheme 1. Assembly Mechanism of Gold Nanocubes (Au
NCs) Induced by Cysteine/Glutathione
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average edge length of 40 nm. Cysteine-induced assembly of Au
NCs was confirmed by their TEM images (Figure 1B) and
UV−vis extinction spectra (Figure 1C). The extinction
spectrum of Au NCs solution displayed a characteristic
plasmon band peaking at 544 nm. Upon addition of cysteine,
the intensity of the original SPR band at 544 nm decreased and
a new band appeared at the longer wavelength region. This new
band is a typical feature of longitudinal plasmon mode along
the axis of coupled metal nanoparticles. The result is consistent
with the previous reports and plasmon hybridization
model,37−39 indicating the formation of an Au NC assembly.
When more cysteine was added, this new band further red-
shifted gradually and its intensity steadily increased, indicating
increased chain length. Similar effect was also observed by
adding glutathione to the Au NC solution (see the Electronic
Supporting Information (ESI)). The coupling of Au NCs can
be directly visualized by the TEM images (Figure 1B). Upon
the addition of cysteine, Au NCs form chainlike structures with
a dominant edge-to-edge coupling orientation. It has been
previously reported that the as-prepared Au NCs were
stabilized by a positively charged CTAB bilayer that is less
ordered at the curved edges than on the smooth surfaces of Au
NCs, allowing thiol-containing species to bind preferentially to
the edge area and form an edge-to-edge particle assembly (see
Scheme 1).34,35

One-Photon Photoluminescence of Coupled NCs. The
one-photon photoluminescence spectra of isolated and coupled
Au NCs were measured using a 405-nm diode laser as the
excitation source, and the results are shown in Figure 2. Two
emission peaks at ∼510 and ∼620 nm were clearly observed,
implying an emission mechanism of interband transition
instead of plasmonic emission, as the spectra of plasmonic
emission usually closely resembling that of SPR. These two
peaks were thus assigned to the radiative relaxation of the L-
and X-bands, respectively. The emission slightly decreased
upon the addition of cysteine (Figure 2), which is mainly due to

the decreasing absorbance at the excitation wavelength (405
nm) upon the assembly (Figure 1C).40 The subtle change in
the shape of emission spectra upon addition of cysteine is also
related to the change in the extinction spectra. The emission at
the longer wavelength portion is attenuated by reabsorption
more than the shorter wavelength portion, because of increased
extinction at longer wavelength of the assembled structures.

Cysteine-/Glutathione-Induced Two-Photon Photo-
luminescence Enhancement. The two-photon photolumi-
nescence of the isolated and assembled Au NCs was measured
using femtosecond laser pulses with a central wavelength at 820
nm as the excitation source. The results under two-photon
excitation (Figure 3) are strikingly different from those under
one-photon excitation (Figure 2). Under two-photon excita-
tion, only very weak emission was observed in the isolated Au
NCs solution (Figure 3). Upon addition of cysteine, the longer
wavelength component (centered at ∼650 nm, X-band
emission) was significantly enhanced and steadily increased
until [cysteine] reached 150 μM (Figure 3). The emission
intensity at 650 nm increased by up to 60 times. The X-band
emission was also significantly enhanced in the presence of
glutathione with enhancement factor of up to 46 folds (Figure
S2 in the ESI). The shorter-wavelength component (centered
at ∼520 nm, L-band) only displayed minor enhancement,
primarily because of overlapping with the tail of the enhanced
longer wavelength component (X-band, Figure S3 in the ESI).
The two-photon excitation nature of the emission was
confirmed by measuring its excitation power dependence for
the coupled Au NC solution (Figure 3B). The log−log plot of
the emission intensity at 650 nm versus excitation power
(Figure 3B, inset) gave a slope of 2.1, confirming that the
emission indeed arises from two-photon excitation.
The observed coupling-induced TPPL enhancement offers

an excellent platform for detection of cysteine and glutathione.
The enhancement factor of X-band emission was plotted with
respect to [cysteine] and [glutathione], respectively (Figure 4).
The inset shows TPPL enhancement factor is linearly
proportional to the concentration of cysteine or glutathione
in the low concentration range. The limit of detection (LOD)
was estimated to be 0.5 μM for cysteine and 1.3 μM for
glutathione, an improved sensitivity compared to the
colorimetric method, which gave a LOD of 10 μM, as reported
by Zhong et al.7 The sensitivity is also better than the reported
fluorescent-dye-based fluorometric assay (LOD of 5 μM)24 and
comparable to electrochemical voltammetry technique (LOD
of 1 μM).22

Figure 1. (A, B) TEM images of isolated Au NCs (panel A) and
coupled Au NCs (panel B) in the presence of 100 μM cysteine. (C)
Extinction spectra of Au NCs solution (pH 2.3, T = 35 °C) before and
after the addition of cysteine.

Figure 2. One-photon photoluminescence of Au NCs solution
acquired 10 min after the addition of cysteine (pH 2.3, T = 35 °C,
λEX = 405 nm).
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This sensing scheme also displays high selectivity for cysteine
and glutathione. Figure 5 shows TPPL spectra after the
addition of 150 μM of different common amino acids. The

corresponding extinction spectra are shown in Figure S4 in the
ESI. Only cysteine and glutathione displayed significant TPPL
enhancement, while the other amino acids did not show
observable enhancement. This result indicates that this two-
photon photoluminescence method has high selectivity in
discriminating cysteine and glutathione from other amino acids.
Other amino acids do not have thiol groups and cannot induce
the plasmon coupling, as evidenced by lack of a red-shift in
their extinction spectra compared to the blank samples (see
Figures S4 and S5 in the ESI). Experiments done at a lower
concentration (3 μM) of amino acids (Figure S5 in the ESI)
indicate that two-photon photoluminescence methods have
better selectivity, compared to the colorimetric methods.
However, considering the mild toxicity of CTAB-capped Au
NPs41,42 and the overall neutral pH environment of the human
body, except some special organs (such as the stomach), the
application of this method will be restricted to some special
circumstances.

The TPPL Enhancement Mechanism. The observed huge
TPPL enhancement could be ascribed to two effects. First, the
formation of a chainlike structure in the coupled Au NCs
resulted in the formation of a longitudinal mode in the 650−
1000 nm region and, consequently, increased extinction at the
excitation wavelength (820 nm). This new longitudinal band
provides intermediate states to enhance two-photon excitation
processes. On the other hand, the enhanced local electric field
near the excitation wavelength also contributes to the enhanced
TPPL. The chainlike structure and the SPR band of the
coupled Au NCs resembles those of gold nanorods (Au NRs).
Au NRs have longitudinal bands in the NIR region. It has been
proposed that two-photon excitation of Au NRs was initiated

Figure 3. (A) TPPL spectra of Au NCs solution upon addition of cysteine. The excitation power is 100 mW. (B) Power dependence of TPPL e at
650 nm of Au NCs in the presence of 100 μM cysteine.

Figure 4. Plot of TPPL enhancement of X-band emission versus (A) [cysteine] and (B) [glutathione]. The inset shows that TPPL enhancement
factor is linearly proportional to [cysteine] and [glutathione] in the low concentration range.

Figure 5. (A) TPPL spectra and (B) enhancement factor at 650 nm
for coupled Au NCs in the presence of various amino acids. [amino
acid] = 150 μM.
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by the sequential absorption of two photons one by one.43,44

The longitudinal band in the NIR range provides intermediate
states to foster two-photon absorption processes. The strong
TPPL of Au NRs were largely ascribed to strong local electric
fields at the excitation wavelength.45 The SPR amplitude at 820
nm (excitation wavelength) increased as the degree of coupling
increased. Therefore, the enhanced local field gives rise to
dramatic TPPL enhancement in the coupled Au NCs solution.
Furthermore, the plasmon coupling will cause a dynamical
charge redistribution with concentrated charges at the gap
region15 could further enhance the local-field intensity,
especially for the resonators with sharp-tip or edge-directed
coupling orientation.30,46,47 In the current work, Au NCs were
assembled preferentially with sharp edge-to-edge directed
coupling orientation, which result in a huge enhancement of
local field in the gap between the cube edges and also
contribute to the observed TPPL enhancement.
In addition to intensity enhancement, it is interesting to note

that plasmon coupling can also modulate spectral shape of
TPPL of Au NCs. The TPPL spectral shape of Au NCs was
found to be strongly dependent on the extent of coupling. The
isolated and assembled Au NCs displayed totally different
TPPL spectra (Figure 6). The L- and X-bands of the TPPL

spectra of isolated Au NCs have similar amplitudes. Upon the
addition of cysteine and glutathione, the intensity of the X-band
emission was dramatically enhanced, while the intensity of the
L-band emission remained almost unchanged if the tail of the
X-band emission is excluded (see Figure S1 in the ESI). This
observation is different from the previous observation that the
TPPL spectra of isolated and assembled spherical Au and Ag
NPs remained almost unchanged.16,31,32 The band-selective
enhancement behavior can be explained as a consequence of
preferential enhancement of the X-band emission through
coupling with the longitudinal SPR mode of coupled particles.
It has been reported that radiative transitions of fluorophores
were strongly coupled with the SPR band of adjacent metal
NPs.48−51 Consequently, the emission was strongly polarized
along the longitudinal SPR mode of metal NPs.51 Previous
single-particle studies on Au NRs revealed that emission from
the X-band transition was highly polarized along the long axis
of the rod, while the L-band emission did not show obvious
polarization features.43,52 The longitudinal SPR band of the
coupled Au NC chains will be excited by the 820-nm fs laser
pulses. The preferential coupling between the longitudinal
plasmon with longer wavelength X-band transitions gives rise to
a band-selective enhancement behavior.

■ CONCLUSION
We have demonstrated edge-to-edge coupling of gold nano-
cubes (Au NCs) induced by cysteine and glutathione, which
caused a band-selective enhancement of two-photon photo-
luminescence. The X-band of two-photon photoluminescence
(TPPL) of Au NCs was found to be enhanced up to 60-fold
and 46-fold upon the addition of cysteine and glutathione,
respectively, while the intensity of the L-band remained almost
unchanged. The band-selective enhancement was ascribed to
preferential enhancement of the X-band emission through
resonant coupling with longitudinal SPR band of the Au NCs
assembly. This phenomenon has been further utilized to
develop a new two-photon sensing platform for detection of
cysteine/glutathione. This method displayed high sensitivity
and excellent selectivity over the other 19 amino acids.
Together with the advantage of deep tissue penetration and
localized excitation of two-photon near-IR excitation, this
strategy has potential applications in the in vivo biosensing and
bioimaging.
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