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ABSTRACT: We report molecular-fluorescence enhancement via
the blue-shifted plasmon-induced resonance energy transfer

(PIRET) from single Au nanorods (AuNRs) to merocyanine
(MC) dye molecules. The blue-shifted PIRET occurs when there

is a proper spectral overlap between the scattering of AuNRs and
the absorption of MC molecules. Along with the quenching of

scattering from AuNRs, the blue-shifted PIRET enhances the
fluorescence of nearby molecules. On the basis of the fluorescence
enhancement, we conclude that AuNRs can be used as donors
with clear advantages to excite the fluorescence of molecules as
acceptors in AuNR—molecule hybrids. On the one hand,
compared to conventional molecular donors in Forster resonance
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energy transfer (FRET), AuNRs have much larger absorption cross sections at the plasmon resonance frequencies. On the other
hand, energy-transfer efficiency of PIRET decreases at a lower rate than that of FRET when the donor—acceptor distance is
increased. Besides, the blue-shifted PIRET allows excitation with incident light of lower energy than the acceptor’s absorption,
which is difficult to achieve in FRET because of the Stokes shift. With the capability of enhancing molecular fluorescence with
excitation light of low intensity and long wavelength, the blue-shifted PIRET will expand the applications of nanoparticle—
molecule hybrids in biosensing and bioimaging by increasing signal-to-noise ratio and by reducing photodamage to biological

cells and organelles at the targeted areas.

B INTRODUCTION

Surface plasmon energy can be transferred from Au nano-
particles (AuNPs) as donors to dye molecules or semi-
conductors as acceptors, through so-called plasmon-induced
resonance energy transfer (PIRET) or plasmon resonance
energy transfer (PRET).'”” Compared with dye molecule
donors in Forster resonance energy transfer (FRET), AuNP
donors in PIRET have advantages toward applications in
biosensing and bioimaging with two main aspects. First of all,
AuNP donors require incident light with lower intensity to
excite acceptors than that required for dye molecule donors.
AuNPs not only have larger absorption cross sections than dye
molecules (4—5 orders of magnitude larger than that of
conventional dyes) because of the excitation of surface
plasmons,”™'” but additionally, the energy-transfer efficiency
of PIRET decays more slowly when the NP—molecule distance
is increased, as compared to FRET.'"'? Therefore, NP—
molecule hybrids are promising candidates for biosensing and
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bioimaging with low-power excitation and high signal-to-noise
ratio.

The second advantage of PIRET is its ability to enhance
molecular fluorescence using excitation light with longer
wavelength (ie., lower energy) than that of the molecular
absorption peak. We thus define the PIRET with excitation at
the longer wavelength regime of molecular absorption as blue-
shifted PIRET. In contrast, because of the Stokes shift, FRET
often occurs when the absorption peak wavelength of the donor
is shorter than that of the acceptor, and there is an overlap
between the emission spectrum of the donor and the
absorption spectrum of the acceptor (Figure la).* Such a
requirement on the peak wavelengths limits the choices of
fluorophore pairs that exhibit FRET. Stokes shift does not
occur in metal NPs since the radiative decay of localized surface
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Figure 1. Schematics of different energy transfer scenarios in NP—
molecule hybrids. (a) Scheme showing energy transfer between a pair
of fluorophores. Because of Stokes shift, the emission of an acceptor
(green) does not overlap with the absorption of a donor (blue) and
FRET does not occur between them. The partial overlap between the
emission of the donor (blue) and the absorption of the acceptor
(green) leads to FRET from donor to acceptor. (b) Scheme of energy
transfer between fluorophores and AuNPs. No obvious Stokes shift
occurs to the LSPR-associated absorption and emission spectra of
AuNPs (red). As expected, FRET from fluorophores to AuNPs occurs
because of the spectral overlap between dye fluorescence (blue) and
AuNP absorption. We demonstrate here that PIRET from AuNPs to
fluorophores can occur to enhance the molecular fluorescence even if
the absorption peak wavelength of the AuNPs is longer than that of
fluorophores. PIRET is contingent upon a spectral overlap between
the scattering/emission of AuNPs and the absorption of fluorophores,
as further described in c. (c) Scheme showing energy transfer between
fluorophores and AuNPs. When there is no spectral overlap between
the scattering of AuNPs and the absorption of fluorophores, PIRET
does not occur. FRET from fluorophores to AuNPs occurs because of
the spectral overlap between dye fluorescence and AuNP absorption.

plasmon resonances (LSPRs) occurs earlier than nonradiative
relaxation, leading to a strong overlap between the absorption
and scattering spectra of the NPs. Therefore, as shown in
Figure 1D, there is a good chance for an overlap between the
scattering spectrum of a metal NP and the absorption spectrum
of a fluorophore, enabling the blue-shifted PIRET from the NP
to the molecule fluorophore.*

Despite their clear advantages in biosensing and bioimaging
via the use of low-energy, low-intensity light, the application of
AuNPs as donors in blue-shifted PIRET has not been

demonstrated experimentally. In previous studies, the effect of
PIRET has been limited to dips in the scattering spectra of
metal NPs.'~> We report herein the first demonstration of the
enhancement of molecular fluorescence via blue-shifted PIRET
from single Au nanorods (AuNRs) to molecule fluorophores,
which indicates that AuNPs as donors can enhance the
fluorescence excitation of dye molecule acceptors.

B EXPERIMENTAL SECTION

Sample Preparation. Solutions of Au nanorods (AuNRs,
Alfa Aesar) were drop-coated on microscope calibration slides
(AmScope) and dried naturally. We used AuNRs with three
different sizes: 12—18 nm diameter X 49—59 nm length, 19-25
nm diameter X 50—60 nm length, and 19—25 nm diameter X
63—73 nm length. A Hitachi S-5500 scanning electron
microscope (SEM) was used to measure the morphology of
AuNRs. We mixed spiropyran (SP, Sigma-Aldrich) and
poly(methyl methacrylate) (PMMA, Sigma-Aldrich) with a
weight ratio of 2:1 (8 wt %:4 wt %) in chlorobenzene to
prepare PMMA films with a high concentration of SP
molecules. The SP-doped PMMA films were spin-coated
onto the microscope slides with AuNRs. The spin coater
(Laurell Technologies) was set as 2000 rpm and was run for 1
min. The thickness of the SP-doped PMMA film was measured
as ~580 nm by a Wyko NT9100 Optical Profilometer (Veeco
Instruments Inc.).

Optical Measurements. A dark-field microscope (Ti-E
inverted microscope, Nikon) with a halogen white light source
(12 'V, 100 W) was employed to measure the scattering spectra
of single AuNRs and the white-light-excited fluorescence of
merocyanine (MC) molecules. A mercury light source (C-
HGFIE, Nikon) with excitation filters was used to generate UV
light (DAPI shift filter set, excitation: 358 nm). We used
markers on microscope calibration slides to locate single
AuNRs. UV light was applied to convert molecules from SP to
MC isomers. We used an oil-immersion dark-field condenser in
conjunction with 100X objective for single-nanoparticle
spectroscopy. In some cases, a 665 nm long-pass filter was
placed on the top of the condenser to partially block the white
light at the shorter wavelengths.

Fluorescence lifetime imaging microscopy (FLIM) was
performed using time-correlated single-photon-counting
(TCSPC) technique. The major components of FLIM setup
include a femtosecond titanium:sapphire laser tuned to 800 nm
(~200 fs) (Mira 900, Coherent), galvo scanning mirrors
(621SH, Cambridge Tech.), and a GaAsP photomultiplier tube
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Figure 2. (a) Scheme of the sample and experimental setup for the study of PIRET by single-nanoparticle dark-field scattering spectroscopy. UV
light induces SP—MC isomerization. (b) Schematics of a single AuNR covered with an MC-doped PMMA thin film (thickness is 580 nm) on a glass
slide. The single golden rod represents the AuNR, the purple rods illustrate MC molecules, and the red color displays the PIRET-active volume. The
inset in b is a representative SEM image of an individual AuNR on the substrate. Scale bar is 60 nm. More SEM images of AuNRs are provided in the

Supporting Information (SI).
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Figure 3. (a) Normalized single-nanoparticle scattering spectra for different AuNRs covered by pure PMMA films on substrates. (b) Normalized
absorption and emission spectra of an MC-doped PMMA film measured by a standard fluorometer. The emission spectrum was excited at 390 nm.
() Fluorescence spectra of an MC-doped PMMA film measured by dark-field optical spectroscopy without (purple) and with (red) the use of a 665
nm long-pass filter. White light was used as the excitation source. Data at short wavelengths are not available because of limitations of the grating in

our spectroscopy.

(PMT) (H7422PA-40, Hamamatsu) in non-descanned detec-
tion scheme. Before reaching the photon-counting board (SPC-
150, Becker and Hickl GmbH), the output current of the PMT
is amplified via a preamplifier (HFAC-26, Becker and Hickl
GmbH). The detailed information for FLIM setup can be
found in a previous report.”’ A custom LabView interface was
used to acquire data, while a custom Matlab script was used to
process the FLIM data sets. Fluorescence lifetimes were
recorded with an average laser power of 4 mW. The TCSPC
bin resolution was 20 ps, and the FLIM pixel integration time
was 5 ms. Lifetimes were fit at each pixel via a least-squares
method using a single exponential decay model."*

B RESULTS AND DISCUSSION

We used single-nanoparticle scattering spectroscopy based on
dark-field optical microscopy to investigate molecular fluo-
rescence via blue-shifted PIRET from single AuNRs to dye
molecules. The experimental setup and samples are shown in
Figure 2a and b. AuNRs were selected because of several
considerations. AuNRs not only allow a high tunability of LSPR
peak wavelengths,”'" but they also have a long dephasing
time,"> which can enhance the efficiency of energy transfer to
dye molecules.” Additionally, the narrow spectral line width of
AuNRs allows us to better distinguish the LSPR scattering peak
from the emission peak of the dye. With a small detection
volume and a high sensitivity toward local environmental
variations, single-nanoparticle scattering spectroscopy can
eliminate the inhomogeneity and averaging effects inherent to
ensemble measurements, enabling accurate shape- and size-
dependent studies of the optical properties of NPs.'°~** Figure
2b and Figure Sla and S1b show SEM images of AuNRs. From
Figure Sla and S1b, we can see that our AuNRs have different
sizes and aspect ratios and thus can cover a range of LSPR peak
wavelengths. The representative single-nanoparticle scattering
spectra of different AuNRs covered by pure PMMA films are
displayed in Figure 3a. We can see that the line width of the
scattering spectra is reduced when the peak wavelength is >673
nm. This line width reduction is caused by the suppression of
the interband damping in Au at longer wavelengths.'> The
interband damping of AuNRs, which has a threshold at the
energy of ~1.8 eV, is also the main reason that causes the
variation of the spectrum line shape at wavelengths below 673
nm. Using single-nanoparticle spectroscopy, we managed to
induce and measure blue-shifted PIRET by tuning the LSPR of
AuNRs relative to the absorption and emission bands of
adsorbed dye molecules at AuNRs, because PIRET efliciency
strongly depends on the emission—absorption spectral overlap.”

Spiropyran (SP) molecules in their open form, which are
known as merocyanine (MC), have a large Stokes shift between
absorption and emission peak wavelengths, as shown in Figure
3b. Because of the difference in peak wavelength (ca. 100 nm)
between the absorption and emission spectra of MC, the LSPR
peak wavelength of AuNRs can be tuned to be separated from
the emission band of MC while overlapping with its absorption
band. As shown in Figure 2a, a single-nanoparticle scattering
spectrum recorded with our dark-field optical spectroscopy
covers the mixed signals from the LSPR scattering of AuNRs
and the fluorescence of MC molecules, therefore becoming an
ideal platform to study the effects of spectral overlap on the
efficiency of blue-shifted PIRET. Our samples are submono-
layers of well-separated AuNRs on glass substrates, covered by
MC-doped PMMA films (Figure 2a). Optical measurements
were made upon UV irradiation of the molecules and formation
of MC isomers. The SP—MC photoisomerization is illustrated
in Figure S2.

As schematically shown in Figure 1b, when the LSPR peak of
AuNRs is located between the absorption and emission peaks
of MC, the spectral overlap between the LSPR scattering
(emission) and the absorption of MC molecules allows blue-
shifted PIRET from AuNRs to MC. Meanwhile, the molecular
emission band also overlaps with the LSPR absorption band,
which enables red-shifted FRET from the molecules to
AuNRs.* The net direction of energy transfer between
AuNRs and MC molecules is determined by the dephasing

time (T,), which is given by 1925
A1,
T, 2T, T, (1)

where T, is the recombination time that describes the
relaxation from the excited state to the ground state in
AuNRs (or dye molecules) and T,* is the pure dephasing time
of AuNRs (or dye molecules). Since T,* is in the fs range and
T, is in the ps range, T, is relevant to T,*.*> When T,* of
LSPRs is longer than that of molecular fluorescence, coherent
excitons of molecules dephase more rapidly than the LSPRs of
AuNRs do. Under this condition, PIRET is more efficient than
FRET and energy transfers from the AuNRs to the molecules.”

On the basis of the dark-field optical microscopy study as
described in Figure 2a, we measured the fluorescence spectra of
MC molecules doped in the PMMA film under white-light
excitation. Figure 3c shows the spectra with (indicated by “665
filter”) and without (indicated by “No filter”) the use of a 665
nm long-pass filter. The fluorescence spectrum without the
filter matches well with the single-wavelength-excited emission
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Figure 4. Single-nanoparticle spectra measured from AuNRs covered by MC-doped PMMA films or pure PMMA films when (a—c) the scattering
spectra of AuNRs have large overlaps with the absorption band of MC molecules and (d—f) the scattering spectra of AuNRs have minimal overlap
with the absorption of MC. The black arrows label the scattering LSPR peak positions, and the horizontal blue arrows in d—f indicate red shifts of
the LSPR scattering peaks because of MC doping in PMMA. Also included are the absorption spectra of MC molecules measured by UV—vis—NIR

spectroscopy.
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Figure S. (a—c) Fitting the spectra with two peaks in Figure 4d—f with a Lorentzian model. The original spectra are indicated by “No filter”. For
each of the original spectra, the fitting leads to two Lorentzian peaks as indicated by “Fitting Peak 1” and “Fitting Peak 2”. Cumulative spectra of two
fitting spectra are indicated as “Mixing Peak”. Also included is the scattering spectrum of a AuNR covered by the MC-doped PMMA film measured
with the use of a 665 nm long-pass filter, as indicated by “665 filter”.

spectrum from a standard fluorometer (Figure 3b). Both
spectra exhibit the same fluorescence peak wavelength of 670
nm, confirming that dark-field optical spectroscopy allows us to
excite and measure the fluorescence of MC molecules under
white-light excitation. The capability of white light in exciting
the fluorescence at a peak wavelength of 670 nm is also

supported by the excitation spectrum (Figure S3), which
exhibits the strong excitation efficiency within the visible-light
regime.

The use of a 665 nm long-pass filter, however, results in a
significant reduction of the fluorescence of MC molecules (as
indicated by the extremely weak spectrum in Figure 3c), which
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Figure 6. Fluorescence spectra from MC molecules at a AuNR (nanorod) and from molecules that are far away from the AuNR (background). (a—
c) For the samples in Figure 4a—c, we observe enhanced fluorescence for the molecules at the AuNRs because of blue-shifted PIRET. (d—f) For the
samples in Figure 4d—f, no obvious fluorescence enhancement is observed. The fluorescence spectra of molecules at the AuNR were obtained by
subtracting the no filter spectra with the 665 filter spectra in Figure Sa—c.

will enable us to reveal the AuNR LSPR scattering component
at the wavelengths longer than 665 nm from a mixture of
fluorescence and scattering signals (Figure 4d—f). However, the
use of the long-pass filter also significantly reduces the AuNR
LSPR scattering when the peak wavelengths are shorter than
the cutoff wavelength (ie, 665 nm). To identify LSPR
scattering peak wavelengths that are shorter than 665 nm, we
measured the scattering spectra of the same AuNRs covered by
either pure PMMA films or MC-doped PMMA films. By
measuring AuNRs with different LSPRs under the same
experimental conditions (more detailed information is provided
in the Experimental Section), we observe two types of
scenarios. The first scenario is shown in Figure 4a—c, where
a single resonance peak (purple spectra) at ~670 nm is
recorded for a AuNR covered by the MC-doped PMMA film.
In this scenario, the scattering peak of the same AuNR covered
by pure PMMA (red spectra in Figure 4a—c) significantly
overlaps with the absorption band of MC molecules. The
second scenario is illustrated in Figure 4d—f, where two peaks
are observed in the spectrum of a AuNR covered by the MC-
doped PMMA film. In this scenario, there is no obvious overlap
between the scattering spectrum (red spectra in Figure 4d—f)
of the same AuNR covered by pure PMMA films and the
absorption band of MC molecules.

To better understand the two different scenarios in Figure
4a—f, we fitted the spectrum in Figure 4d—f into two individual
peaks with the Lorentzian model. Taking Figure Sa as an
example, the two Lorentzian peaks are at ~670 nm and ~710
nm. The ~670 nm peak is attributed to the molecular
fluorescence. To further examine the origin of the 710 nm peak,

14824

we measured the spectrum of the same AuNR covered by MC-
doped PMMA film using a 665 nm long-pass filter. As a result,
only the scattering peak of the AuNR at 715 nm is observed, as
shown in Figure Sa, which matches well with the fitted peak at
~710 nm. Thus, we conclude that the two peaks in Figure 4d
arise from both the fluorescence of MC molecules and the
scattering of the AuNR. The same conclusion applies to other
similar AuNRs, as shown in Figure 4e and f. As indicated by the
blue arrows in Figure 4d—f, MC molecules in the PMMA film
cause a red shift in the scattering peak, as compared to that of
the AuNR covered by pure PMMA film, which may be
attributed to the increased refractive index of the PMMA film in
the presence of MC molecules. In other words, at the LSPR
peak wavelengths of the AuNRs in Figure 4d—f, the refractive
index of MC-doped PMMA films is larger than that of pure
PMMA films and SP-doped PMMA films. An increase in the
refractive index of the surrounding medium next to AuNRs
leads to a red shift in their LSPRs. In the previous studies,
similar red shifts occurred to the LSPR peak wavelengths of
metal NPs when the SP was isomerized into MC in the
PMMA.”**’ In our hybrid system, the red shift further reduces
the overlap between the LSPR band and the absorption band of
the MC molecules.

The disappearance of the scattering peak in the first scenario
(Figure 4a—c) indicates that there is energy transfer from the
AuNR to MC molecules, which quenches the AuNR LSPR.
The experimental observation confirms that the blue-shifted
PIRET from AuNRs to MC can occur when the LSPR band
overlaps the absorption band of the molecules. Meanwhile, the
red-shifted FRET from MC to AuNRs can coexist with the
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Figure 7. (a) Fluorescence lifetime of the MC-doped PMMA films. (b) Fluorescence lifetime of the MC-doped PMMA films with AuNRs where the

LSPR spectrum overlaps with the molecular absorption spectrum.

PIRET since there is also an overlap between the LSPR band
and the emission band. When the pure dephasing time of
LSPRs of AuNRs (>10 fs) is larger than that of MC
molecules,'® the net energy transfer is from AuNRs to MC
molecules, quenching the LSPR scattering.”

Besides the quenching of LSPR scattering, the resonance
energy transfer is expected to enhance the molecular
fluorescence.'”® We observe the fluorescence enhancement
for MC molecules when the AuNR LSPR scattering band
overlaps the emission band of MC molecules (Figure 6a—c).
However, as shown in Figure 6d—f, no fluorescence enhance-
ment occurs to MC molecules at the AuNRs in Figure 4d—f.
Such a lack of fluorescence enhancement is consistent with the
fact that the sample does not support blue-shifted PIRET
because there is no overlap between LSPR and molecular
absorption. The observed differences between Figure 6a—c and
Figure 6d—f indicate that blue-shifted PIRET plays a critical
role in the enhanced fluorescence of MC molecules. We also
employed fluorescence lifetime imaging microscopy on the
basis of time-correlated single photon counting to measure the
fluorescence lifetime of MC-doped PMMA films with and
without AuNRs. The LSPR of these AuNRs overlaps with the
molecular absorption band. More details on the measurements
are provided in the Experimental Section. As shown in Figure
7a and b, the average fluorescence lifetime (710.8 + 46.3 ps) of
MC-doped PMMA films with AuNRs is longer than that (636.6
+ 559 ps) for films without AuNRs. The increase of the
average fluorescence lifetime further manifests that energy is
transferred from AuNRs to MC molecules. It has been
previously reported that energy transfer from donors to
acceptors may increase the lifetime of acceptors.'>*’

Furthermore, we can rule out the contribution of radiative-
rate modification via Purcell effect to the fluorescence
enhancement.’’™>” The different results for the samples in
Figure 6a—c and Figure 6d—f indicate that fluorescence
enhancement occurs only when there are emission—absorption
spectral overlaps, as discussed in Figure 1b and c. However,
radiative-rate enhancement via Purcell effect does not require
the emission—absorption spectral overlap, which indicates that
the Purcell effect is not a major factor in our fluorescence
measurements.”’ >

We further consider the differences in optical properties
between AuNRs and dye molecules to identify the advantages
of AuNRs over dye molecules as donors in resonant energy
transfer. Compared with dye molecules, AuNRs have a larger
absorption cross section (4—S orders larger than that of
conventional dyes).” In addition, when the donor—acceptor
distance increases, the energy-transfer efficiency (®g,r) of
PIRET decays more slowly than that of FRET between two
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fluorophores.'' The energy-transfer efficiency (®g,r) between
the donor and the acceptor follows the equation'"'**%%

i

Ry

CI)EnT =
)

where R is the donor—acceptor distance, Ry is the characteristic
distance at which @, is 50%, and n is 4 and 6 for PIRET and
FRET, respectively, which indicates that the ®g  in PIRET
decreases more slowly than that in FRET when R
increases.' "' >**** Additional details are available in the SI.
Therefore, both the larger absorption cross section of AuNRs
and the slower decay of energy-transfer efficiency as a function
of increased donor—acceptor distance lead to a larger amount
of energy transfer through PIRET than that through FRET.

There should be much larger fluorescence enhancement than
our experimental measurements as shown in Figure 6a—c. This
is because PIRET occurs within the volume near the AuNRs,
which is much smaller than that from which fluorescence
signals were measured. This highly confined volume accounts
for a small fraction of the total volume where the light signals
were collected in our dark-field optical microscope since there
is a dramatic decrease in the PIRET efficiency (@prer)
between the AuNR and the molecules when the separation
distance (R) increases (eq 2)."'"** However, it has remained
challenging to calculate the actual average enhancement factor
(EF) because of the difficulty in determining R, which is
needed for the calculation of the PIRET-active volume in our
system. Instead, we estimated a conservative average EF of up
to 1854 by using the lar§est PIRET-active volume according to
previous studies.”'"*>** As per previous studies,”'"** the
energy transfer between dye molecules and a Au nanoparticle is
limited in the volume near the particle where the donor—
acceptor distance is smaller than 50 nm. To estimate the
average enhancement factors (EFs), we assume that the PIRET
is limited in a volume within a distance of 50 nm™""** from the
surfaces of AuNRs (Figure 2b and Figure 8a and b) and that
the MC concentration is uniform in PMMA. The average EF is
defined by

@ MC-doped PMMA

‘\<50 nm

¥ ———_——— 24

Microscope slide Microscope slide

b
MC-doped PMMA
\< 50 nm

wu 08g
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Figure 8. Cross-sectional view along the (a) long axis and (b) short
axis of the AuNR in Figure 2b.
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EF =

P "AuNRs ( Vinackground ]

R background VAuNRs

(©)
where P, g, is the enhanced fluorescence intensity from MC
molecules within the distance of 50 nm from the surfaces of
AuNRs. The P, g, is the difference between the integrated
intensities of fluorescence spectra with and without a AuNR.
Pyrgromna 18 the integrated intensity of the fluorescence
spectrum without AuNRs. V) g, is the PIRET-active volume,
as indicated by red color in Figure 2b and Figure 8a and b.
Vbackground 18 the total volume from which we collected the
fluorescence signals (1.92 ym X 192 pm X 580 nm). To
calculate Vypy we use the largest dimensions (25 nm
diameter X 73 nm length) and volumes of AuNRs from the
data provided by the company that sold the AuNRs (see
Experimental Section). On the basis of Figure 6¢c, we obtain the
maximum average EF of 1854. Since the average EF «1/V, gy
the average EF is underestimated because of the use of the
maximum volume of the AuNRs. The variations in average EFs
among different AuNRs and samples can be attributed to the
variations in the MC concentrations. In contrast, we can see
from Figure 6¢c—f that FRET hardly changes the fluorescence
intensity because of the small amount of MC molecules
involved in the process.

B CONCLUSIONS

In summary, we have demonstrated molecular fluorescence
enhancement through blue-shifted PIRET from single AuNRs
to dye molecules. PIRET and fluorescence enhancement occur
only when there is a significant spectral overlap between the
light scattering of AuNRs and the absorption of MC molecules.
The fluorescence enhancement indicates that AuNRs can
function as donors to enhance the fluorescence excitation of
acceptors. AuNRs have two major advantages over dye
molecules as donors: larger absorption cross section and
slower decay of energy transfer efficiency via donor—acceptor
distance. Both effects lead to a lower intensity requirement for
the incident light. Moreover, the blue-shifted PIRET allows the
excitation of fluorescence of molecules near metal NPs using
light of lower energy (i.e., longer wavelength). Therefore, blue-
shifted PIRET provides a new pathway toward the design of
NP—dye pairs for biosensing and bioimaging, with low
excitation energy and high signal-to-noise ratio. In addition,
the white-light excitation of both the fluorescence of dye
molecules and the LSPRs of single AuNPs will enable the
multiplexed sensing or imaging with different types of NP—dye
pairs, using a dark-field microscope.
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