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Abstract: Gold nanorods can be internalized by macrophages (an important
early cellular marker in atherosclerosis and cancer) and used as an imaging
contrast agent for macrophage targeting. Objective of this study is to
compare two-photon luminescence (TPL) properties of four aspect ratios of
gold nanorods with surface plasmon resonance at 700, 756, 844 and 1060
nm respectively. TPL from single nanorods and Rhodamine 6G particles
was measured using a laser-scanning TPL microscope. Nanorod TPL
emission spectrum was recorded by a spectrometer. Quadratic dependence
of luminescence intensity on excitation power (confirming a TPL process)
was observed below a threshold (e.g., <1.6 mWw), followed by
photobleaching at higher power levels. Dependence of nanorod TPL
intensity on excitation wavelength indicated that the two-photon action
cross section (TPACS) is plasmon-enhanced. Largest TPACS of a single
nanorod (12271 GM) was substantially larger than a single Rhodamine 6G
particle (25 GM) at 760 nm excitation. Characteristics of nanorod TPL
emission spectrum can be explained by plasmon-enhanced interband
transition of gold. Comparison results of TPL brightness, TPACS and
emission spectrum of nanorods can guide selection of optimal contrast agent
for selected imaging applications.
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1. Introduction

Atherosclerosis, one of the most common cardiovascular diseases, accounts for one-third of
all deaths in the United States [1]. Macrophages circulating in the blood stream infiltrate into
the intimal layer of blood vessels containing atherosclerotic plaques and become plaque-based
macrophages (PBMs). PBMs accelerate inflammation by releasing matrix metalloproteinases
(MMPs) which erode the thin fibrous cap (less than 65 um in thickness), make the plaques
more prone to rupture, and result in a myocardial infarction [2,3]. Tumor-associated
macrophages (TAMSs) are known to play a fundamental role in the progression of many
cancers (e.g., breast, prostate, ovarian, cervical, lung carcinoma and cutaneous melanoma) [4].
In tumors, infiltrated TAMs provide an immunosuppressive microenvironment (through direct
and indirect suppression of cytotoxic T cell activity) for tumor growth, promote angiogenesis,
and produce soluble mediators that support proliferation and survival of malignant cells [5].
For these reasons, increased TAM density in solid tumors is thought to correlate inversely
with patient prognosis [4]. Additionally, an association between TAM presence and local
invasion into ectopic tissue and/or metastasis has been established in many cancers [4,5].
Thus, macrophages can represent an important early cellular marker that provides information
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relevant to the risk of future plaque rupture and staging and metastasis of cancers. In vivo
macrophage detection is potentially of great clinical significance and has motivated
development of macrophage-targeting contrast agents such as gold nanoparticles.

A variety of gold nanoparticles with different coatings have been developed to target
macrophages due to their unique optical properties (i.e., absorption, scattering and
fluorescence), negligible cytotoxicity and good biocompatibility, including nanospheres [6,7],
nanoshells [8,9], nanocages [10,11], nanoroses [12,13] and nanorods [14,15]. While the
quantum yield of bulk gold fluorescence was observed to be extremely weak (~107%) [16],
gold nanoparticles can strongly enhance the local light-field amplitude [17,18] and
significantly increase the quantum yield to the 10~ level [19] by the surface plasmon
resonance (SPR) effect [20-22], which is known as coherent oscillation of electrons in the
conduction band of the gold nanoparticle in resonance with the incident electromagnetic field
of light. Due to substantial suppression of interband damping, nanorods exhibit higher local
field enhancement factors than small nanospheres [23]. Mohamed et al. observed a more than
10° times enhancement of quantum yield of gold nanorods by single photon plasmonic
excitation over bulk gold [24]. Nanorods, unlike their counterparts with symmetrical shapes
(e.g., nanospheres, nanoshells and nanocages), can easily tune the SPR to near-infrared
wavelengths (where tissue absorption is at minimum) by varying the aspect ratio [25-28].
Moreover, procedures to synthesize nanorods are well established, providing better
monodispersity and stability compared to the synthesis of other complex nanostructures (e.g.,
nanoroses and nanocages). Compared to single-photon excitation, two-photon or multi-photon
excitation processes provide greater penetration depth in tissues and additional local field
enhancement, and thus, a greater enhancement of quantum yield with stronger emission
signals. Although the single-photon quantum yield of a nanorod is in the order of 107, it has
been reported that the two-photon action cross section (TPACS) of a hanorod can reach 2320
GM, which is within the range of that of quantum dots (2000-47000 GM) [29] and much
higher than that of organic fluorophores (e.g., Rhodamine 6G), providing a promising
approach to detect these nanorods in biological tissues using two-photon excitation.

Two-photon luminescence microscopy (TPLM) is of particular interest because of its near-
infrared excitation where tissues scatter more weakly and have less absorption. TPLM can
provide the best contrast of nanorods and highest 3-D spatial resolution compared to other
imaging modalities (e.g., MRI, CT, PET, OCT and ultrasound) [30-32]. Several TPLM
studies of single nanorods have been reported with detailed description of quadratic power
dependence [33,34], local field enhancement at specific positions on nanorod [35],
luminescence polarization and spectrum [29,36]. However, further characterization and
comparison of two-photon luminescence (TPL) from nanorods with different aspect ratios at
multiple excitation wavelengths is of interest, these include: (1) comparison of TPL brightness
of nanorods with different aspect ratios; (2) bracketing the range of excitation power for a
TPL process and thresholding the photobleaching effect of nanorods; (3) measurement of the
TPACS of nanorods with different aspect ratios, and (4) TPL emission spectra of nanorods at
multiple excitation wavelengths. These studies can provide a deeper understanding of TPL
from nanorods and guide contrast agent selection and optimization for selected biomedical
imaging applications.

In this study, we used a laser-scanning TPL microscope to investigate the TPL
characterization of nanorods with different aspect ratios at multiple excitation wavelengths.
Nanorods with SPR at 756 nm were found to be the brightest (at equivalent excitation power)
among all four aspect ratios of nanorods and excitation wavelengths studied. All nanorods
exhibit a quadratic dependence of TPL intensity on excitation power at lower power levels
(e.g., <1.6 mW), followed by an intensity saturation or decrease at higher power levels (e.g.,
>1.6 mW) due to a photobleaching effect. TPACS of nanorods with four aspect ratios at three
excitation wavelengths was calculated and compared. TPL emission spectra of nanorods were
interpreted by plasmon-enhanced interband transition and is consistent with TPL brightness
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measurement. Results of these experiments and analysis suggest that nanorod aspect ratio
determines not only SPR position but also TPL brightness, TPACS and TPL emission
spectrum.

2. Materials and methods
2.1. Sample preparation

Gold nanorods were synthesized in solution using a seeded growth method as described
previously [37]. Four aspect ratios of nanorods with SPR at 700, 756, 844 and 1060 nm
(Au700, Au756, Au844, Aul060) were purchased from Nanopartz, briefly sonicated and
diluted 10 times from stock concentration before use. Nanorod samples were prepared by
dispersing 5 ul dilution onto a glass slide and covered by a coverslip, forming a 10 um thick
nanorod solution. Final concentration of nanorods with four aspect ratios on the glass slide
are, respectively, 5.7 x 10%° 4 x 10% 7.2 x 10" and 2.8 x 10 nanoparticles/ml.
Transmission electron microscopy (TEM) revealed morphologies of nanorods and TPL
images showed the shapes of a single nanorod at the diffraction limit (Figs. 1a—1d). Long axis
of the gold nanorods are in the range of 35-67 nm, with corresponding aspect ratios of 2.9,
3.5, 4.4 and 6.7 for Au700, Au756, Au844 and Aul060 respectively. Rhodamine 6G (Sigma-
Aldrich, St. Louis, MO) was diluted to two concentrations in DI water: 110 pM and 1 pM.
Sample with 110 uM was sealed into a cuvette, while sample with 1 pM was dispersed and
then dried on a glass slide (forming a distribution of single Rhodamine 6G particles). TPACS
spectrum was measured for both cuvette and dried Rhodamine 6G samples.
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s
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!
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Fig. 1. TEM images of gold nanorods used in this study: a, Au700; b, Au756; c, Au844; d,
Aul1060. Insets in a—d are TPL images of a single nanorod at 840 nm excitation within the
spectral range of 400-720 nm. Scale bars in TEM and TPL images represent 20 nm and 1 um,
respectively. e, Schematic diagram of the laser scanning TPL microscope. EOM, electro-optic
modulator; PMT, photomultiplier tube.

2.2. TPL microscopy

TPL from nanorods was measured using a laser scanning TPL microscope (Fig. le, Prairie
Technologies, Middleton, WI). A femtosecond Ti:sapphire laser (Mai Tai HP, Newport,
Irvine, CA) with emission tunable over 760-1040 nm (80 MHz, 100 fs) was used as an
excitation light source. Intensity of the laser beam entering the microscope was modulated by
an electro-optic modulator (350-80, ConOptics, Danbury, CT) and monitored by a pick-off
mirror (reflectance 1%) with a meter to determine the power delivered to the sample. The
focal volume of the objective lens (40 x , NA = 0.8, water emersion, Olympus, Center Valley,
PA) was scanned over the sample in the x-y plane using a pair of galvanometric scanning
mirrors to produce 2-D images. TPL emission from each sample was collected through the
same objective, separated from the excitation laser line by a 720 nm long-pass dichroic mirror
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(Prairie Technologies, Middleton, WI), directed into four channels and detected by four
photomultiplier tubes (PMT1,2: H7422P-40, PMT3,4: R3896, Hamamatsu, Bridgewater, NJ)
in spectral ranges of 640-680, 570-620, 490-560 and 435-485 nm, respectively. To minimize
the photon count from excitation laser light, a short-pass filter (et720sp, Chroma Technology,
Bellows Falls, VT) was placed after the dichroic mirror. In this study, only PMT1 was used to
collect TPL emission signals (<720 nm) with absence of dichroic mirrors and a band-pass
filter in detection light path. The TPL was also measured by replacing PMT1 with a fiber-
coupled spectrometer with an electron-multiplying CCD (Shamrock 303i, Andor Technology,
Belfast, Ireland).

2.3. TPACS calculation

TPACS of nanorods were determined by a comparison method of the TPL emission from the
reference Rhodamine 6G sample. TPL emission from a sample can be expressed in Eq. (1)
with related parameters [38]:

g, 8nP?

? ] @)

1
F= 55007720'2

where F (in photons/second) is the TPL photons collected per unit time, ¢ (dimensionless) is
the TPL collection efficiency of the measurement system, C (in mol/ml) is the fluorophore
concentration (i.e., nanorod or Rhodamine 6G), g, (dimensionless) is the degree of second-
order temporal coherence of the excitation source, f is the laser modulation frequency, z is the
FWHM pulse width, n is the refractive index of the sample, P (in photons/second) is the
excitation laser power, 4 is the excitation wavelength, 7,0, (in GM; 1GM = 10~*° cm*s/photon)
is the TPACS where 7, and o, are quantum yield and two-photon absorption cross section
respectively. By measuring the TPL emission intensity from single particles in TPL images,
F, (nanorod) and F, (Rhodamine 6G) were obtained. Here, all TPL signals were measured
under identical excitation wavelength with the same experimental conditions in the same
system, therefore, ¢, g, f,  and 4 are equivalent for nanorod and Rhodamine 6G samples.
Using Eq. (1) for two samples and change P to average power P (in watts), TPACS of
nanorod ((7,02),) can be determined by comparing with the known TPACS of Rhodamine 6G
((17202)) as shown in Eq. (2):

(1,0,), :n_r’—_’_'(ﬂzo-z)r- (2

3. Results
3.1. Dependence of nanorod brightness on excitation power

Figure 2a shows the single-photon absorbance spectra of nanorods with four aspect ratios used
in this study at a concentration of 4 x 10" nanoparticles/ml. For each nanorod, two SPR
absorption bands are visible, one at around 520 nm due to transverse oscillation of electrons
and insensitive to the aspect ratio of nanorods. The other absorption band is red-shifted to
longer wavelengths and is due to longitudinal oscillation of electrons with a peak absorption
wavelength that increases with nanorod aspect ratio [25,39]. Amplitude of longitudinal SPR
also increases with aspect ratio (except for Au844), consistent with theoretical calculations
[25]. Multi-photon luminescence (MPL) of nanorods with four aspect ratios at three excitation
wavelengths (i.e., 760, 840, 1060 nm) was measured by the TPL microscope. Figure 2b shows
nanorod brightness dependence on the excitation laser power (i.e., 132 uW-4.8 mW) on
logarithmic scales. MPL signal intensity is observed to first increase quadratically (i.e., slope
~2) at lower excitation powers for each nanorod, then luminescence signal intensity curves
bend and form an exponential-like increase followed by signal saturation (e.g., Au700-
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Ex760,840,1040; Au756-Ex760; Au844-Ex840,1040; Aul060-Ex840) or signal decrease
(Au760-Ex1040; Aul060-Ex1040). At the same excitation power, MPL signal intensity is
higher when excitation wavelength is closer to the longitudinal SPR of the nanorod. When the
excitation is at (or close to) the longitudinal SPR wavelength, MPL signal intensity (i.e.,
nanorod brightness) is observed to follow: Au756 > Au700 > Au844 > Aul060, where Au756
appears 11 times brighter than Aul060 at the excitation power of 372 pW. Figure 2c shows
nanorod MPL at lower excitation power levels (i.e., <1.6 mW) of Fig. 2b. Slopes of all curves
ranging from 1.7 to 2.2 show a quadratic dependence of luminescence signal intensity on the
laser excitation power, indicating a TPL process. Of note is that the TPL process power range
varies with nanorod aspect ratio, where nanorods with bigger aspect ratios (e.g., Au844,
Au1060) appear to have wider TPL excitation power ranges than nanorods with smaller aspect
ratios (e.g., Au700, Au756).

MPL temporal response was measured to test nanorod photobleaching properties.
Nanorods in a smaller field of view (20 x 20 pm?) were irradiated at 2 mw for 30 s and a TPL
image was recorded by immediately zooming out to a larger field of view (80 x 80 um?) as
shown in Fig. 3a where the red box indicates the smaller field of view. For each excitation
wavelength, the averaged intensity of nanorods in the red box was normalized to that of the
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Fig. 2. a, Single-photon absorbance spectra of nanorods with four aspect ratios measured at a
concentration of 4 x 10" nanoparticles/ml. b, MPL intensity dependence on the excitation laser
power (132 pW-4.8 mW) of nanorods at excitation wavelengths of 760, 840 and 1040 nm. c,
Quadratic dependence of luminescence intensity of nanorods on excitation laser power at lower
power levels (i.e., <1.6 mW) in b. Slopes of 1.7-2.2 (for each aspect ratio of nanorod at
different excitation wavelength) confirm the TPL process.
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Fig. 3. a, A typical TPL image (80 x 80 um?) of Au1060 at 840 nm excitation acquired after 30
s laser irradiation at 2 mW in the red box (20 x 20 um?) , where a MPL signal drop of nanorods
is observed. b, Averaged MPL signal of nanorods in the red box (second bar of the same color)
was normalized to that of the nanorods outside the red box in the larger field of view (first bar
of the same color) for nanorods with four aspect ratios at three excitation wavelengths. Error
bar represents the standard deviation.
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nanorods outside the red box in the larger field of view and results were shown in Fig. 3b.
While nanorods with all four aspect ratios in the red box showed a MPL signal drop after 30 s
laser irradiation compared to those in the larger field of view where nanorods experienced a
much shorter irradiation time, nanorods with bigger aspect ratios (i.e., Au844, Aul060)
showed a more drastic signal drop (e.g., 35% drop for Aul060) at corresponding longitudinal
SPR excitation wavelength compared to nanorods with smaller aspect ratios (e.g., 2% drop for
Au756). MPL temporal response suggest that a photobleaching effect is present, and more
pronounced in nanorod with bigger aspect ratios.

3.2. TPACS measurement of nanorods

TPACS of Rhodamine 6G was measured before determining that of nanorods. Although
TPACS of Rhodamine 6G solution with an excitation wavelength range of 690-960 nm has
been reported by Albota et al. [40], reported data does not include the 960-1040 nm
wavelength range. In this study, we measured and calculated the normalized TPACS of both
Rhodamine 6G solution and single particle (Fig. 4) using Eg. (1) at excitation wavelength
range of 760-1040 nm extending Albota's data by 80 nm. Pulse dispersion caused by the EOM
and objective lens was included in calculation of normalized TPACS of both Rhodamine 6G
solution and single particle. A TPL process of Rhodamine 6G was observed at all excitation
wavelengths and applied power range (data not shown). Measurement of Rhodamine 6G
solution reasonably matches reported values in 760-960 nm range with the major absorption
peak overlapped at 820 nm. The absorption peak of a single Rhodamine 6G particle has a blue
shift to 800 nm and the second peak at 1000 nm is drastically attenuated compared to
Rhodamine 6G solution. TPACS of a single Rhodamine 6G particle was then used as a
brightness reference for comparison with nanorods in accordance with Eqg. (2).
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Fig. 4. Normalized TPACS of Rhodamine 6G single particle, Rhodamine 6G solution and
reported values from Albota et al. [40] over a wavelength range of 760-1040 nm. Single
Rhodamine 6G particles were formed from dried water solution; Rhodamine 6G solution has a
concentration of 110 uM dissolved in DI water; Reported data used a Rhodamine 6G
concentration of 110 uM dissolved in MeOH.

All TPL signals of nanorods were measured at less than 1 mW excitation power where a
TPL process can be warranted. The TPL brightness of a single nanorod was then compared
with that of a single Rhodamine 6G particle using Eq. (2) and TPACS results are shown in
Table 1. It is observed that (1) all nanorods studied have largest TPACS at or close to their
respective longitudinal SPR wavelength, consistent with previous measurement on gold
nanorods with longitudinal SPR at 820 nm [29]. TPACS decreases monotonically with
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excitation wavelength departing from the longitudinal SPR; (2) nanorods with smaller aspect
ratios have larger TPACS than those with bigger aspect ratios with excitation wavelength at or
close to the longitudinal SPR (e.g., Ex760 for Au756 and Au700 compared to Ex840 for
Au844 and Ex1040 for Aul060). The TPACS of Au756 at 760 nm excitation is the largest
(12271 GM compared to 25 GM of a single Rhodamine 6G particle) among all nanorods and
excitation wavelengths investigated and about 15 times larger than that of Au1060 at 1040 nm
excitation. The TPACS of Au844 at 840 nm excitation is 2039 GM, which is very close to
2320 GM reported previously for a slightly bigger size of nanorods excited at 830 nm [29].

Table 1. TPACS (in GM units) of single nanorod at excitation wavelengths of 760, 840

and 1040 nm
Au700 Au756 Aus44 Aul060
Ex760 9802 12271
Ex840 2194 8412 2039 474
Ex1040 632 2391 671 682

3.3. TPL emission spectra of nanorods

To better characterize nanorod TPL emission, TPL emission spectra were recorded from a
nanorod solution (80 x 80 um? field of view) in the spectral range of 350-700 nm at four
excitation wavelengths (i.e., 760, 800, 840, 1040 nm). The average excitation power on all
nanorods was kept less than 1 mW so that a TPL process is warranted. TPL emission was then
normalized by the number of incident photons and nanorod concentration and shown in Fig. 5.
All TPL spectra were corrected for the total effective quantum efficiency including the
electron-multiplying CCD and spectrometer gratings (inset in Fig. 5a). For each nanorod
aspect ratio, TPL emission intensity appears highest at nanorod's longitudinal SPR excitation
wavelength and decreases monotonically with excitation wavelengths departing from the
longitudinal SPR peak, suggesting the electric-field enhancement due to SPR absorption. The
further the excitation wavelength shifts away from the SPR, the more drastically TPL
emission signal decreases, which is consistent with the results of PMT measurement of
nanorod brightness as shown in Fig. 2b. All emission spectral intensities increase for lower
photon energies where the excitation wavelength is located (except for Au1060 at 1040 nm
excitation), which can be attributed to the dispersion of the localized SPR [41]. The emission
spectral range can be separated into three wavelength bands: 400-575, 575-640 and 640-700
nm. Two dips at around 575 and 640 nm are visible in the spectra of nanorods with all aspect
ratios and are more evident for Au756, Au844 and Aul060. For nanorods with smaller aspect
ratios (i.e., Au700, Au756), TPL emission intensity in the 640-700 nm band increases more
rapidly than the other two bands compared to nanorods with bigger aspect ratio (i.e., Au844).
Interestingly, TPL emission of Au1060 exhibits a plateau in the 400-575 nm band followed by
a signal decrease in 575-640 and 640-700 nm bands. Because the TPL mechanism for gold
nanorods is the same as that for bulk gold metal [41], the emission peak regions should be
attributed to the energy gap between the excited electrons at the Fermi level and the holes in
the d-band. We note that the second harmonic signals are also observed for nanorods at 1040
nm excitation, and not observed at all other excitation wavelengths. Details of nanorod
spectral emission features are discussed below.
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Fig. 5.TPL emission spectra of a, Au700; b, Au756; c, Au844; and d, Aul060 at the excitation
wavelengths of 760, 800, 840 and 1040 nm. Inset in a represents total quantum efficiency of
the detection system including the electron-multiplying CCD and spectrometer gratings.
Spectra was corrected for the quantum efficiency and normalized on the number of incident
photons and nanorod concentration.

4. Discussion

As nanorod brightness is an important parameter in macrophage targeting and detection and
also determines the sensitivity of an imaging system, selection of nanorod aspect ratio that
yields strongest TPL signals and is compatible with delivery/excretion constraints of the
underlying physiology is of great clinical interest and significance. In this study, nanorods
with four aspect ratios were compared and Au756 was found to emit the strongest TPL at the
same excitation power and at the excitation wavelength of corresponding longitudinal SPR. In
fact, fluorescence emission by single photon excitation from gold nanorods is determined by
three factors as demonstrated by Eustis and El-Sayed in their experimental and simulation
studies [42]: (1) strength of single-photon absorbance at longitudinal SPR wavelength, which
should increase with increasing nanorod aspect ratio (Fig. 2a); (2) overlap between the SPR
absorption band and the interband transition which is attributed to the electron transition
between the d-band and conduction band, and started at the threshold energy around 1.8 eV
(689 nm) [43,44]; (3) overlap between the SPR absorption band and the fluorescence band of
bulk gold metal which peaks around 525 nm, decreases thereafter and diminishes beyond 750
nm [16]. The first factor is a competing component to the other two factors, the net effect of
which determines the enhancement of TPL emission. In this study, as the aspect ratio of
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nanorods increases from 2.9 to 6.7, enhancement of longitudinal SPR increases while the
overlap between the SPR absorption band and interband transition or bulk fluorescence of
gold both decreases. Therefore, the observed strongest enhancement results in Au756 with an
aspect ratio of 3.5, which is about 12 times higher than Aul060. This observation is very
similar to that reported for nanorods with single-photon excitation, where quantum yield of
nanorods increases quadratically for aspect ratios below 3.4 and decreases afterwards [45],
and fluorescence emission starts to decline as aspect ratios increase beyond 3.25 to about an
order of magnitude weaker with aspect ratio at 6 [42].

Unlike single-photon excitation where nanorods are essentially inert to photobleaching
and light scattering by nanorods can stay constant for several hours of measurement time in
contrast to fluorescence from quantum dots or dyes [46], TPL emission signal from nanorods
exhibits various levels of photobleaching depending on nanorod aspect ratio (Fig. 3). In fact,
TPL emission is determined by instantaneous incident power. TPL emission signal of
nanorods first increases when increasing excitation power due to the enhancement of emission
by incident field, then decreases and eventually diminishes due to vanishing of the
enhancement by nanorod shape transformation or damage. Link and El-Sayed et al. [47]
demonstrated that the threshold for complete melting of the nanorods is about 0.01 J/cm? (100
GW/cm?) with a pulse duration of 100 fs at 800 nm excitation, while an apparent shape
transformation of nanorods and a decrease of longitudinal SPR band is observed at 10
GW/cm? Bouhelier et al. [48] has shown that nanorods can be transformed to spherical shape
at high excitation powers and the corresponding luminescence peak is blue-shifted, where
emission enhancement can be greatly reduced. In this study, instantaneous power density at
the beam focus was 13 GW/cm? (average power of 2 mW) at 1040 nm excitation, which is
more than 10 GW/cm? and very likely to reshape part of the nanorods in the field of view.
Therefore, it is expected that luminescence emission will be reduced and, moreover, this
photobleaching effect is attributed to reshaping or partial nanorod damage, especially for
those with bigger aspect ratios (i.e., Au844, Aul060) and aligned with polarization of incident
laser light.

Currently, two mechanisms have been proposed for the origin of TPL emission from
nanorods: (1) plasmon-enhanced interband transition of gold where the TPL emission is
independent of nanorod aspect ratios [36,49,50]; (2) direct SPR radiative decay where TPL
emission resembles the extinction and scattering spectra [48,51,52]. Gold crystal structure is
known to have several symmetry points in the first Brillouin zone with electron transitions
preferentially occurring near the X and L symmetry points [36,53]. In gold nanorods, X and L
symmetry points can be along the directions of the long-axis and diagonal of nanorod,
respectively [36]. For the “plasmon-enhanced interband transition” mechanism, the TPL
emission process in nanorods can be interpreted in three steps [16,24,44]: (1) electrons in
occupied d-band (or possibly sp-conduction-band below the Fermi level [36]) are excited by
two-photon absorption to unoccupied sp-conduction-band above the Fermi level and electron-
hole pairs are created; (2) excited electrons then lose energy (e.g., through intraband
scattering) to move energetically closer to the Fermi level; (3) recombination of the electron-
hole pairs results in luminescent emission. According to band structure calculation of gold
[41,54], emission peak regions should be in the spectral ranges of 1.8-1.9 eV (652-689 nm),
2.3-2.4 eV (517-539 nm) and 3.1-3.3 eV (376-400 nm), which are attributed to the symmetry
points of 6-5X, 6-5L and 6-4L, respectively. In this study, the TPL emission peaks of nanorods
at corresponding longitudinal SPR excitation wavelengths are all observed at around 680 nm
and 530 nm, and a sharp rising edge at around 400 nm, which is consistent with the band
structure calculations of emissions from 6-5X, 6-5L and 6-4L symmetry points respectively.
Worth noting is that second harmonic signals are evident only at 1040 nm excitation
(consistent with the reported observation [41]) but not observed at other excitation
wavelengths, which may result from the immersion of the weak second harmonic signals in
the dispersion of the TPL emissions. The TPL emission peaks of nanorods at around 680 nm
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and 530 nm in this study are broadened and not well defined compared to the clear two-peak
feature reported by Imura et al. [36,49]. In fact, because the TPL emission spectra of nanorods
were measured in a 80 x 80 pm?’ field of view in this study (not from a single nanorod
[36,49,50]) and, moreover, TPL emission spectrum varies with nanorod long-axis orientation
with respect to the incident laser polarization [49], it is expected that the X and L emission
peaks will be broadened due to the integrated TPL emission signal from various orientations
of nanorods within a 80 x 80 um? field of view. For the “SPR radiative decay” mechanism,
studies were limited to nanorods with small aspect ratios (i.e., <2.3) and nanospheres [48,52]
and, to the best of authors' knowledge, this finding has not been examined for nanorods with
bigger aspect ratios, which may be due to spectral bandwidth constraints of the optics (e.g.,
dichroic mirror) in the two-photon microscope. In fact, the aspect ratios of nanorods in our
study are 2.9, 3.5, 4.4 and 6.7 where data regarding resemblance between TPL emission and
scattering spectra is not available, therefore, whether our TPL emission spectra can be
explained by SPR radiative decay will not be feasible to measure due to the optical
constraints. However, based on the observation that two peaks around 680 and 530 nm in our
TPL emission spectra are independent of nanorod aspect ratios, our data suggest that TPL
emission of nanorods should be attributed to a plasmon-enhanced interband transition.

5. Conclusion

By utilizing TPLM, TPL properties of gold nanorods were investigated and characterized.
Nanorods with four aspect ratios at longitudinal SPR wavelengths of 700, 756, 844 and 1060
nm were excited at multiple excitation wavelengths (i.e., 760, 840, 1040 nm). Au756 was
observed to emit the strongest TPL signal at 760 nm excitation with the same excitation power
among all nanorods. Quadratic dependence of TPL intensity on excitation power was
observed at lower power levels (e.g., <1.6 mW), while a photobleaching effect was evident
especially for nanorods with bigger aspect ratios at higher power levels (e.g., >1.6 mW).
TPACS of nanorods at three excitation wavelengths was calculated based on the measurement
of normalized TPACS spectrum of a single Rhodamine 6G particle. TPL emission spectrum
of nanorods matches the electron band calculations of gold and is consistent with TPL
brightness measurement. Results further confirm that gold nanorods are a promising imaging
contrast agent for TPLM, and the brightest nanorods for a particular application can be
identified by comparison of TPL brightness, TPACS and TPL emission spectrum of nanorods.
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