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Abstract The photoluminescence (PL) properties of single
gold nanorod (AuNR) under one-photon excitation (OPE)
have been reported recently. In this work, the PL of AuNRs
in aqueous solutions were studied with OPE of 514 or 633 nm
to characterize the emissions of transverse and longitudinal
surface Plasmon resonance (TSPR and LSPR) bands, because
the AuNRs aqueous solution was frequently used in bio-
medical applications. We found that under 514 nm OPE the
TSPR emissions of four groups of AuNRs with different
aspect ratios in aqueous solutions were all strong dominating
the PL emission with the quantum yield (QY) of 10™*, which
is at least three orders of magnitude higher than that of single
AuNR. We further found that the aggregate was the basic form
of AuNRs in aqueous solution and living cells, measured by
the elastic light scattering and transmission electron micros-
copy measurements. The Plasmon coupling particularly the
TSPR coupling between the neighbored AuNRs in aggregates
enhanced the PL and increased the QY, because the conjuga-
tion of the rod side to side was a main aggregate mode. Under
633 nm OPE, only LSPR emissions of AuNRs aqueous solu-
tions occurred with the QY level of 10> which is very similar
to that of singe AuNR, because of the negligible LSPR
coupling.
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Introduction

Due to the merits of chemical inertness, excellent optical
properties and minimum biological toxicity, the gold nanopar-
ticles have attracted much attention from bio-medical fields
and have found a lot of bio-medical applications [1-3].
Among gold nanoparticles with different structures gold nano-
rods (AuNRs) have proved to be the most flexible structure
owing to the synthetic control of its size and aspect ratio.
AuNRs have two (transverse and longitudinal) localized
surface Plasmon resonances (TSPR and LSPR), resulting
in two extinction bands with the transverse one of
520 nm and the longitudinal band at the longer wave-
length which depends on the aspect ratio of rods. This
characteristic makes the absorption and scattering of
AuNRs become controllable from visible to near-
infrared (NIR) region. Particularly, the SPRs not only
lead to the strong absorption/scattering of AuNRs but
also enhance the photoluminescence (PL) of AuNRs.
Since the NIR region is the optical window of living
tissues, AuNRs can be used as the contrast/scattering and
PL agents for biomedical probing and imaging [4, 5].
Based on the wide application background, the PL prop-
erty study of AuNRs has long been noticed. In early
studies, the PL mechanism was attributed to the radiative
recombination of the excited electrons in the sp band
with the holes in the d band [4]. Generally, this radiative
recombination process is very inefficient in bulk gold but
can be greatly enhanced in gold nanoparticles by the
SPRs. Later, the Plasmon emission mechanism for PL
in AiuNRs was proposed as that the PL can be generated
directly from the Plasmon emission after the photo-
excitation [6]. Very recently, several works evidently
supported the Plasmon emission mechanism by studying
the PL property of single AuNR and they concluded the
PL mechanism as in Fig. 1 [7, 8]. Under one-photon
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Fig. 1 Schematic diagram of the PL mechanism of AuNRs

excitation (OPE) of short wavelength, both d-sp
interband transition creating an e-h pair and TSPR can
be excited, and then both TSPR and LSPR emissions
occur after the transfer between the e-h and SPRs as
shown in Fig. 1. The strong evidence to support the
Plasmon emission mechanism is that under the long
wavelength OPE whose energy is lower than that of the
e-h transition the LSPR emission still occurred [8, 9]. In
these pioneer studies for single AuNR, the PL spectra
and quantum yields (QY) for AuNRs with different as-
pect ratios were studied. It was found that the LSPR
dominated the PL emission of single AuNR with the
QYs from 107 to 107° and the QYs of TSPR emissions
were even lower [8, 10]. However, in the other studies of
AuNRs in bulk solutions the stronger TSPR emission (as
comparing with LSPR emission) was found [11]. Thus,
an obvious discrepancy on PL between the single AuNR
and AuNRs in solutions arises. To fully understand the
PL of AuNRs in aqueous solution, the further work is
needed. The PL study on single AuNR is of importance,
because it is very helpful to establish a clear model by
eliminating the interaction between the AuNRs. However
the PL properties of AuNRs in aqueous solutions are
also important, since most applications in bio-medical
experiments are carried out with AuNRs aqueous solu-
tions. In this work, the PL characteristics of AuNRs in
aqueous solutions were studied with OPE of both short
wavelength (514 nm) and long wavelength of 633 nm, in
order to understand the PL difference between the
AuNRs aqueous solution and the single AuNR. We
found that under the excitation of 514 nm the TSPR
band emission was the dominated one with QY of 10™*.
This value is much higher than that of single AuNR,
which is believed to result from the TSPR coupling of
AuNRs in aggregates. Under the excitation of 633 nm
the LSPR band emission occurred with the QY of 107>,
which is similar with that of single AuNR.
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Experimental Details
Preparation of AuNRs

AuNRs were prepared using a seeding growth method as
described previously [12—14]. The prepared nanorods were
stabilized by the cetyltrimethylammonium bromide (CTAB)
to form CTAB-coated gold nanoparticles. The obtained parti-
cle concentration was about 0.1 nM. The positive charges on
the outside terminals of CTAB make AuNRs repel each other
to disperse in the aqueous solution. Four groups of AuNRs
were used in this study. As shown in Fig. 2a—d, the lengths of
these AuNRs are about 40-60 nm, with the average aspect
ratios of about 2.6, 2.9, 3.2 and 3.5, measured by a Transmis-
sion electron microscopy (TEM) (FEI CM 120) at120 kV. The
extinction spectra of these AuNRs with the LSPR extinction
bands of 650, 680, 720 and 750 nm are shown in Fig. 2e, and
thus these AuNRs are depicted as AuNRs650, AuNRs680,
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Fig. 2 TEM images of AuNRs with different aspect ratios. a aspect
ratio=2.6; b aspect ratio=2.9; ¢ aspect ratio=3.2; d aspect ratio=3.5.
The bar is 100 nm. e The extinction spectra of different AuNRs in
aqueous solutions. Their longitudinal band peaks are at 650, 680, 720
and 750 nm and refer to aspect ratios of 2.6, 2.9, 3.2, 3.5, respectively



J Fluoresc (2014) 24:1481-1486

1483

AuNRs720 and AuNRs750, respectively. These AuNRs are
very similar to the AuNR used in single rod PL studies [8, 9].

The PL Spectral Measurements of AuNRs in Aqueous
Solutions

The micro-region photospectrometer (Jobin Yvon labram-1b)
was used for PL measurements of AuNRs. A 514 nm Art
laser (Spectra Physics) and a 633 nm He-Ne laser (Jobin
Yvon) were introduced separately into a microscope to per-
form the excitation and an attached CCD was used to record
the PL spectra. All samples of AuNRs aqueous solutions
sealed in the coverslips were put on the microscopic stage to
do the measurements, and a 20% objective was used to focus
the laser beam to a spot with the diameter of about 10 pm for
the excitation.

The PL Quantum Yield Measurements of AuNRs in Aqueous
Solutions

The PL quantum yields of AuNRs were determined by a
comparison method of the fluorescence emission of AuNRs
solution with that of the standard reference samples of rhoda-
mine B and sulfonated aluminum phthalocyanine (AlPcS) in
solutions. Basically, the fluorescence emission of a sample can
be written in a formula with related parameters [15].

F = K®coll

where @ is the fluorescence quantum yield of the
sample, ¢ is the fluorophores number density (concen-
tration of the sample), o is the one-photon absorption
cross section, / is the length of the path in which
photons are absorbed, 7/ is the flux of incident photons
(photons/cm?s), F is the integrated fluorescence signal
in the emission region and K is a parameter constant of
the instrument. By measuring the emission spectra, the
F; (AuNRs) and F, (the reference sample) were obtain-
ed, respectively. Here, all fluorescence signals were
measured under SPE of 514 or 633 nm with the same
experimental conditions in the same system, so that the
K, I and [ are the same for nanoparticle samples and
reference samples. Using the above formula, the PL
quantum yield &, of AuNRs can then be determined
by comparing with the known @, of rhodamine B, as in
the following formula.

F, co,
s — *
co F,

-

where the term with a suffix » means the term for the
reference sample. Since the co represents the absorption of
the sample, the term of ¢,o,/co can be replaced by 4,/A4,. The A

is the absorption coefficient of the sample at the excitation
wavelength. Then the formula turns to a simple form.

o Fedry

As F,
When the values of A4, and 4, were measured, the &, of
AuNRs can be gotten. Herein, we measured 4, and 4, the
absorption coefficients of the reference sample and AuNRs
sample, at the excitation wavelength of 514 or 633 nm and
then determined the @, according to the formula.

The Confocal Reflectance Imaging of AuNRs in Living Cells

The QGY 7703 (human liver cancer cell) cells were procured
from the Cell Bank of Shanghai Science Academy. Cells were
incubated in Dulbecco’s modified Eagle’s medium (DMEM)
with Earle’s salts containing 10 % fetal bovine serum, 2 % L-
glutamine (all from Gibco), in an incubator with a humidified
atmosphere (5 % CO2) at 37 °C. Cells in exponential phase of
growth were used in experiments. AuNRs were added into the
cell dishes with a final concentration of 0.02 nM. After incu-
bation in the incubator for 20 min, cells were washed with
PBS for three times to remove unassociated nanoparticles and
then added with the fresh culture medium. These cell samples
were then ready for imaging measurements. Hauck et al.
reported that the region of 0.02-0.1 nM incubation concen-
trations of CTAB-coated gold nanorods is safe for Hela cells
[16]. Therefore, the 0.02 nM incubation concentration of gold
nanoparticles for cells was selected here.

As metal particles, AuNRs have a high reflectivity so
that the cellular AuNRs can be detected by the dark-field
reflectance imaging [17, 18]. Since the laser scanning
confocal reflectance imaging has the 3-dimensional res-
olution, which is better than dark-field imaging, the
confocal reflectance imaging was used here to measure
cellular AuNRs [19]. The confocal reflectance imaging
was carried out in a laser scan confocal microscopy
(LSCM) (Olympus FV300) with a laser beam of
488 nm. The reflectance model of LSCM and a 60x
objective were used in measurements.

The TEM Image of AuNRs in Cells

The distribution of AuNRs in cells was further measured with
TEM. The AuNRs loaded cells were trypsinized and washed
with PBS for three times. The cell pellet had been fixed with
glutaraldehyde before the cells were washed with PBS again.
Finally, the cells were embedded in Epon and sliced to a
thickness of 100 nm. The TEM images of cells were made
at the voltage of 120 kV in a Philips Technai F-20 transmission
electron microscope.
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Results and Discussion

Although these CTAB coated AuNRs can suspend in water as
the colloid, the aggregates of AuNRs in water extensively
exist. The Elastic Light Scattering measurement showed that
the hydrodynamic sizes of AuNRs in each case of these four
groups cover a large size region (Fig. 3a) from 40 to 500 nm,
reflecting that a large amount of aggregates were formed in
water. We can further see in Fig. 2a—d that the AuNRs are

a T .
i AuNRs650nm A
15 S
= =— AuNRs680nm o
===~ AuNRs720nm oA
2 - — - = AUNRS750nm T
£ 'S
£ 0 F R
i .
£ : / D
- ‘ VA
2 . N
=
= v
o 5 an
0

Size (nm)

.

Fig. 3 a Size distributions of AuNRs measured by the Elastic Light
Scattering. b The merged image of confocal reflectance and DIC images
of AuNRs loaded QGY cells. Cells have been incubated with AuNRs
(0.02 nM) for 20 min. ¢ The TEM image of AuNRs in QGY cells
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likely to aggregate together with an aggregation mode of rod
side to side conjunction. The aggregation tendency was fur-
ther checked for cellular AuNRs, since the AuNRs have been
widely used as contrast/PL agents in cell studies. When cells
have been incubated with AuNRs, the cellular AuNRs were
measured by confocal reflectance imaging. As seen in Fig. 3b,
the reflectance image demonstrates that the AuNRs can pen-
etrate into cells after the incubation. Furthermore, the distri-
bution of AuNRs in cells was measured with TEM. As shown
in Fig. 3¢, the endocytosed AuNRs are looked to aggregate in
the endosomal vesicle. Therefore, the aggregate is the basic
form for AuNRs in solutions and biological environments.
Particularly, these cellular AuNR aggregates also gather to-
gether with an aggregation tendency of rod side to side.

The PL spectra of these AuNRs with different aspect ratios
in aqueous solutions, measured under 514 nm OPE, are shown
in Fig. 4a. Although their aspect ratios are different, the PL
spectra of those four groups of AuNRs are similar with the
characteristics of broad spectral region and similar spectral
peaks around 550 nm. Comparing to the extinction spectra of
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Fig. 4 The PL spectra of AuNRs with different aspect ratios in aqueous
solutions. a Under excitation of 514 nm; b under excitation of 633 nm
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Table 1 The photoluminescence
quantum yield of transverse PL

AuNRs 650 nm

AuNRs 680 nm AuNRs 720 nm AuNRs 750 nm

band and longitudinal PL band
24x107*

1.6x107°

QY of TSPR
QY of LSPR

2.1x107°
29%107°

1.1x107*
3.8x107°

1.5%x10*
23%107°

AuNRs aqueous solutions (Fig. 2¢), we can find that the PL
spectra are wider than the extinction spectra of TSPR, imply-
ing that the PL spectra under 514 nm OPE resulted from the
combination of emissions of TSPR and LSPR. In these cases,
both d-sp interband transition and TSPR were excited, and
then the transfer from the e-h to LSPR can occur, resulting in
the emissions of both TSPR and LSPR. The PL overlapping of
TSPR and LSPR leads to a broad region in PL spectra of
AuNRs aqueous solutions. The PL peaks are around 550 nm
nearing the extinction band of TSPR, reflecting that the TSPR
emission is the dominated one in the PL spectra under 514 nm
OPE. However, under the same 514 nm OPE for the case of
single AuNR the TSPR emission around 550 nm is very weak
and the LSPR emission is much stronger [7]. The weak TSPR
emission for single AuNR could be understood as that the
dipole strength of TSPR is smaller than that of LSPR. Due to
the same reason, almost no TSPR band appears in the
scattering/extinction spectrum of single AuNR whereas the
LSPR band occurs intensely, demonstrating that the TSPR in
single AuNR is indeed very weak [7]. For AuNRs aqueous
solution, the extinction band of TSPR around 520 nm obvi-
ously appears no matter what aspect ratio the AuNRs have
(Fig. 2e). Since the AuNRs aggregates extensively exist in
aqueous solutions (Fig. 3a) and the main aggregation mode is
the rod side to side gathering (Fig. 2a—d), the plasmon cou-
pling between the AuNRs in aggregates would enhance the
TSPR transition. In previous study, we have found that when
AuNRs were ordered to form a plane assembly by droplet
evaporation the PL emission was greatly enhanced due to the
Plasmon coupling [20]. In the AuNRs assembly and AuNRs
aggregates, the TSPR coupling between the neighbor AuNRs
can occur and such TSPR coupling in AuNRs aggregates
would not only enhance the TSPR absorption/scattering but
also the TSPR emission. Therefore, for AuNRs aqueous so-
lution, the high PL QY of TSPR was expected.

The PL quantum yields of AuNRs were determined by a
comparison method of the fluorescence emissions of studied
samples with that of the standard reference samples in solu-
tions [15]. The emission band of rhodamine B in aqueous
solution locates at 570 nm nearing the TSPR emission band of
550 nm so that the thodamine B was used as the reference
sample to determine the PL QY of AuNRs in aqueous solu-
tions under the excitation of 514 nm [21]. We found that the
PL QY of AuNRs aqueous solutions reached 10, much
higher than that of single AuNR at the same excitation of
514 nm [7]. As shown in Table 1, the PL QY of AuNRs

aqueous solutions under 514 nm OPE gradually decreased
with the increased aspect ratio of AuNRs. As seen in Fig. 4a
and above discussion, the PL emissions in these cases were in
fact the summer of TSPR and LSPR emissions. With the
increased aspect ratio, the LSPR band is red-shifted and the
transfer possibility from e-h to LSPR would reduce leading to
a decreased LSPR emission resulting in a reduction of whole
PL under 514 nm OPE.

The TSPR emission band for both single AuNR [7] and
AuNRs aqueous solution locates at 550 nm. When the AuNRs
aqueous solution was excited by the light with the wavelength
much longer than 550 nm, only the LSPR emission would
occur. Herein the 633 nm was used as OPE to study the LSPR
emission of AuNRs aqueous solutions. Figure 4b shows the
PL spectra of AuNRs aqueous solutions. Differing with the
Fig. 4a, the peak of LSPR emission shifted to the red with the
increased aspect ratio of AuNRs. This is reasonable because
the LSPR extinction band red-shifted with the increased as-
pect ratios as seen in Fig. 2e. And this observation supports
that the recorded PL is indeed the LSPR emission of AuNRs
aqueous solutions.

The emission band of sulfonated aluminum phthalocyanine
(AlPcS) in aqueous solution is at 680 nm [22], which is close
to the LSPR emission bands of AuNRs aqueous solutions.
The AlPcS was a commonly used photosensitizer, and select-
ed here as a reference sample to measure the LSPR emission
QY of AuNRs aqueous solutions. As shown in Table 1, the
LSPR emission QYs of these AuNRs aqueous solutions are in
the level of 107>, which are very similar to that of single
AuNR [7]. In AuNRs aggregates, the possibility for the con-
jugation mode of the rod tip to tip is certainly low which can
be seen in Fig. 2, so that the LSPR coupling between AuNRs
is extremely weak. Therefore, the similar LSPR emission QY's
of AuNRs aqueous solutions, as compared with that of the
single AuNR, is reasonable.

Conclusions

The AuNRs have both TSPR and LSPR modes. However, for
the single AuNR the LSPR emission is the dominated one and
the TSPR emission is very weak under the light excitation of
the short wavelength. When AuNRs are in aqueous solutions,
the aggregates with the aggregation mode of side to side of
rods extensively exist. The TSPR coupling among the AuNRs
in the aggregates enhances the both TSPR absorption/
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scattering and emission, and thus the higher PL QYs of
AuNRs aqueous solutions are found when excited by the light
with short wavelength. Because of the very weak coupling of
LSPR in AuNRs aqueous solutions, the emission QYs of
LSPR for AuNRs aqueous solutions remain as same as that
of single AuNR. The PL spectra as well as QYs of AuNRs
aqueous solutions are all related to the excitation wavelength,
so that this characteristic should be taken into the consider-
ation in related applications. These results may provide help-
ful information for applications with AuNRs aqueous solu-
tions, particularly for bio-medical studies.
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