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The current work investigates the four-wave mixing (FWM) signal from gold nanorods (NRs) using two
synchronized lasers and its potential applications in bioimaging. Using the lightning rod model, we show that
the strongest FWM occurs when the pump laser wavelength is tuned to be resonant with the longitudinal
plasmon resonance wavelength of NR. The calculation is experimentally demonstrated by comparing the
intensities of FWM from NRs with different plasmon resonance wavelengths. The FWM signal is further
found to be enhanced by aggregation of NRs and is strongly dependent on pulse width. The FWM intensity
from NRs is ~39 times stronger than the coherent anti-Stokes Raman scattering intensity from melamine
beads. This plasmon-resonance-enhanced FWM signal enables NRs to be used as a nonlinear optical (NLO)

imaging probe.

Gold nanostructures have been used as optical imaging agents
in many ways. In the linear regime, plasmon scattering and
absorption have been utilized for dark field microscopy'? and
photoacoustic tomography.>™ In the nonlinear regime, mul-
tiphoton luminescence has been recently observed from gold
nanospheres,®’ nanorods,® nanoshells,” and nanowires.'®!! De-
spite the brightness of the multiphoton luminescence, its spectral
profile is generally broad and may overlap with fluorescence
from other molecules in bioimaging study, which makes it hard
to distinguish gold particles from other fluorescent molecules.
On the other hand, four-wave mixing (FWM) signals from
nanoparticles have narrow spectral profiles at well defined
frequencies. FWM from coupled gold nanoparticles,'? third
harmonic generation (THG) from gold nanoparticles,'>'* and
coherent anti-Stokes scattering (CAS) from gold nanowires!”
have been recently reported. In order to apply these third order
nonlinear optical processes to bioimaging, it is critical to
generate a strong signal. However, previous studies did not show
astrong FWM signal compared with multiphoton luminescence. 1314
Although a large FWM signal was observed from coupled gold
nanoparticles,'? it is difficult to control the distance between
two nanoparticles in biological applications.

A uniqueness of NRs lies in that their longitudinal plasmon
resonance peak is tunable in the near-infrared (NIR) region by
controlling the aspect ratio through synthesis.'>"!” Meanwhile,
it has been known that gold nanoparticles have a large third
order susceptibility when excited at the plasma resonance.'$!?
In this sense, NR provides an excellent candidate as a nonlinear
optical imaging agent. So far, FWM from NRs has not been
well investigated. Herein we show theoretical calculation and
experimental demonstration of plasmon-resonance-enhanced
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FWM from NRs on a coverslip and inside live cells. The strong
FWM signal renders NRs a competitive nonlinear optical
imaging probe.

We carried out the FWM study on a laser-scanning coherent
anti-Stokes Raman scattering (CARS) microscope that involves
pump and Stokes excitation fields and a signal at the anti-Stokes
wavelength. Because gold does not have any Raman active
bands (Figure la), the FWM signal cannot be enhanced by
vibrational resonance. Instead, gold NRs show transverse and
longitudinal plasmon resonance. An enhanced two photon
luminescence (TPL) from NR was shown by tuning the
excitation wavelength to match the longitudinal plasmon reso-
nance.® Likewise, we anticipate that the FWM signal can be
enhanced when the pump, Stokes or the generated anti-Stokes
field matches the plasmon resonance frequency as shown in
Figure 1b.

We first explored the optimal condition of producing the
strongest FWM signal using a lightning rod model.?*~* To
simplify the analysis, we assume that NR has a prolate spheroid
shape with two equal minor axes, and the incident beam has
linear polarization in parallel with the major axis. Then the
relation between the incident field, E,,, and the field inside the
gold spheroid, Ej,, is given by??

E. .

m: 82+A(51 _ Sz)Eout:L(j” R)Eoul (1)

where ¢, and &, are dielectric constants of NR and surrounding
medium. A is a shape dependent factor given by

C s+ a Vs +ad)s+ b

1 00 dx
— 2
2R2f0 (x+ D+ 1/R% @

where a is the semimajor axis and b is the semiminor axis, R
= a/b is the aspect ratio, and L is the local field factor. Because

_ab’ o ds
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Figure 1. Enhancement of CARS and FWM generated by two incident beams at pump (w,) and Stokes (ws) wavelengths. (a) Energy diagram of
vibrationally resonant CARS. (b) Energy diagram of FWM from NRs. When the plasmon resonance wavelength matches the pump, Stokes, or
anti-Stokes wavelength, FWM is expected to be enhanced. (c) Relation between the aspect ratio of NR and the local field factor at each wavelength
(blue: anti-Stokes; green: pump; red: Stokes) (d) Relation between aspect ratio of NR and FWM enhancement.

A is dependent on R and ¢, is dependent on wavelength, the
local field factor L is a function of both aspect ratio R and
wavelength 4 of the incident beam as shown by El-Sayed and
co-workers. '3

In our calculation, 790, 1018, and 645 nm are chosen as the
pump, Stokes, and generated anti-Stokes wavelengths that will
be used in the experiment. The effective relative dielectric
constant of surrounding medium, cetyltrimethylammonium
bromide (CTAB) is assumed to be 2.0.23 The dependence of L
on R is shown in Figure lc. For the anti-Stokes, pump, and
Stokes wavelengths, the local field factor (L) is maximized at
the aspect ratio (R) of 2.5, 3.9, and 5.9, respectively. The induced
polarization of NR at the anti-Stokes wavelength is given by

3)

where ¥ is the third order susceptibility, and L; is the local
field factor at each wavelength. The intensity of the FWM field
is proportional to P;

A

Lo (R) Ol PIL, (RPIL, (R)IL, (R)VIE, E, 1P (4)

Based on the above equations, the relation between the
enhancement factor IL; (R)PILy (R)IL; (R)I” and the aspect ratio,
R, is calculated and shown in Figure 1d. A sharp peak of Irwum
appears at R = 3.9. Because this aspect ratio corresponds to
the plasmon wavelength of 790 nm, we show that the FWM
signal can be maximized when the pump beam is resonant with
the longitudinal plasmon mode of the NR.

Details of our multimodal nonlinear optical microscope can
be found elsewhere.?* Briefly, a femtosecond (fs) laser (Mai
Tai, Spectra-Physics, Fremont, CA) generated a 130-fs pulse
at a wavelength of 790 nm and repetition rate of 80 MHz. 80%

of the Mai Tai output was used to pump an optical parametric
oscillator (OPO; Spectra-Physics, Fremont, CA) generating a
signal beam at 1290 nm and an idler beam at 2036 nm. The
frequency of the idler beam was doubled to 1018 nm by a PPLN
crystal. This 1018 nm beam was used as the Stokes beam. The
other 20% of the Mai Tai beam was used as the pump beam,
which was collinearly combined with the Stokes beam after
passing through a delay line. The combined beams were sent
into a FV1000 laser-scanning microscope (Olympus America
Inc., PA) and focused into a sample using a 60X/IR water
objective lens with a numerical aperture of 1.2. The backward
FWM signal was separated from the excitation laser by a
dichroic mirror and detected by an external photomultiplier tube
after passing through a 650/45 nm filter. The backward signal
could also be delivered to internal spectral detectors which
enable spectral analysis. CTAB coated NRs were prepared by
seeded growth method.” The CTAB coating prevents aggrega-
tion of NRs in the solution.

The NR solution was sonicated for 1 min and dried on a
coverslip at room temperature to form a NR-condensed ring of
3 mm diameter. The area inside the ring was used for imaging.
A typical FWM image of NRs with a plasmon resonance
wavelength of 788 nm is shown in Figure 2a. When the 790
nm pump beam and 1018 nm Stokes beam were desynchronized,
the NRs were visualized with a TPL signal that was weaker
than the FWM signal (Figure 2b). The existence of FWM and
TPL were confirmed by spectral analysis of a single spot, as
shown in Figure 2c. The TPL (black curve) shows a broad
profile from 400 to 650 nm, whereas the FWM signal (red curve)
exhibits a sharp peak centered at 645 nm with a FWHM of 15
nm. The TPL was generated by a 790 nm pump which was
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Figure 2. Imaging nanorods with FWM signal. (a and b) Images of NRs taken with the pump beam at 790 nm and the Stokes beams at 1018 nm
synchronized and desynchronized. The values of the pump and Stokes beam power at the sample were 0.4 and 1.3 mW, respectively. (c) Emission
spectrum of the circled spot. (d) AFM image of the same sample. Single NR, aggregates of NRs, and spherical nanoparticles were observed.

near the NR’s longitudinal plasmon resonance. Notably, the
FWM signal could be reproduced after resynchronizing the two
lasers, indicating that NRs were photostable under the excitation
with 21 pJ pulse energy.?® To interrogate the status of NRs
deposited on the coverslip, we acquired AFM images of the
same sample. As shown in Figure 2d, individual nanorods with
an aspect ratio around 3.6 coexist with aggregates of nanorods.
The ratio of 3.6 is close to the calculated value of 3.9 that
maximizes the FWM signal.

To inspect the relation between the aspect ratio R and the
FWM signal strength, we acquired FWM images from NRs with
3 different aspect ratios, marked as NR661, NR788, and NR840.
Here, the number after NR represents the plasmon resonance
wavelength in nanometer, corresponding to the aspect ratio of
2.5, 3.9, and 5.9, respectively. All the samples were prepared
from NR solutions at the same concentration of optical density
= 15. Figure 3a—c shows the images of NR661, NR788, and
NR840, respectively, with synchronized pump and Stokes
beams. Because the signals contain contributions from both
FWM and TPL, we further acquired TPL images of the same
sample with two beams desynchronized. The difference between
Figure 3 panels a—c and d—f, represents the FWM signal which
has been confirmed by spectral analysis as shown in Figure 2c.

One difficulty in analyzing the FWM signal is that we cannot
determine whether the signal comes from a single nanorod or
an aggregate because of the diffraction limit of optical detection.
Additionally, orientation of nanorods also affects the signal level
because the FWM signal is dependent on the polarization of
the incident beams.!” To compare the FWM signal levels for
NRs with different plasmon resonance wavelengths, we per-
formed a statistical analysis by constructing histograms of the
FWM intensity from each spot. The FWM signal was acquired
by subtracting the TPL images from the TPL + FWM images
of the same sample. The FWM intensity histograms from
NR661, NR788, and NR840 are shown in Figure 3g—i. It was
observed that, for NR788, most spots had an intensity level
between 400 and 1600, whereas for NR661 and 840, the
intensity level was below 400 for the majority of the spots
examined. Figure 3j compares the average FWM intensity from
NRs with different plasmon wavelengths. As expected, NR788
generates the strongest FWM signal. The average FWM intensity
of NR788 is 9.2 times stronger than that of NR661 and 6.2
times stronger than that of NR840. The enhancement is not as
great as expected by the calculation shown in Figure 1d. This
discrepancy is attributed to the aggregations of NRs as discussed
below.
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Figure 3. Dependence of FWM intensity on plasmon resonance wavelength. (a—c) Images of nanorods with plasmon resonance at 661 (a), 788
(b), and 840 nm (c). The pump and Stokes beams were synchronized, with average power values of 0.4 and 1.3 mW at the sample. (d—f) Images
of the same samples with the same pump and Stokes beams but desynchronized. Bar length is 2 um. (g—1i) Intensity distributions of FWM for
NR661, NR788, and NR840. (j) Average intensities of FWM from NRs with different plasmon resonance wavelengths.

We further observed that FWM could be enhanced not only
by the surface plasmon resonance but also by the aggregation
of NRs on the coverslip. Figure 4 compares the FWM intensity
from a single and an aggregate of NR788. For these NRs, the
surface plasmon resonance matches the pump laser wavelength.
The TPL and FWM images were taken by desynchronizing and
synchronizing the pump and Stokes beams. Panels a and b in
Figure 4 show TPL and FWM images of a diffraction-limited
spot, with intensity profiles shown in Figure 4c. The signal is
attributed to a single nanorod based on the strong dependence
on excitation polarization. The same analysis for an aggregate
of NRs is shown in Figure 4d—f. It is interesting that the
aggregate generated a much stronger FWM than a single NR.
One may take it for granted that more particles generate a
stronger signal. However, when we compared the TPL images
of the single NR with the aggregate, we observed not so much
difference. It is possible that the stronger FWM is due to the
enhancement of E-field in the close gap between aggregated
NRs.'? According to the fractal aggregate theory,?” the aggregate

has a broad plasmon profile, which also explains the smaller
difference in FWM intensities from three different NRs than
calculated.

All of the above experiments were done using fs pulses at a
pulse energy on the order of 10 pJ. Because picosecond pulses
were widely used in CARS microscopy?® and also CAS from
gold nanowires,'” we further investigated the optical response
of NRs by ps laser excitation using a CARS microscope
described elsewhere.? Briefly, the pump and Stokes laser beams
were generated by two 5-ps Ti:sapphire lasers (Tsunami,
Spectra-Physics) at wavelengths of 740 and 830 nm. The FWM
signal at the anti-Stokes frequency, if generated, should be
located at 668 nm. To check the existence of FWM from NR,
we repetitively synchronized and desynchronized the two beams,
and the images of NR are taken in the same way as the previous
experiments. 650/45 filter was used to detect the signal. Figure
Sa—c shows images with the pump and Stokes beams synchro-
nized, desynchronized, and resynchronized. Figure 5d shows
the average intensity of the circled area in Figure 5a—c
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Figure 4. Comparison of FWM from a single NR and from closely located NRs. (a) Image of single NRs with pump and Stokes beams desynchronized.
(b) Image of single NRs with pump and Stokes beams synchronized. (c) Intensity profile along the red line in (a and b). (d) Image of closely located
NRs with pump and Stokes beams desynchronized. (e) Image of closely located NRs with pump and Stokes beams synchronized. (f) Intensity

profile along the red lines in (d and e). Bar length is 1 um.
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Figure 5. Nonlinear optical response from NR using 5-ps laser excitation. (a) TPL image of NRs with pump and Stokes beams synchronized. (b)
TPL image of the same sample with pump and Stokes beams desynchronized. (¢) TPL image of the same sample with pump and Stokes beams
resynchronized. Bar length is 20 um. (d) Average intensity of the circled area according to repetitive synchronization and desynchronization. (e and
f) Emission spectrum of the circled area with pump and Stokes beams synchronized and desynchronized, respectively.
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Figure 6. Application of FWM from NR in live cell imaging. (a) FWM image of NRs with 0.4 mW pump beam and 1.3 mW Stokes beam. (b)
CARS image of 1-um melamine beads with 2.5 mW pump and 1.3 mW Stokes beam. The pump power was adjusted to ensure the CARS and
FWM intensities were at the same level. (c) Epi-detected image of nanorods (red) overlapped with the transmission image of cells (gray) with the
pump and Stokes beams desynchronized. (d) Epi-detected image of nanorods (red) overlapped with the transmission image of cells (gray) with the
pump and Stokes beams synchronized. Embedded in (c) are the intensity profiles along the white lines. The green and red curves represent the
intensities with the pump and Stokes beams desynchronized and synchronized, respectively.

according to the synchronization of the two beams. We observed
an increase of intensity, which is caused by the TPL at the
wavelength from 628~672 nm, when the pump and Stokes
beams were synchronized. However, the emission spectra
indicate no FWM signal as shown in Figure 5, panels e and f.
Although the enhanced TPL can be readily explained as a result
of sum frequency excitation, the strong dependence of FWM
on the pulse width is striking. We attribute this dependence to
the ultrafast electron dynamics in NRs. Because the plasma
dephasing time is on the femtosecond time scale,® a much
stronger plasmon field can be produced with femtosecond pulses
than with picosecond pulses at the same energy of approximately
picojules, resulting a distinctive FWM peak over the broad TPL
background. Previously, nanosecond pulses with microjule pulse
energies were needed to generate FWM signal from gold or
silver colloids.’!

For NRs to be used as a NLO imaging agent, we need to
make sure that the FWM signal from the NRs is much larger
than the background FWM from biological structures. For this
purpose, we compared the FWM signal from NR788 with

nonresonant CARS from melamine beads using femtosecond
pulses at 790 and 1018 nm. Here the melamine beads were used
to mimic solid structures in a biological tissue. The Stokes beam
power was fixed at 1.3 mW at the sample and the pump beam
power was varied until the FWM and CARS signals reached
the same level. We chose the brightest NRs for the signal
comparison. Even though the overall intensities in Figure 6a
appear lower than in Figure 6b, the brightest spots in Figure
6a, which are observable when the NRs have the same
orientation as the incident beam polarization, showed similar
peak intensities to the CARS signal of the melamine beads.
Figure 6a shows the FWM image with a pump power of 0.4
mW. Figure 6b shows the CARS image of 1-um melamine
beads with a pump power of 2.5 mW. Because both FWM and
CARS intensities are proportional to the square of the pump
power, the FWM intensity from NRs is (2.5/0.4)> ~ 39 times
stronger than the CARS from 1-um beads. Using the same
method, we found the FWM intensity to be 2000 times stronger
than the resonant CARS signal from intracellular lipid bodies.
Therefore, FWM from NR can be produced at a low excitation
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power whereas CARS from polymer or biological material is
negligible, making NRs a valid NLO imaging probe.

The application of FWM from NR in live cell imaging is
demonstrated in Figure 6, panels ¢ and d. We replaced CTAB
on the NR surface by cysteine-octaarginine peptide (GenScript,
Piacataway, NJ) to reduce cytotoxicity from CTAB and facilitate
cellular uptake.*> KB cells were incubated with the peptide-
conjugated NRs for 8 h prior to imaging. Figure 6¢ shows the
overlay of TPL (red) from NRs and the transmission image of
cells (gray). TPL was acquired with desynchronized pump and
Stokes beams. Figure 6d shows images from the same cells but
with synchronized pump and Stokes beams. We observed more
and brighter spots in Figure 6d than in Figure 6¢. The inset in
the Figure 6¢ shows the intensity profiles of NRs when the two
beams are desynchronized (green) and synchronized (red). These
results indicate the potential of using FWM to visualize NRs
in a biological system.

In conclusion, we have demonstrated an enhanced FWM
signal from NRs under a nonlinear optical microscope. The
FWM signal is enhanced not only by surface plasmon resonance
but also by aggregation of nanorods. With the pulse energy less
than 21 pJ, the FWM can be effectively generated with
femtosecond pulses without melting nanorods but not with
picosecond pulses. The FWM enables selective imaging of
nanorods in live cells. The strong dependence of FWM on
nanorod aggregation opens up the opportunity of using NLO
signals for aggregation-based chemical sensing.
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Note Added after ASAP Publication. This article was
published ASAP on January 21, 2009. References 6, 7, and 9
have been changed. The correct version was published on
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