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1. Introduction

Gold nanoclusters (NCs) with a typical size of less than ~2 nm
are highly attractive due to their particular dimension between
metal atoms and nanoparticles. The quantized confinement
effects of the Au NCs result in discrete and size-tunable elec-
tronic transitions, leading to molecular-like luminescence and
unique charge properties. These novel properties have been
utilized in the field of colloidal chemistry, cluster science,
biomedicine, and optoelectronics.' The surfaces of Au NCs can
be easily functionalized with various organic and biomolecular
ligands, among which the protein molecules have attained
much attention for their facile synthesis, low toxicity, high
quantum yield, and good photostability.®”® In addition, the
protein-stabilized Au NCs generally has low tissue absorption
and scattering effects in the near-infrared region. All of these
properties in the protein-stabilized Au NCs show that they can
be used as promising fluorescent probes and utilized in the
biomedical applications for sensing, catalysis, imaging, and
labeling.*® Forster or fluorescence resonance energy transfer
(FRET), a process involving the nonradiative energy transfer
between two nearby fluorophores, is a promising technique to
optically detect molecular binding events.'®* FRET occurs
when there is appreciable overlap between the emission spec-
trum of donors and the absorption spectrum of acceptors, and
its efficiency strongly depends on the distance of separation
between donors and acceptors. FRET combines the sensitivity
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achieved by the quenching of the red emission from Au nanoclusters. Advantages of the sensing
technique include the capability of visual detection and large area analysis.

of fluorescence measurement with a strong distance depen-
dence that is an ideal tool for chemical or biological sensing.™
The donor and the acceptor can be brought together to produce
FRET in several ways. For example, the donors and the accep-
tors are simultaneously attached to a molecule at close posi-
tions to interact. An alternative type of FRET is the energy
transfer between a semiconductor quantum well (QW) and an
overlay of acceptors, which has been theoretically predicted at
the late 1990s."” This type of FRET provides a nonradiative
pumping route to electrical carrier injection that overcomes the
losses imposed by the associated low carrier mobility of
acceptor materials.'*** The experimental evidences of reso-
nance energy transfer according to the above mechanism have
been experimentally demonstrated between the III-nitride
quantum-well donor and the nanomaterial acceptor.***¢
Recently, we have designed and built a new type of energy
transfer to combine FRET with optical waveguides."”” The
configuration is based on multiple total internal reflection of an
incident laser within the semiconductor material, such that the
quantum-well donor can interact with the acceptor on top of the
semiconductor surface. An important benefit of this configu-
ration is that the acceptor is excited solely by energy transfer
from the donor, avoiding unwanted excitation from the incident
light and leading to an accurate energy transfer efficiency. In
addition, by the principle of the total internal reflection, the
resonant light can travel along in a waveguide and hence
produce a large interaction area between the donor and the
acceptor. The waveguide-based FRET has been demonstrated at
low temperatures by the photoluminescence (PL) using an
InGaN quantum-well (QW) donor paired with an Au NC
acceptor.” With the advantages of rapid direct response and
large area detection, the energy transfer via optical waveguides
could be introduced as transducers for FRET-base (bio)sensors.
In this work, we perform PL measurements to study the FRET
from InGaN QWs to Au NCs via optical waveguides for sensing
hydrogen peroxide (H,O,). A conceptual design of such an
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Fig. 1 Schematic illustration of the detection of H,O, using the
waveguide-based energy transfer from InGaN quantum wells (QWs) to
Au nanoclusters (NCs).

waveguide-based FRET is schematically shown in Fig. 1. The
detection of H,0, is very important since H,O, plays an
essential role in some enzymatic reactions, as well as being a
significant intermediate in biological and environmental
monitoring. The PL of the Au NC acceptors was found to
decrease rapidly after introducing H,0,. The quenching of
luminescence intensity was related to the concentration of
H,0,. On the basis of the time-resolved PL studies, we suggest
that the incorporation of H,O, triggers an oxidation of Au-S
bonding in Au NCs, leading to a luminescence quenching of
acceptors in FRET. The waveguide-based FRET could provide a
single surface for the patterning of large-area multiple mole-
cules, allowing for further development of multiplexed biosen-
sors that facilitates visual detection.

2. Experimental section

The donor used for the present study is a single InGaN/GaN QW
structure grown by metal-organic chemical vapor deposition on
a double-side polished (0001)-oriented sapphire substrate. After
a 2 pm thick GaN buffer layer on the substrate, a single InGaN
QW layer with thickness of 2 nm was grown. The growth is
terminated by a 2 nm thick GaN cap layer. The acceptor in this
study is the bovine serum albumin (BSA) template Au NCs
developed by Ying et al' The BSA-stabilized Au NCs were
synthesized by chemical reduction of HAuCl, with BSA
according to ref. 18. Briefly, HAuCl, solution (20 mL, 10 mM)
was added into BSA solution (20 mL, 50 mg mL™") under
vigorous stirring. After 2 minutes, NaOH solution (2 mL, 1 M)
was introduced, and the mixture was incubated at 37 °C for 12 h
and the color of the solution changed from light yellow to deep
brown. To perform the FRET experiment, an Au NC (acceptor)
was incorporated on the top of an InGaN QW (donor) by the
drop-casting method. A pulsed laser with a wavelength of 260
nm, a repetition frequency of 20 MHz, and a duration of 250 fs
was used as the excitation source. The collected luminescence
was projected into a spectrometer and detected with a high-
speed photomultiplier tube (PMT). Time-resolved PL were per-
formed using the technique of time-correlated single-photon
counting (TCSPC). The instrument response of the time-corre-
lated single photon counting system is about 250 ps. All the
measurements were carried out at room temperature.
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3. Results and discussion

The optical properties of the energy donor and acceptor were
characterized using PL and photoluminescence excitation (PLE)
spectroscopy. The solid line in Fig. 2(a) shows the PL spectrum
of the InGaN QW (donor), revealing a narrow PL band that
peaks at around 450 nm. On the other hand, the squares and
circles in Fig. 2(a) show the PL and PLE spectrum of the Au NC
(acceptor), respectively. The BSA-stabilized Au NCs show a PL
band at 670 nm. Referred to previous studies, the PL band
originates from molecular-like transitions between the highest
occupied molecular orbital (HOMO) to lowest unoccupied
molecular orbital (LUMO) in Au NCs.® The PLE spectrum of Au
NCs exhibits a strong absorption band at ~330 nm and a weak
absorption band at ~500 nm. The good spectral overlap
between the donor InGaN QWs and the acceptor Au NCs indi-
cates the feasibility of FRET between them. The solid and
dashed line in Fig. 2(b) shows the PL spectrum of the donor
InGaN QW in the presence and absence of the acceptor Au NCs,
respectively. A decrease of the relative donor PL intensity and a
simultaneous increase in the acceptor PL emission was
observed in the presence of acceptors. This observation
demonstrates the energy transfer from InGaN quantum wells to
Au NCs. The existence of FRET can be further identified by
measuring the time-resolved PL. If the energy transfer is
mediated through a nonradiative process, a decrease of the
donor lifetime should be observed. On the other hand, if the
acceptor is pumped radiatively by the emission of donors, its
lifetime should remain unchanged. The triangles and circles in
the inset of Fig. 2(b) show the PL decay profiles of the InGaN QW
structure in the presence and absence of Au NCs, respectively.
Evidently, the decay time from InGaN QWs in the presence of
the Au NCs decreases considerably, in agreement with the
behavior of FRET.

The PL decays of InGaN QW obtained above can be used to
estimate the energy transfer efficiency. The PL decay of the
InGaN QW is expected to be characterized by a distribution of
lifetimes owing to the indium phase segregation and the
indium fluctuation.* Thus, the PL decay curves in the inset of
Fig. 2(b) were fitted by the stretched exponential function:
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Fig.2 (a) Photoluminescence (PL) spectra of the InGaN QW (solid line)
and the Au NCs (squares) and PL excitation spectrum of the Au NCs
(circles). (b) The PL spectra of the InGaN QW in the presence (the
dashed line) and absence (the solid line) of Au NCs. The inset shows PL
decay profiles of the InGaN QW in the presence (triangles) and
absence (circles) of Au NCs. The solid lines in the inset are the fitted
curves using eqn (1).

RSC Adv., 2014, 4, 30392-30397 | 30393


http://dx.doi.org/10.1039/c4ra03153a

Published on 01 July 2014. Downloaded by National Chiao Tung University on 25/12/2014 02:10:22.

RSC Advances

I(t) = Ae™ ", (1)

where 7 represents the decay time of decay, A represents the
amplitude of the decay component at ¢t = 0. The solid lines in
the inset of Fig. 2(b) show the fitted curves using eqn (1),
replicating well with the experimental results. In the stretched
exponential function the average decay time is calculated as
follows:*

1 1

=57 (3) @)
where I' is the mathematical Gamma function. It is expected
that the nonradiative energy transfer leads to a change in the
decay dynamics of the InGaN QW. In the absence of Au NCs, the
PL decay rate of the bare QW is represented by (tqw) . After
introducing with Au NCs, the PL decay rate of the QW in the
hybrid sample can be described by the following equation:

(Thybria) "' = (tow) "+ (ter) 3)

where (tgr) represents the characteristic time of the energy
transfer process. The energy-transfer efficiency @y is the frac-
tion of the photons absorbed by the donor that are transferred
to the acceptor and can be expressed by:

(rer) ™!

Pgr=——7——,
(tow) ™" + (ter) ™

4)

From eqn (1)-(3), the calculated (tqw), (Thybria)» and (ter)
were determined to be 0.53, 0.36, and 1.1 ns, respectively. The
above values allow us to estimate @ and a value of ~37% was
obtained.

The top-view photograph of the investigated sample is
depicted in the Fig. 3(a) upon optical excitation according to the
configuration in Fig. 1. A red-light image with an area of ~6.3
cm” was clearly seen in the region where Au NCs were drop-
casted, about 1 cm away from the laser excitation spot. The
image in Fig. 3(a) was obtained without the use of an emission
filter (normally used to filter out the light from the excitation
source in the conventional FRET). Thus, the emitted red light
can be directly seen by a naked eye. This result indicates that
our waveguide-based platform can be a transducer for the
fluorescence-based sensor. The effect of H,O, on the FRET of
the hybrid InGaN QW/Au NC sample was investigated. Fig. 3(b)
and (c) show the images of the hybrid sample by introduction of
H,0, with the concentrations of 100 mM and 1 M, respectively.
The red emission of Au NCs in the hybrid sample quenches
gradually with increasing the concentration of H,0,. Over 90%
fluorescence was quenched by the addition of H,0, with the
concentration of 1 M and the quenching effect had good
reproducibility. From the above results, the quenching
response of fluorescence in Au NCs is sensitive after introduc-
tion of H,0,. Thus, it can provide a new strategy for the visual
detection of H,0, by using the wave-guided platform designed
in Fig. 1.

To understand the reaction time of the above quenching
effect, time-dependent PL experiments for Au NCs in the
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Fig. 3 The images of the hybrid InGaN QW/Au-NC sample upon
excitation of an UV laser with the concentration of H,O,: (a) O; (b)
100 mM; (c) 1 M. The left bright spot in each image is caused by the
excitation laser.

presence of H,O, were performed. As shown in Fig. 4, the PL
intensity of the Au NCs was constant in time in the absence of
H,0,. After introducing H,0,, the PL is quenched over 85% in
less than 150 s and thus indicates a quick process. The quick
quenching response is beneficial for monitoring H,0, in
sample. One geometric factor which influences the sensitivity of
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Fig. 4 The PL intensity of Au NCs versus time with addition of H,O,.
The arrow indicates the time when H,O, was introduced.
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PL in our system is the separate distance between the laser
excitation spot and Au NCs. The effect of separate distance on
the PL in Au NCs was characterized by fixing the detection
position and moving the excitation spot. Fig. 5 shows the PL
spectra of Au NCs as a function of the separation distance
between the laser excitation spot and Au NCs. As the separation
distance increases, the PL intensity decreases pronouncedly.
The separation distance versus the PL intensity in Au NCs is
shown in the inset of Fig. 5, indicating a linear relationship. The
information of the distance dependence between the laser spot
and Au NCs is useful for simultaneous measurements of
multiple samples on a single chip. Thus, the waveguide-based
method in our design can provide benefits include large area
analysis as well as multicolor sensing.

To find out mechanism of the luminescence quenching by
H,0,, time-resolved PL investigations with different concen-
trations of H,O, were carried out. Fig. 6 shows the PL decay
profiles of the 670 nm peak from the hybrid sample with
different concentrations of H,0,. These PL decays were well
described by a double-exponential function:

I(1) = Are T + Age %, (5)

where (1) represents the decay time of fast (slow) decay, AgAs)
represents the amplitude of the fast-decay (slow-decay)
component at ¢ = 0. The solid lines of Fig. 6 show the fitted
curves using eqn (5). With increasing the concentration of
H,0,, the decay time (~3.2 ns) and amplitude (~0.85) of the fast
component in PL decays remain basically unchanged. (Table 1)
On the other hand, the amplitude of the slow component
decreases pronouncedly (from 0.2 to 0.08) with increasing
concentration of H,0O, while the decay time of the slow
component keeps constant (~120 ns) (Table 1). This result
indicates that introduction of H,0O, only affect the slow-decay
component of the PL decays in Au NCs. According to previous
studies, the BSA-stabilized Au NCs have a core-shell structure
where 13 Au atoms form an icosahedral core surrounded by six
semiring S-Au-S-Au-S bonding (staple motifs).** The staple
motifs have been found to be responsible for the slow-decay
process of luminescence in the BSA-stabilized Au NCs.** Thus,
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Fig. 5 The luminescence spectra of the hybrid InGaN QW/Au NC
sample by changing the separation distance between the laser exci-

tation spot and Au NCs. The inset shows the luminescence intensity as
a function of separation distance.
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Fig. 6 The PL decay profiles of the 670 nm peak in Au NCs with the
concentrations of H,O,: 0 (squares); 1 mM (circles); 100 mM (trian-
gles). The solid lines are the fitted curves using eqn (5).

Table1l The decay time of fast (slow) decay t¢(zs) and the amplitude of
the fast-decay (slow-decay) component Aq{A;) used in the fits
according to egn (5)

A¢ (%) 7¢ (ns) A5 (%) 75 (ns)
Au@BSA 80 3.22 20 124.4
H,0, (1 mM) 84 3.19 16 120.9
H,0, (100 mM) 92 3.16 8 116.0

the major effect of H,O, is to interact with the staple motifs in
the BSA-stabilized Au NCs, associated with the slow component
in PL decays. Based on the finding, we suggest that the Au-S
bonds within the staple motifs could be oxidized by the
strong oxidant H,O, and forms an organic disulfide product
(RS-SR).>>** Owing to the H,0,-mediated oxidation and a
decrease of the density of the Au-S bonds, the ability to donate
electron density to the Au NC surface reduces, leading to a
disappearance of the red emission from the hybrid sample.
To confirm the quenching of luminescence in Au NCs is
caused by oxidation of Au NCs, the effect of other oxidizing
agents on the PL of Au NC sample was investigated. Fig. 7 shows
the PL spectra of Au NCs by introducing Ammonium persulfate
(APS) and Potassium dichromate (K,CrO,). The PL spectra
display a clear quenching in PL intensity after adding APS (10
mM) and K,CrO; (10 mM). This indicates the oxidation of Au-S

~ 500

0 FEC oo T
550 600 650 700 750 800 850
Wavelength (nm)

Fig. 7 The PL spectra of Au NCs in the absence (solid line) and
presence of ammonium persulfate (APS) (circles) and potassium
dichromate (K,CrO>) (squares).
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is not specific to H,0,, many oxidizing agents can be quenchers.
It is interesting to understand whether PL quenching in Au NCs
is reversible. The reducing agent sodium borohydride (NaBH,)
were used to test the reversibility of the PL quenching in Au NC
sample. Fig. 8 shows the PL spectra of Au NCs by introducing
NaBH, (10 mM) to the Au NCs, which has been oxidized by H,O,
(10 mM). After Adding the NaBH, to the H,0,-oxidized Au NC
sample, the PL recovered pronouncedly and rapidly. From the
results of Fig. 7 and 8, we confirm that the quenching mecha-
nism of PL in Au NCs in the presence of H,0, is due to the
oxidation effect, as suggested previously.

Considering the significant quenching in the luminescence
intensity, the possibility of developing a sensitive method for
detecting H,0, has been evaluated. Changes of the lumines-
cence intensity of Au NCs versus the concentration of H,O, are
shown in Fig. 9. With the increase of H,0, concentration the PL
spectra displayed a gradual decrease in luminescence intensity
without any change in the wavelength of emission. The relative
luminescence intensity (I,/I, where I and I, were the lumines-
cence intensity in the presence and absence of H,0,, respec-
tively) as a function of H,O, concentration is displayed in
Fig. 10. It is obvious that the dependence of H,0, concentration
on the PL quenching results in two distinct regimes. For high
concentration of H,O, (C > 10 mM), there is a linear relation-
ship between the magnitude of luminescence quenching and
the H,0, concentration. The magnitude of luminescence

(U . . . .
550 600 650 700 750 800 850
Wavelength (nm)

Fig. 8 The PL spectra of the H,O,-oxidized Au NCs in the absence
(circles) and presence of NaBH, (triangles). The solid line shows the PL
spectra of Au NCs before H,O,-oxidization.
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Fig. 9 The luminescence spectra of the hybrid InGaN QW/Au NC
sample by adding H,O, with different.
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Fig. 10 The dependence of luminescence quenching in the hybrid
InGaN QW/Au NC sample on the concentration of H,O,. The solid line
is the fits according to egn (6). The inset shows the dependence of
luminescence quenching for H,O, concentrations =1 mM. The solid
line in the inset is the fits according to eqgn (7).

quenching as a function of the concentration can be described
using a modified Stern-Volmer equation:**

I a
70: 1 +KSV[C] ’ (6)

where Kgy is the Stern-Volmer coefficient which reflects the
quenching efficiency and a is a constant. The solid line in
Fig. 10 shows the fits according to eqn (6) with Kgy = 13.2 M ™"
and a = 0.79. The good overlap between the experimental data
and the fit indicates the luminescence quenching and the H,0,
concentration is linear for high concentrations (C > 10 mM). On
the other hand, the luminescence intensity decreases a little
from 10 mM to 0.1 uM for the low concentrations (C < 10 mM).
The inset of Fig. 10 shows the relative luminescence intensity in
Au NCs after the addition of H,O, with different concentrations.
It was found that the effect of H,O, on the change of fluores-
cence intensity can be correlated with Langmuir isotherm:*

L1 _, KxC )
I T1+KxC

where A and K are Langmuir constants. Using eqn (7). The
solid line in the inset of Fig. 10 displays the calculated result
with A = 0.15 and K = 8.07 x 10" A good fit to experiment is
found, indicating the PL quenching in the low concentration
range is related to surface association phenomena.*

4. Conclusions

In summary, we have investigated the detection of H,0, using
the waveguide-based FRET from InGaN QWs to the BSA-stabi-
lized Au NCs. There is a decrease of the PL intensity and a
shortening of PL decay time for the InGaN QW in the presence
of Au NCs, demonstrating a resonance energy from InGaN QWs
to Au NCs via optical waveguiding. The PL intensity from Au
NCs was obviously quenched by the addition of H,0,, which
may be explained by the H,0,-mediated oxidation of the Au-S
bonds in the staple motifs in the BSA-stabilized Au NCs. With
the advantages of large-area detection and capability of visual
detection, the proposed waveguide-based FRET from InGaN
QWs to Au NCs could be potentially used as a convenient probe
to detect H,0,.

This journal is © The Royal Society of Chemistry 2014
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