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hotoluminescence (PL) from bulk
P gold was first reported by Moorad-

ian and later observed as a broad
background in surface-enhanced Raman
scattering."? It was found that the emission
peak was centered near the interband ab-
sorption edge of the metal and therefore
was attributed to the radiative recombina-
tion of the excited electrons in the sp band
with the holes in the d band.3~> The PL
quantum yield of bulk gold is as low as on
the order of 107'°." Recently, the PL has
been highly enhanced in gold particles with
sizes ranging from 10 to 100 nm, due to
the surface plasmon resonance (SPR)-
involved local field enhancement.®” Among
nanoparticles with different structures, the
gold nanorod has proven to be the most
flexible structure owing to synthetic con-
trol of their sizes and aspect ratios.®® Gold
nanorods have two surface plasmon bands.
The transverse one is at 520 nm, and the
longitudinal band depends on the aspect
ratio of rods.* With the increment of the as-
pect ratio, the intensity of the SPR longitu-
dinal mode as well as the extinction band
would be enhanced with the increased
wavelength, such as at the infrared region
of 750—850 nm for gold nanorods with the
aspect ratio of ~4.'%'" The strong SPR en-
hances the radiative rate of the
electron—hole recombination in gold nano-
rods resulting in a considerable PL enhance-
ment. Although the PL quantum yield is
still not higher than 1073,'%2 the two-
photon absorption cross section of gold
nanorods reaches 2300 GM, much higher
than that of organic fluorophores, provid-
ing a modality to detect these rods by
means of two-photon excitation (TPE)."* To
obtain TPE images, the power density of the
infrared femtosecond (fs) laser must be
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ABSTRACT Gold nanocubes demonstrate unique optical properties of the high photoluminescence (PL)
quantum yield and a remarkably enhanced extinction band at 544 nm. The 4 X 102 PL yield, which is about
200 times higher than that of gold nanorods, allows gold nanocubes to be successfully used in cell imaging of
human liver cancer cells (QGY) and human embryo kidney cells (293T) with a common method of single-photon
excitation. The high extinction coefficients of gold nanocubes also facilitate them carrying out the photothermal
therapy of QGY and 293T cells, showing similar photokilling efficiency as compared to gold nanorods.

KEYWORDS: gold nanocubes - photoluminescence - cell imaging - photothermal
therapy

high enough to reach the threshold of two-
photon absorption.' However, under the ir-
radiation with such a high power density,
gold particles could be melted because of
the photothermal effect.’ It was reported
that a near-infrared fs laser (a few milliwatts)
with an objective of 40X and 0.75 NA can
melt gold particles,'® and such a near-
infrared fs laser with the low power of 0.25
mW already initiated the melting of gold
nanorods by a 1.4 NA objective.'” The rod
melting caused a spectral shift of PL as well
as a decrement of PL intensity."” Since the
laser excitation with a milliwatt level was
commonly used for TPE imaging in living
systems,'®~ 20 the photothermal effects
would thus influence the TPE detection of
gold nanoparticles in biological systems.
Different from the TPE, there is no limita-
tion on the power density for single-photon
excitation (SPE), and the SPE is commonly

used in biological imaging. However, if the
fluorescence quantum yield of the probe is
too low, like that of 107 for gold nanorods,
the signals will be drowned by the interfer-
ences of native fluorophores in living sys-
tems. Therefore, developing gold nanopar-
ticles with high PL quantum yields is
probably a method for application of bio-
logical imaging with SPE.
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Figure 1. Extinction spectra of gold nanoparticles in aque-
ous solutions with a concentration of 0.1 nM.

It was suggested by Boyd et al. in 1986 that the lo-
cal field enhancement plays a dominate role on PL in-
crements in metals with rough surfaces.® Later, this
theoretical model was applied to understand the PL en-
hancements in gold nanorods.’®'? The origin of local
field enhancements was summarized into two factors,
the “lightning rod effect” (at a sharp angled surface) and
localized SPR modes.?' It has been found in gold nano-
rods with different aspect ratios that the PL becomes
stronger when the longitudinal band of SPR is close to
the region of interband transition, due to the mecha-
nism where the PL is enhanced via coupling to local-
ized SPR, and the PL would thus be enhanced more
when the overlapping of the spectral regions between
the SPR band and PL band is satisfied.'? Therefore, if we
can increase the lightning rod effect with more sharp
tips or edges in gold nanoparticles and control the SPR
band nearing the PL band in the mean time, the PL
quantum yield might be dramatically increased. Among
the gold nanoparticles with different structures, the
gold nanocube seems to be a suitable candidate for sat-
isfying these two conditions. The nanocubes have typi-
cal sharp edges, and they have a single SPR band which
should be close to the region of interband transition
and thus well overlap with the PL band. In this work,
the gold nanocubes were selected to study their PL
properties under SPE and TPE and compared with gold
faceted nanorods and gold cylindrical nanorods. We
found for the first time that the PL quantum yield of

gold nanocubes reaches 4 X 1072, about 200 times
higher than that of gold nanorods. Gold nanocubes
demonstrated the versatile features not only for cell im-
aging with SPE but also for the photothermal therapy
of cancer cells.

RESULTS AND DISCUSSION

Gold nanocubes, faceted nanorods, and cylindrical
nanorods were prepared using a seeding growth
method, as described previously.??~2® The extinction
spectra of these nanoparticles are shown in Figure 1,
and their TEM images are shown in Figure 2. The fac-
eted nanorods have a cuboid-like structure and thus
were selected for comparison. The faceted nanorods
also have typical transverse and longitudinal extinction
bands, similar to those of cylindrical nanorods (Figure
1). Interestingly, the gold nanocubes have a remarkably
enhanced extinction band with a center wavelength of
544 nm, as a small red shift can be found comparing to
the transverse band (520 nm) of gold nanorods in Fig-
ure 1.

The PL quantum yields of these three gold nano-
structures were comparatively studied by taking
rhodamine B as a reference sample with the known
fluorescence quantum yield. The normalized emission
spectra of these four samples in aqueous solutions un-
der SPE of 405 nm are shown in Figure 3A. These gold
nanoparticles show similar broad-band PL spectra in
the region of 500—600 nm, which are in agreement
with previous reports.571%'2 |t was reported that single
gold nanorods have two PL bands of 530 and 650 nm,
which are attributed to the recombination of the elec-
tron near the Fermi surface with the hole near the L and
X symmetry points, respectively.?’ In our measure-
ments, the nanoparticle solutions were measured. The
PL spectral intensities should therefore be the sum of
the PL from individual particles. Our spectral results
confirm the PL band around 530 nm and demonstrate
that only the L band around 530 nm is pronounced in
both faceted nanorods and cylindrical nanorods under
SPE. The gold nanocubes exhibit a very strong PL band
around 530 nm. Taking rhodamine B as a standard ref-
erence with the fluorescence quantum yield of 0.7,% the
PL quantum yields of these three gold nanoparticles
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Figure 2. TEM images of (A) gold cylindrical nanorods with an aspect ratio of about 3.6; the bar is 20 nm. (B) Gold faceted nanorods
with an aspect ratio of about 3.0; the bar is 100 nm. (c) Gold nanocubes with an edge length of about 45 nm; the bar is 100 nm.
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TABLE 1. Optical Properties of Gold Nanoparticles

gold cylindrical nanorods

this work other works gold faceted
nanorods
PL yield (107%) 1.9+03 67 10*+1
-Ib
TPACS (GM) 2300° 65*20

gold nanocubes gold nanosphere gold nanocluster
420 =50 1072¢ 183 = 32¢
41+15 - -

“From ref 10. The aspect ratio of gold nanorods is 3.3. °From ref 12. The aspect ratio of gold nanorods is 3.25. From ref 7. PL yields of gold nanospheres with the sizes
from 6 to 30 nm are on the order of 107, %From ref 30. Gold nanoclusters with the size about 2 nm. ¢From ref 13. TPACSs were measured at 800 nm.

were determined and are listed in Table 1. As pre-
dicted, the PL yield of nanocubes is 200 times higher
than that of cylindrical nanorods, demonstrating that
the local field enhancement can really increase the PL.
The value (1.9 X 10 ~*) of PL yield for cylindrical nano-
rods is very similar to the data of previous reports for
gold nanorods with similar aspect ratios.'®'? The PL
yield of faceted nanorods is also obviously higher than
that of cylindrical nanorods, attributed to the lightning
rod effect, because there were more sharp edges in fac-
eted nanorods than in cylindrical nanorods. However,
the PL enhancement of faceted nanorods is still very
weak compared to that of the nanocubes because of
the worse overlapping of the SPR band and PL band for
faceted nanorods, as seen in Figures 1 and 3A. Com-
pared to the gold nanospheres with similar size, gold
nanocubes particularly demonstrate the importance of
lightning rod effect on PL enhancement. The PL quan-
tum yield of gold nanospheres is reported to be not
over 107%7 due to their smooth surfaces.

The two-photon absorption cross sections (TPACSs)
of these nanoparticles were comparatively measured
by means of two-photon-induced fluorescence mea-
surements. The PL spectra of the nanoparticle solutions
under TPE of 800 nm fs laser are depicted in Figure 3B.
Under TPE, the PL of nanocubes is very weak, but their
PL spectrum of TPE is very similar to that of SPE with the
PL peak of 530 nm. While for the faceted nanorods
and cylindrical nanorods both L (530 nm) and X (650
nm) bands occur in the TPE PL spectra and two bands
merge together, becoming a broadened band. Our
spectral measurements were blocked around 650 nm
due to the filter limitation of our system, but these TPE
spectra are quite similar to previously reported TPE
spectra of gold nanorods.'* By comparing the TPE spec-
tra with the SPE spectra, it can be seen that the 800
nm TPE produces the two PL bands for gold nanorods
while the 405 nm SPE only favors the L band. The
TPACSs of these nanoparticles at 800 nm are shown in
Table 1. The TPACS of gold nanorods with an aspect ra-
tio of 3.6 was reported to be 2300 GM. Taking the
TPACS of gold cylindrical nanorods as the reference,
the TPACSs of gold faceted nanorods and nanocubes
are 37 times and 590 times smaller, respectively. These
data are understandable, as Wang et al. have revealed
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that gold nanorods with the longitudinal SPR band
near the excitation wavelength produce stronger PL
than off-resonant gold nanoparticles.’>*° Therefore, the
cylindrical nanorods with the longitudinal SPR band of
766 nm have the highest TPACS, the faceted nanorods
with the longitudinal SPR band of 726 nm have a rela-
tively smaller TPACS value, and the nanocubes with the
degenerate SPR band of 530 nm have the lowest value
of TPACS.
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Figure 3. (A) Emission spectra of gold nanoparticle aqueous
solutions and rhodamine B solution under SPE of 405 nm. (B)
PL spectra of gold nanoparticle aqueous solutions under TPE of
800 nm.
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Figure 4. PL images of gold nanocubes in QGY cells (A) and 293T cells (B) with SPE of 488 nm. Detection channel: 505—550
nm. Left, PL image; middle, DIC image; right, merged image. Scale bar is 20 um. The inset in image A shows the PL spectrum

of cellular gold nanocubes at the spot indicated by the arrow.

The TPACS of gold nanocubes is so low that these
nanocubes are not suitable for TPE imaging with near-
infrared lasers in biological systems. However, the PL
quantum yield of gold nanocubes is so high (0.042)
(Table 1) that these nanocubes can be used for SPE im-
aging in living systems. We tested the ability of gold
nanocubes for cell imaging with SPE in cell lines of QGY
(human liver cancer cell) and 293T (human embryo kid-
ney cell). After 1 h incubation with a particle concentra-
tion of 0.03 nM, nanocubes can be clearly seen in the
cytoplasm of cells by means of confocal microscope
with the 488 nm excitation for both QGY and 293T cells
(Figure 4). Herein, the 488 nm laser was selected for
the excitation because the relatively low autofluores-
cence of native fluorophores in cells at this excitation
wavelength is induced as compared with the excitation
of the shorter wavelength. The advantages of the high
PL quantum yield and the remarkable cellular uptake
rate, as shown in Figure 4, demonstrate that gold
nanocubes have the potential to be used in cell imag-
ing with common SPE. Recently, Lin et al. prepared
small gold nanoclusters (AUNC@DHLA, 2 nm in size)

NANC) voL4 = No.1 = wuET AL

with the PL yield of 0.018 in water and found that these
gold nanoclusters can be used as the fluorescence dye
to stain cells.3° Therefore, the gold nanoparticles with
the high PL yield have the potential to be used for cell
imaging and biological labeling.

When cells have been incubated with gold nano-
rods at the same concentration as that of gold
nanocubes, no detectable PL images with SPE in the
same confocal microscope could be found due to the
extremely low PL quantum yield of nanorods. The PL
images of cellular gold cylindrical nanorods can be re-
corded with TPE of 800 nm fs laser in both QGY and
293T cells because of the high TPACS of nanorods (Fig-
ure 5), in agreement with previous reports on other
cell lines.'*181931 However, to acquire TPE images, the
power of the fs laser was about T mW, which is much
higher than the power of 50 pW of the continuous
wave (CW) 488 nm laser used for measuring SPE images.

As shown in Figure 1, the extinction coefficients of
the 544 nm band of gold nanocubes are almost the
same as that of nanorods at the 766 nm band. On the
basis of the high light absorption of the longitudinal ex-
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Figure 5. PL images of gold cylindrical nanorods in QGY cells (A) and 293T cells (B) under TPE of 800 nm. Detection chan-
nel: 580—640 nm. Left, PL image; middle, DIC image; right, merged image. The scale bar is 20 pm.

tinction band, gold nanorods have been successfully
used in photothermal therapy of cancer cells with infra-
red lasers. Herein, the 532 nm CW laser, located in the
region of the 544 nm extinction band of nanocubes,
was used to test the photothermal effect of gold
nanocubes on QGY and 293T cells. As shown in Figure
6A, after nanocube incubation with a final particle con-
centration of 0.01 nM and the 532 nm irradiation with
a power density of 4 W/cm? for 15 min, most QGY cells
were dead as the Pl-positive signals were clearly seen. In
contrast, the nanocube-loaded cells without the laser ir-
radiation did not show any Pl-positive signals (Figure
6B), demonstrating that the gold nanocubes alone did
not cause the detectable damage to cells. When control
cells (without nanocube treatments) were irradiated
with the same dose, no cell damaging was detected
also. Similar results were seen in 293T cells, where the
photothermal effect of cellular nanocubes destroyed
cells, while nanocubes alone (without irradiation) had
negligible damage on cells (Figure 6C,D). These results
suggest that gold nanocubes also can be used in pho-
tothermal therapy of cancer cells. Although gold
nanocubes can carry out photothermal therapy for can-
cer cells with the irradiation of visible light, they have
no absorption band in the near-IR region, and thus
these nanocubes are not as useful as gold nanorods
for photothermal therapy because the near-IR region
is the light tissue window.

For comparison, the photothermal therapies of
gold nanorods on QGY and 293T cells were carried
out in parallel. The incubation concentration of
nanorods was 0.01 nM, the same as that of
nanocubes, and an irradiation power density of the
800 nm fs laser was also 4 W/cm? with an irradiation
time of 15 min. The Pl-positive signals in Figure 7
demonstrate that both QGY and 293T cells were
damaged after irradiation, but no obvious PI signals
were observed in nanorod-loaded cells without irra-
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diation. In this experiment, the unfocused laser
beams were used to carry out the in vitro photother-

Figure 6. Cell damaging detection with Pl in nanocube-loaded cells.
Pl detection was in 580—640 m channel, excited by 488 nm laser. (A)
Nanocube-loaded QGY cells have been irradiated by the 532 nm laser
for 15 min with a power density of 4 W/cm?. (B) Nanocube-loaded QGY
cells without irradiation. (C) Nanocube-loaded 293T cells have been ir-
radiated by the 532 nm laser for 15 min with a power density of 4
W/cm?, (D) Nanocube-loaded 293T cells without irradiation. Left, PI
fluorescence image; middle, DIC image; right, merged image. Scale bar

is 30 pm.
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Figure 7. Cell damaging detection with Pl in nanorod-loaded cells. PI
detection was in the 580—640 nm channel, excited by the 488 nm la-
ser. (A) Nanorod-loaded QGY cells have been irradiated by the 800 nm
laser for 15 min with a power density of 4 W/cm?. (B) Nanorod-loaded
QGY cells without irradiation. (C) Nanorod-loaded 293T cells have
been irradiated by the 800 nm laser for 15 min with a power density
of 4 W/cm?. (D) Nanorod-loaded 293T cells without irradiation. Left, PI
fluorescence image; middle, DIC image; right, merged image. The
scale bar is 30 pm.

METHODS

Preparation of Gold Nanoparticles. Gold nanorods were prepared
using a seeding growth method as described previously.?2?® As-
prepared nanorods were stabilized by cetyltrimethylammonium
bromide (CTAB) to form CTAB-coated gold nanoparticles. The
obtained particle concentration was about 0.1 nM. Gold
nanocubes were grown following a method report previously.?
Specifically, the seeds were prepared by the addition of a freshly
prepared, ice-cold aqueous NaBH, solution (0.01 M, 0.6 mL) into
an aqueous mixture solution composed of HAuCl, (0.01 M, 0.25
mL) and CTAB (0.1 M, 7.5 mL), followed by rapid inversion mixing
for 2 min. The resultant seed solution was kept at room temper-
ature for 1 h before use. The growth solution was prepared by
the sequential addition of CTAB (0.1 M, 6.4 mL), HAuCl, (0.01 M,
0.8 mL), and ascorbic acid (0.1 M, 3.8 mL) into water (32 mL). The
CTAB-stabilized seed solution was diluted 10 times with water.
The diluted seed solution (0.02 mL) was then added into the
growth solution. The resultant mixture solution was mixed by
gentle inversion for 10 s and then left undisturbed overnight.
The average edge length of the as-prepared Au nanocubes is 45
= 3nm.

Transmission electron microscopy (TEM) imaging was car-
ried out on a FEI CM 120 microscope working at 120 kV, to mea-
sure the sizes of gold nanoparticles.
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mal therapy. We found that an irradiation density
of 4 W/cm? and irradiation time of 15 min can thor-
oughly damage QGY and 293T cells. Huang et al.
found that the threshold for the photothermal kill-
ing of two malignant epithelial cell lines (HOC and
HSC) with gold nanorods is 10 W/cm? with 4 min.32
Hauck et al. reported that the serious damaging of
OClI leukemia cells and MCF-7 breast cancer cells
with gold nanorods required 2 W/cm? light for 30
min.3?* Although the cell lines are different, it seems
that the light dose level is similar for the photother-
mal therapy with gold nanorods. However, Skra-
balak et al. reported that the damaging of SK-BR-3
cells with gold nanocages only required 1.5 W/cm?
light for 5 min,* and Li et al. found recently that cir-
cularly polarized light is more efficient in gold
nanorod-mediated cancer photothermal therapy
with much lower power densities.?'

CONCLUSIONS

In summary, gold nanocubes exhibit the highest
PL quantum yield among gold nanoparticles with
different structures, probably due to the particularly
local field enhancement including the effects of
“lightning rod effect” and enhanced SPR band at
the region well overlapped with the PL band. The
in vitro works suggest that gold nanocubes can be
used as fluorescence probes for cell imaging with
common SPE. In addition, gold nanocubes also can
carry out the photothermal therapy of cancer cells
using visible light with an efficiency similar to that
of gold nanorods. Therefore, gold nanocubes are
versatile nanoparticles and worth further investiga-
tion for biological applications.

Cell Culture and Cell Treatments with Gold Nanoparticles. The QGY (hu-
man liver cancer cell) and 293T (human embryo kidney cell) cells
were procured from the Cell Bank of Shanghai Science Acad-
emy. Cells were incubated in Dulbecco’s modified Eagle’s me-
dium (DMEM) with Earle’s salts containing 15% fetal bovine se-
rum, 2% L-glutamine (all from Gibco), in an incubator with a
humidified atmosphere (5% CO,) at 37 °C. Cells in exponential
phase of growth were used in experiments.

In cell imaging experiments, nanocubes or nanorods were
added into the cell dishes with a final concentration of 0.03 nM.
After incubation in the incubator for 1—2 h, cells were washed
with PBS 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. re-
ported that the region of 0.02—0.1 nM incubation concentra-
tions of CTAB-coated gold nanorods is safe for Hela cells.®
Therefore, the 0.03 nM incubation concentration of gold nano-
particles for cells was selected here.

In photothermal therapy experiments, cells in solutions were
added with nanocubes or nanorods with a final concentration
of 0.01 nM and then incubated for 1 h in an incubator. After re-
moving unassociated nanoparticles, cells were irradiated by the
532 nm CW laser (Photop Suwtech, DTGL-3010) or 800 nm fs la-
ser (Coherent, Mira 900-B) accordingly with an illumination area
of about 3 mm? We adjusted the laser power to be around 120
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mW, which was measured by a laser power meter (Coherent,
FieldMaster), to make the irradiation power density of 4 W/cm?
on cells for both irradiations of 532 and 800 nm. Control cells
(without gold nanoparticle treatments) were also irradiated un-
der the same conditions, respectively. Then, the 20 L 0.1% pro-
pidium iodide (Pl), a fluorescence dye commonly used to test
the integrity of cell membranes, was added to each cell dish for
15 min. Finally, the damaged cells were evaluated as the PI-
positive fluorescence signals occurred in the images of the fluo-
rescence microscope.

Imaging and Spectral Measurements of Gold Nanoparticles with SPE and
TPE. The PL images of cellular gold nanoparticles were acquired
by a laser scanning confocal microscope (LSCM) (Olympus
FV300, IX71) in detection channel 1 with a 505—550 nm band-
pass filter. Differential interference contrast (DIC) images were re-
corded simultaneously in a transmission channel to exhibit the
cell morphology. A water immersion objective (UplanApo, 60X,
1.2 NA) and a matched pinhole were used in experiments. Two
beams of lasers were coupled into the LSCM as the excitation
lines: 488 nm (Melles Griot, argon ion) for acquiring the SPE im-
aging and 800 nm femtosecond (fs) Ti:sapphire laser (Coherent,
Mira 900-B) with 200 fs pulse width and 78 MHz reputation rate
for acquiring the TPE imaging. The excitation light powers on the
cell were about 50 wW for the 488 nm laser and about 1 mW
for the 800 nm fs laser, measured by a power meter (Coherent,
lasercheck). The Pl-stained cells were also imaged in this LSCM
but in another detection channel (channel 2) with a band-pass
filter of 585—640 nm to collect the PI fluorescence centered at
630 nm. Since the fluorescence quantum yield of Pl is about 10
times higher than that of gold nanocubes, the PL from gold
nanoparticles did not cause a remarkable interference for the de-
tection of Pl signals.

On the basis of the obtained PL images, some parts of indi-
vidual cells were chosen to measure microregion fluorescence
spectra of cellular gold nanoparticles using the laser point-stay
mode of the LSCM system. This mode allows the laser to stop
scanning and continuously irradiate the selected spot for per-
forming spectral measurements. A 405 nm laser (Coherent, Ra-
dius 405-25) was introduced into the LSCM as the excitation. The
spectra were measured using a spectrometer (Acton, Spectro-
pro 2150i) equipped with a liquid-nitrogen-cooled CCD (Prince-
ton, Spec-10:100B LN). The PL output from the side exit of the mi-
croscopic system was directly focused onto the entrance slit of
the spectrometer. However, due to the limitation of the dichroic
mirror in the system, the microregion spectral measurement
can be carried out for 405 and 800 nm lasers but not for 488
nm. The PL spectra of gold nanoparticles in solutions were also
measured in this microscope system by using the solution
sample sandwiched in a pair of coverslips instead of the cell
dish. The microscope system is suitable for measuring the fluo-
rescence from high scattering particles because the objective of
60X used in the system can ensure that the excitation of nano-
particles occurs in the shallow layer of the solution sample, which
decreases the influence of the particle scattering in the optical
path.

The PL Quantum Yield Measurements of Gold Nanoparticles. The PL
quantum yields of gold nanoparticles were determined by a
comparison method of the fluorescence emission with the stan-
dard reference sample of rhodamine B in solutions. Basically,
the fluorescence emission of a sample can be written in a for-
mula with related parameters.>

F = K®coll

where ® is the fluorescence quantum yield of the sample, c is
the fluorophores number density (concentration of the sample),
o is the one-photon absorption cross section, [ is the length of
the path in which photons are absorbed, / 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 in-
strument. By measuring the emission spectra as shown in Figure
3A, the F; (nanoparticle sample) and F, (rhodamine B), corre-
sponding to the emission regions in Figure 3A, respectively, were
obtained. Here, all fluorescence signals were measured under
SPE of 405 nm with the same experimental conditions in the
same system, so that the K, /, and [ are the same for nanoparti-
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cle samples and reference samples. Using the above formula for
nanoparticles and rhodamine B, respectively, the PL quantum
yield & of gold nanoparticles can then be determined by com-
paring with the known @, of rhodamine B as follows:

F, ¢o

P ="x—""xd
* ¢ F i

r
where the term with a suffix r means the term for rhodamine B.
Since the co represents the absorption of the sample, the term of
¢o./co can be replaced by A/A;. The A is the absorption coeffi-
cient of the sample at the excitation wavelength. Then the for-
mula turns to the simple form.
F, A

@ =/TS><F'><II>r

s
s r

When the values of A, and A; were measured, the @, of nanopar-
ticles can be obtained. Herein, we measured A, and A, the ab-
sorption coefficients of the reference sample and nanoparticle
sample, at the excitation wavelength of 405 nm in a spectrom-
eter (HITACHI U-500) and then determined the @, according to
the formula.

Two-Photon Absorption Cross Section Measurements of Gold
Nanoparticles. Similarly, the TPACSs of gold nanocubes and fac-
eted nanorods were measured by comparing the TPE-induced
PL with that of gold cylindrical nanorods. The relationship of the
nanoparticle PL with related parameters under TPE is included
in the following formula.>

F = KOcldP/2

where 3 is the two-photon absorption cross section, / is the flux
of incident photons, ® is the PL quantum yield, and the F is the
integrated PL of the sample under TPE. Since the TPACSs of gold
cylindrical nanorods have been determined as 2300 GM,'? the
gold cylindrical nanorod sample was taken as the reference
sample with the known &, for comparison. When the F values
for gold nanocubes, faceted nanorods, and cylindrical nanorod
were measured, the 3 of the sample can be written in the §, re-
lated form and determined accordingly.
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