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Abstract:

Nonlinear optical microscopy can obtain three-dimensionally resolved images within a
specimen by exploiting the nonlinear light-matter interaction between the excitation light
and sample. However, the image contrast significantly degrades with increasing
observation depth because the emitted signal attenuates during light propagation through
layers of the tissue before being detected. To obtain high contrast images from deep tissue,
we developed saturated excitation (SAX) microscopy using the nonlinearity of near-
infrared (NIR) plasmonic scattering from gold nanoshells and gold nanorods. SAX
microscopy selectively detects the nonlinear component from the scattering signal
generated by nanoparticle probes located at the center of the focal spot. By using this
technique, background signals generated at out-of-focal positions are effectively removed.
In addition, emitted signals in the NIR from nanoparticle probes efficiently transmit
through biological tissue are ideally suited to image deep parts of the tissue. We
experimentally confirmed that scattering intensities from a single gold nanoshell and gold
nanorod exhibit nonlinear relations with the excitation intensity of CW laser light at 780
nm and 1064 nm, respectively. We also demonstrated improvements of image contrast and
spatial resolution at the depth of 400 um in a phantom of muscle tissue by selectively

detecting the nonlinear scattering signal component from gold nanoshells.

Keywords: Plasmonics, Gold nanoparticle, Near-infrared, Nonlinear, Deep tissue
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Introduction

Optical microscopy has been utilized to investigate biological samples due to its non-
contact and non-invasive capability of live cell imaging. However, to obtain images under
thick tissue is still a difficult task to achieve in optical microscopy'2. When imaging in
deep tissue, the image contrast significantly degrades because background signals
generated at out-of-focal planes overwhelm the signal light from the focus region. To
overcome this problem, nonlinear optical responses of contrast probes or sample
molecules, such as two-photon excitation of fluorescence??, second harmonic generation
(SHG)*® and the saturation of fluorescent excitation® have been utilized. Since the
nonlinear optical response is induced only at the region where photons are strongly
concentrated, a focused laser spot localizes the generation of signal light within a volume
smaller than the focal spot. The localization of the signal light provides optical sectioning
capability in deep tissue imaging and allows us to obtain a cross-sectional image or a

three-dimensional image of thick samples with improved image contrast!->7,

In our previous report, we utilized the nonlinearity of scattering intensity from
gold nanosphere probes®? , to obtain high contrast images in deep tissue!®. We selectively
detected the nonlinear scattering signal components from gold nanoparticle probes
located within the focal spot by using saturated excitation (SAX) microscopy'!!? and
efficiently imaged the nanoparticle probes at the focal plane of the objective lens by
removing out-of-focus signals. Because the nanoparticle probes exhibit strong scattering

light through localized surface plasmon resonance!3:!4

and high photostability due to
stable structure!s, the use of the gold nanoparticle probes allowed us to detect signals even
when they were located in deep tissue!’. In previous experiments!®, we used gold
nanospheres with a diameter of 80 nm as contrast probes for SAX microscopy using
excitation at 561 nm and confirmed the improvement of image contrast and spatial
resolution in imaging the nanoparticle probes under the muscle tissue with a thickness of

200 pm.

In this research, we developed SAX microscopy using the nonlinearity of
near-infrared (NIR) scattering from gold nanoshells and gold nanorods, to improve the

penetration depth of SAX microscopy. Because the attenuation coefficient of NIR light



for biological tissue is lower than that of visible light!6, both excitation light and scattering
light signals can propagate through tissue more efficiently than visible light, which allow
us to access deeper parts of the tissue. Gold nanoshells and gold nanorods exhibit the
plasmon resonance at NIR wavelength and induce strong scattering of NIR light!”-!8, We
experimentally observed that scattering intensity from single gold nanoshells showed the
saturation effect by using NIR light with a wavelength of 780 nm and confirmed the
improvement of spatial resolution and image contrast in the observation of nanoshell probes
at a depth of 400 pm in a phantom of muscle tissue. We also confirmed that the scattering
intensity from gold nanorods nonlinearly increased with the increase of excitation
intensity at a wavelength of 1064 nm. We previously reported the nonlinearity of
scattering intensity from gold nanorods at the excitation wavelength of 785 nm®°. In this
research, the use of gold nanorod probes confirmed the nonlinear scattering at a longer
wavelength which can be utilized to achieve observation of deeper parts in a biological

tissue.

Observations of nonlinear scattering from single gold nanoshell and gold nanorod

To confirm the nonlinearity of plasmonic scattering from gold nanoshells, we measured
the relation between scattering intensity from a single gold nanoshell and excitation
intensity. The peak wavelength of plasmon resonance of gold nanoshells is determined
by the ratio between the diameter of silica core and the thickness of gold coating®. As the
thickness of gold coating becomes thinner, the plasmon resonance peak shifts toward a
longer wavelength. In our experiment, we used the gold nanoshells with a total diameter
of about 160 nm, which are composed of a 120 nm + 4 nm diameter silica core and 20
nm + 7 nm thick gold coating (GSLN800-25M, nanoComposix) so that the gold
nanoshells have their largest scattering cross-section at the wavelength of ~780 nm by the
plasmon resonance. Using this near-infrared resonant wavelength as excitation light is
advantageous for observation in the deep part of tissue because of the low scattering
efficiency in biological tissue and the low absorption by blood components?!'. The gold
nanoshells were dispersed in water purified by using Milli-Q. We measured the extinction
spectrum of the gold nanoshells by using spectrophotometer (UV-3600, SHIMADZU), in
order to confirm its peak wavelength of the plasmon resonance. As shown in Figure la,

the extinction spectrum of the gold nanoshells showed the plasmon resonance peak at 771



nm in water. The gold nanoshells were treated by ultrasonic dispersion in order to prevent
their aggregation. We placed the gold nanoshells on a glass substrate and immersed them
in purified water.

Scattering intensities from single gold nanoshells were measured by laser
scanning microscopy. The light source was a continuous-wave (CW) Ti:sapphire laser
oscillating at a wavelength of 780 nm (3900S, Spectra Physics), which overlaps with the
resonance peak of the gold nanoshells. The scattering signal from an isolated gold
nanoshell was detected by a photomultiplier tube (H7710-13, Hamamatsu). A water-
immersion objective lens with NA1.0 (LUMPlanFLN, Olympus) was used for excitation
and collection of scattering signals from the gold nanoshell.

Figure 1b shows the relation between excitation intensity and scattering
intensity from a single gold nanoshell. At an excitation intensity lower than ~3x10° W/cm?,
the scattering intensity linearly increased with increasing excitation intensity. However,
at the excitation intensity over ~ 3x10° W/cm?, the scattering intensity deviates from the
linear slope, indicating the saturation of scattering. This result confirmed that the
scattering intensity from gold nanoshells nonlinearly increased with the increase of
excitation intensity, which is a needed feature for their use as contrast probes in SAX
microscopy.

We also experimentally confirmed the nonlinearity of scattering intensity in
single gold nanorods. The resonance peak of gold nanorod is determined by the ratio of
lengths between long axis and short axis (aspect ratio). As the aspect ratio of gold nanorod
increases, the resonance wavelength shifts toward a longer wavelength!”. We used gold
nanorods with sizes of 67 nm + 8 nm long and 10 nm + 2 nm wide (900365-25ML, Sigma
Aldrich) in this experiment. The aspect ratio of the gold nanorods is about 6.7. The gold
nanorod has the resonance peak at the wavelength of ~1060 nm. Light with a wavelength
longer than ~1000 nm exhibits low scattering efficiency and low auto-fluorescence in
biological tissue'®. Thus, the use of near-infrared resonant gold nanorods as contrast
probes grants further improvement of the penetration depth in tissue imaging. As shown
in Figure 1c, we confirmed that the gold nanorods have a plasmon resonance peak at 1058
nm in water, and the excitation wavelength was therefore chosen to be 1064 nm. Gold
nanorods were ultrasonicated to prevent aggregation. We found that scattering signals
from gold nanorods were much weaker than that from gold nanoshells and easily covered

by background signals caused by reflection from the substrate during the measurement.



Therefore, the gold nanorods were distributed within agarose gel placed onto a glass
substrate, instead of directly resting on the glass substrate. The resulting nanorod height
above the substrate was sufficient to suppress background light reflections when we
measured gold nanorod scattering by using laser scanning microscopy. We used a CW
laser oscillating at the wavelength of 1064 nm (Ventus 1064, Laser Quantum) as a light
source. The scattering signal from the gold nanorod was detected by an avalanche
photodiode (C10508-1, Hamamatsu). A water-immersion objective lens with an NA of
1.0 was used for illumination and observation of the nanorods.

The relation between scattering intensity from a single gold nanorod and
excitation intensity is shown in Figure 1d. At excitation intensities below ~5x10* W/cm?,
the scattering intensity increased linearly with excitation intensity. When the excitation
intensity became larger than ~5x10* W/cm?, the scattering intensity begins to show
saturation. However, by further increasing excitation intensity even after the onset of
initial saturation, the scattering intensity started to show an increase again at an excitation
intensity of ~ 6x10* W/cm?. This phenomenon has been previously described as the
reverse-saturation of scattering®. These behaviors of saturation and reverse-saturation in
the scattering vs excitation intensity relationship were also observed in our previous
measurement of scattering intensity from gold nanorod at the excitation wavelength of
785 nm'. These results indicate that the nonlinear scattering response of gold nanorods
can be induced even at the excitation wavelength of 1064 nm, which is highly beneficial
for tissue imaging, and allows the possibility of plasmonic SAX microscopy at this

wavelength.
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Figure 1. (a)(c) Normalized extinction spectrum of (a) gold nanoshells and (c) gold
nanorods. (b)(d) Relations between excitation and scattering intensities from (b) a single
gold nanoshell and (d) a single gold nanorod. Both spectra were measured using a
spectrophotometer (UV-3600, SHIMADZU). CW laser light with wavelengths of 780 nm
and 1064 nm was used to measure the relation between excitation and scattering

intensities of gold nanoshells and gold nanorods, respectively.



Extraction of nonlinear scattering from nanoparticles by using SAX microscopy

The nonlinear components in scattering signals from plasmonic nanoparticles can be
extracted using SAX microscopy. The setup of a SAX microscope used in our
experiments is shown in Figure 2. We used two CW laser sources oscillating at the 780
nm (39008, Spectra Physics) and 1064 nm (Ventus 1064, Laser Quantum) to excite the
gold nanoshell and the gold nanorod at their resonance wavelengths, respectively. We
applied temporal modulation to the excitation intensity at a frequency of 10 kHz by using
the interference of diffraction beams from two acousto-optic modulators (AOM-402-AF,
IntraAction) with a 10 kHz difference in their driving frequencies, which provided stable
and low-distortion laser modulation at a single frequency'!. A part of the modulated laser
beam was sampled by a photodetector to detect the reference frequency for a lock-in
amplifier (HF2LI, Zurich Instrument). The rest of the laser beam was focused onto the
sample through a water-immersion objective lens with an NA of 1.0 and a magnification
of 60x (LUMPlanFL N, Olympus) and scanned across the sample in two dimensions
using a pair of Galvanometer mirrors. The scattering signals from gold nanoshells and
gold nanorods were collected by a photomultiplier tube (H7710-13, Hamamatsu) and
avalanche photodiode (C10508-1, Hamamatsu), respectively. The nonlinear components
in the modulated scattering signal were detected by the harmonic demodulation technique
used for SAX microscopy'!. The gold nanoshells were placed on a glass substrate and
covered by water. The gold nanorods were distributed within agarose gel placed on a

glass substrate, as described above.
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Figure 2. Optical Setup of a SAX microscope (Abbreviations; L: Lens, BS: Beam Splitter,
AOM: Acousto-Optic Modulator, ND: Neutral Density filter, GM: Galvanometer Mirrors,
PMT: Photomultiplier Tube, APD: Avalanche Photodiode)

Figure 3a shows the relation between the excitation intensity and the demodulated
scattering signal from a single gold nanoshell at the fundamental frequency (f= 10 kHz)
and the 2" harmonic frequency (2f), respectively. When demodulated at f, the signal
intensity follows the excitation intensity nearly linearly, with slight deviation from
linearity apparent at excitation intensities above ~6x10° W/cm?. On the other hand, the
signal demodulated at 2f showed a 2" order nonlinear relation to excitation intensity
when the excitation intensity is higher than ~6x10° W/cm?, indicating 2™ order nonlinear
signal was generated by the saturation effect of scattering intensity. The 2" order
nonlinear component is only clearly evident when it is higher than the shot noise
component of the scattered light. This means that for low excitation intensities where
minimal saturation and therefore minimal nonlinear components occur, we expect to see
a demodulated 2™ order intensity which appears to scale with the square root of the
excitation intensity (i.e. with a gradient of 0.5 on a log-log graph). This is indeed observed
at excitation intensities below ~6x10° W/cm?. When the demodulated signal shows
significant nonlinear signals above ~6x10° W/cm?, the demodulated 2"¢ order scattering
intensity transitions to a slope of 2, corresponding to the square of the excitation intensity,

consistent with expectations. Figure 3b and 3¢ show the images reconstructed by



scattering signals demodulated at f'and 2f, respectively. We then compared the intensity
profiles of two gold nanoshells in close proximity, in Figure 3d and 3e, respectively. The
two-point spatial resolution at Figure 3e was improved compared to Figure 3d. This
demonstrates that the nonlinear signal localized at the center of focal spot was selectively
detected. This result indicates that the nonlinear component of scattering signal from gold
nanoshells was successfully extracted using plasmonic SAX microscopy at 780 nm,
which is needed in order to expand the imaging capabilities in tissue samples compared
to visible wavelengths. It should be noted that the amount of the nonlinear scattering
signal from gold nanoshells also depends on the excitation wavelength. In particular, as
the excitation wavelength is closer to the resonance wavelength of the gold nanoshells,
the nonlinear scattering signal is more efficiently produced. We experimentally confirmed
that the excitation wavelength of 690 nm produces only two times less nonlinear
components of scattering signal, compared to the excitation wavelengths of 740 nm or
780 nm which are closer to the resonance peak of the gold nanoshells (See Supporting
Information 1). These results implied that the mechanism on the nonlinear scattering of

gold nanoshells was related to the plasmon resonance.
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Figure 3. (a) Relation between excitation intensity and demodulated scattering signal
from a single gold nanoshell at fundamental frequency (f) and 2" order harmonic
frequency (2f). (b) (c) Images reconstructed by demodulated scattering signal from gold
nanoshells, at /'and 2f. The excitation intensities of (b) and (c) were 1.1x10> W/cm? and
1.8x10% W/cm?. (d) (e) Normalized intensity profile at the position of white arrow in (b)

and (c), respectively.

We also extracted the nonlinear scattering signals and performed SAX imaging by using
gold nanorods at 1064 nm. As described above, the gold nanorods were distributed in the
agarose gel. Figure 4a shows the relation between the excitation intensity and the
scattering signal intensity from a single gold nanorod demodulated at /'and 2f. Similar to
the results with gold nanoshells, the signal demodulated at f/ showed a nearly linear
increase with increasing excitation intensity. At the excitation region above ~5x10*
W/cm? , the signal demodulated at f deviated from the linear slope. At these excitation
intensities, the scattering signal demodulated at 2f appeared and increased proportionally
to the square of the excitation intensity, which indicates the 2" order nonlinear signal was
induced due to the saturation of scattering. Figure 4b and 4c are the images of the gold
nanorod in agarose gel reconstructed by scattering signal demodulated at f/ and 2f,
respectively. In Figure 4b, the image contains background scattering signal generated
from optical components and agarose gel, in addition to the scattering signal from the
gold nanorod. On the other hand, the background signal was removed in Figure 4c, which

shows the image of the gold nanorod with a high image contrast. Since the background

11



signals do not have nonlinear components, the harmonic demodulation at 2f effectively
removed the background and highlighted the scattering from the gold nanorod that
contains the nonlinear signal due to saturation. Figure 4d shows the line profiles of the
image of the gold nanorod in Figure 4b and 4c. The full-width half-maximums (FWHM)
of the particle images in Figure 4b and 4c were 658 nm and 480 nm, respectively,
indicating the improvement of spatial resolution by SAX microscopy. These experimental
results show spatial resolution and image contrast can be improved in imaging of gold
nanorods by SAX microscopy using NIR light, and indicate that the technique has a
potential to image nanoparticle probes in deep tissue by using NIR light for both

excitation and detection.
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Figure 4. (a) Relation between excitation intensity and demodulated scattering signal
from a single gold nanorod at f and 2f. (b) (c) Images reconstructed by demodulated
scattering signal from the gold nanorod, at f'and 2f. The excitation intensities of (b) and
(c) were 2.9x10* W/cm? and 2.2x10° W/cm?, respectively. (d) Normalized cross-sectional

profiles of gold nanorod image in (b) and (c)
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Improvement of image contrast in deep tissue by using nonlinear scattering from
gold nanoshells

After having characterized the saturation behavior and nonlinear component extraction
on the nanoparticles, we then performed imaging of gold nanoshell probes through tissue
phantoms with SAX microscopy to confirm that the measured behavior can be practically
exploited to achieve an improvement in imaging contrast in deep-tissue observations.
Figure 5a and 5b show a schematic of the sample conditions and a picture of the sample.
We prepared a tissue phantom mimicking muscle tissue in glass bottom dish by using the
protocol described by Cubeddu et al.?2. The tissue phantom was composed of water,
agarose gel with a concentration of 1% and Intralipid (I141-100ML, Sigma Aldrich) with
a concentration of 1%. The concentration of Intralipid was adjusted so that the transport
mean free path in the tissue phantom corresponds to that of animal muscle tissue*. The
gold nanoshells were randomly distributed in the tissue phantom. We illuminated the gold
nanoshells from the bottom of the glass bottom dish through the water-immersion
objective lens with an NA of 1.0 and a magnification of 60x (LUMPlanFL N, Olympus).
The scattering signal was then collected through the same objective lens. SAX imaging
of gold nanoshells was performed at an excitation intensity of 780 nm while gradually
changing the height of the objective lens to collect measurements from increasing sample
depth. The observation depth shows the distance between the focal plane of the objective

lens and the upper surface of the cover glass.

(a) I Agarose Get (D)

Gold - 1% Intralipid
Nanoshells - 98% Water

Cover
Glass

)\exz 780 nm

Figure 5. (a) Schematic of the sample condition for the observation of gold nanoshells in

a tissue phantom. (b) A photograph of the tissue phantom.
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Figure 6a shows the images of gold nanoshells distributed in tissue phantom
reconstructed by the signal demodulated at the fundamental (f) and the second harmonic
frequency (2f). Different observation depths of 80 um, 240 um and 400 um in the
phantom were observed. At all measured depths, the images reconstructed with
demodulation at f show strong background due to the light scattering generated from a
combination of the tissue phantom itself, gold nanoshells located at out-of-focal positions,
as well as optical components. On the other hand, the images reconstructed with
demodulation at 2f'show a much higher image contrast by effectively suppressing these
background signals. Since these images are reconstructed by the nonlinear signal, the gold
nanoshells with the nonlinear scattering property were selectively imaged with the z-
sectioning capability, and the background signal showing a linear response was
effectively removed at any depth. These experiments indicate that SAX microscopy can
realize high contrast imaging of deep tissue by using NIR light and gold nanoshells as
contrast probes.

To quantitatively compare the image contrast at each observation depth, we
calculated the signal-to-background ratio (SBR) of images obtained at different
observation depths. To obtain the signal value, we averaged the value of 3x3 pixels at the
center of particle image. For estimating the background, values of 100x100 pixels at a
region without a particle image were averaged. We compared SBRs of images
reconstructed by the linear and the nonlinear signal at each observation depth. We also
compared the use of the nonlinear SAX signal with the more conventional use of a
confocal pinhole, with a pinhole diameter of 1.3 Airy units (i.e. standard confocal
scattering microscopy).

Figure 6b shows the relations between SBR and observation depth in linear
non-confocal imaging with demodulation at f(f), linear confocal imaging (Confocal), and
nonlinear non-confocal imaging with demodulation at 2/ (2f). At the observation depth of
80 um, the SBR in confocal image was the highest in these three conditions, indicating
the confocal pinhole effectively eliminated the background signal from out-of-focus
planes. However, when the observation depth was increased to 160 um, the SBR of
confocal image rapidly decreased, and the SBR in nonlinear non-confocal image (2f) then
shows the highest SBRs. The reason of this steep decay of SBR in confocal imaging is
that the signal photons were significantly scattered during propagation in tissue phantom

and not able to be detected through the pinhole. The results at nonlinear imaging (2f)

14



almost perfectly removed the background signal by effectively and selectively detecting
the nonlinear signal. Consequently, at observation depths beyond 160 um, SBRs in the
nonlinear image were higher than that of the confocal image. The SBR of linear non-
confocal imaging (f) were lowest at every observation depth, as expected, because these
linear non-confocal images do not have optical sectioning capability. These results
indicate SAX microscopy is useful to enhance the image contrast in imaging deep parts
of tissue above 100 um especially, although confocal microscopy can provide better
image contrast at shallow observation depths below 100 um. We thereby confirmed that
our technique has the capability to successfully image plasmonic contrast probes in tissue
and to improve the image contrast compared to other techniques at observation depths of

up to 400 pm in tissue.
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Figure 6. (a) Scattering images of gold nanoshells obtained by SAX microscopy at
different observation depths. First column: observation depth of 80 um, Second column:
240 pm, Third column: 400 pm. Images were reconstructed by demodulating the
scattering signal at the fundamental frequency (First row) and 2" harmonic frequency
(Second row). White arrows in each image indicate the positions of gold nanoshells. No
confocal pinhole was used in these images. The image dimensions are 256x256 pixels.
(b) Relation between signal-to-background ratio and observation depth for image
reconstructed by linear signal (Black), image reconstructed by linear signal obtained
through 1.3 Airy of confocal pinhole (Red) and image reconstructed by 2™ order

nonlinear signal (Blue). N=5. Error bars are 1st standard deviations.
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Conclusion & Discussion

We demonstrated saturated excitation (SAX) microscopy using the nonlinearity of NIR
plasmonic scattering for high-contrast and background-free imaging in deep tissue. Based
on the scattering properties measured in our experiments, we proposed gold nanoshells
and gold nanorods that exhibit plasmon resonance in the near-infrared region as contrast
probes. We successfully obtained high-contrast images of gold nanoshells even at a depth
of 400 um in a highly-turbid muscle phantom, which is one of the more difficult tissue
types for imaging (brain tissue for example has scattering coefficient roughly 1.8 times
lower!). These experimental results demonstrate the capability of gold nanoshells for
contrast probes to detect target molecules, structures or cells in deep tissues.

Our experimental results on the scattering response of gold nanoshells imply
that the nonlinearity of plasmonic scattering is a general phenomenon among various
structures of plasmonic nanoparticles, taking into account our previous experimental
results using gold nanospheres®?, silver nanospheres!® and gold nanorods!®. However, the
degree of nonlinearity in the scattering intensity is different depending on the plasmonic
nanoparticle geometry. In the case of gold nanoshells, the increase of scattering intensity
showed a smaller deviation from linearity compared to that of other nanoparticle types®!°.
These results help to understand the physical mechanism of nonlinear scattering. We
previously reported that the nonlinearity of plasmonic scattering can be induced by the
photothermal effect due to laser irradiation, with calculation results showing that
plasmonic scattering of gold nanosphere can saturate as the particle temperature was
increased?*. This photothermal mechanism implies that the absorption cross-section of
nanoparticles is more significant to induce the nonlinearity of scattering than the
scattering cross-section itself. In the case of our gold nanoshells, while the scattering
cross-section shows the maximum at the resonance of 770 nm, the absorption maximum
is located at the resonance of ~600 nm. Thus, when gold nanoshells are excited at the
resonance of 770 nm, the gold nanoshells are not heated efficiently. This is probably the
reason why the gold nanoshell scattering exhibits only a small deviation from linear trend,
compared to other nanoparticle types. The small degree of the nonlinearity limits the
observable depth of SAX microscopy even though the gold nanoshells have large
scattering cross-section in NIR wavelengths region. To improve the penetration depth
further, the design of plasmonic nanoparticle structures so that the amount of nonlinear

scattering signal is maximized under the excitation of NIR light may be necessary. Also,
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the aggregation of the nanoparticles is another factor to affect the image contrast of our
technique. Because the aggregation of gold nanoparticles results in the shift of resonance
wavelength, the degree of saturation would be different even with using the same
excitation wavelength® . To prevent the aggregation between nanoparticles, it would be
useful to coat nanoparticles with a thin layer of silica that keeps a gap between metallic
nanoparticles?.

We also investigated the scattering property of single gold nanorods that exhibit
plasmon resonance at longer wavelengths in the NIR region. By using the nonlinear
scattering from the gold nanorods, SAX microscopy using NIR light at the wavelength of
1064 nm was performed. Since the wavelength region between 1000 - 1350 nm shows
high transmittance in biological tissues without exciting auto-fluorescence!®, the use of
this wavelength region can improve the image contrast and the provide further penetration
depth in deep tissue imaging?$-28. We experimentally demonstrated a capability of optical
imaging using 1064 nm light for both excitation and detection, which can expand the
penetration depth of optical imaging. However, in our experiment, there was a challenge
in signal detection to obtain images of gold nanorod probes in a deep part of the tissue
because of the small scattering cross-section of the gold nanorods and the low sensitivity
of the photodetector at the NIR region. To increase the scattering intensity of gold
nanorods, control of the gold nanorod orientation is one approach, since the gold nanorods
scattering cross-section is maximally resonant with 1064 nm incident light when the
polarization is aligned with the gold nanorod long axis. In addition, the use of SAX

) 2930 can be useful to detect

microscopy using differential excitation (dASAX microscopy
nonlinear scattering signal from nanoparticle probes more efficiently. dSAX microscopy
can extract an 8-times larger amount of 2" order nonlinear signal compared to
conventional SAX microscopy using harmonic demodulation, which was used in this
paper. dSAX microscopy also allows us to use the pulse laser for excitation of probes.
The use of a pulse laser can efficiently induce the saturated excitation of plasmonic
scattering with the high peak power. The combination of dSAX microscopy and pulsed
excitation can improve the penetration depth of our technique further.

It is also interesting in the future to study if our technique allows the use of
surfaced enhanced Raman scattering (SERS) from plasmonic nanoparticles as signal light.

Since the mechanism of SERS is based on the plasmon resonance, SERS also may show

the saturation effect. If so, the signal light from nanoparticle probes can be more
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efficiently isolated from the background scattering light by spectral detection, since the
wavelength of SERS signal is different from the excitation wavelength.

One of the advantages of our technique is that the transmission efficiency in
detection can be improved in imaging at deep tissue by using NIR light as a signal. Even
though multiphoton microscopy also uses NIR illumination light to excite fluorescent
probe, the wavelength of generated fluorescence signal is shorter than excitation
wavelength, which easily attenuates during propagation in tissue layer compared NIR
signal light. The detection of nonlinear components using frequency modulation in the
NIR region rather than conversion of emitted photons to shorter wavelengths can allow a
deeper penetration depth than multiphoton microscopy in deep tissue imaging. Our
technique also has the advantage for long-time measurement or repetitive measurements
because metallic nanoparticles show photostability. Typically, fluorescence-based
nonlinear microscopy suffers from photobleaching during long time measurement
because the contrast probes is required to be illuminated with high excitation intensity in
order to induce the nonlinear excitation in a deep part of tissue.

Our technique improves the spatial resolution of scattering image beyond the
diffraction limit, as well as super-resolution scattering microscopy using coherent anti-
Stokes Raman scattering (CARS)?! and stimulated Raman scattering (SRS)*. In our
experiment, we improved the spatial resolution in the scattering image from 486 nm to
363 nm for the gold nanoshells placed on glass substrate by detecting the 2nd order
nonlinear components of the scattering signal. Even at the observation depth of 400 um
in tissue phantom, the spatial resolution was improved from 580 nm to 392 nm in 2"
order nonlinear images. We also confirmed that the spatial resolution in imaging gold
nanorods was improved from 658 nm to 480 nm, by extracting the 2nd order nonlinear
signal from the nanorod. It is also possible to improve the spatial resolution by using
higher nonlinear components (3™ order, 4" order...) from the scattering signal extracted
with demodulation at higher harmonics frequencies (3f; 4f...). We demonstrated a spatial
resolution of 203 nm in imaging gold nanoshells by detecting the 3™ order nonlinear
signal (See Supporting Information 2). However, the amount of 3™ order nonlinear signal
from gold nanoshells was much lower than that of 2" order nonlinear signal there is a
trade-off between the spatial resolution and the signal amount. Practically, imaging based
on the 3rd order nonlinear signal would not reach the observation depths that can be

imaged by the 2" order nonlinear signal
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Thermal damage due to the heating of the gold nanoshells can be a problem in
tissue imaging by the proposed technique. While it is non-trivial to measure the heat
transfer to the surrounding environment, which is the key issue, we did note that during
imaging of gold nanoshells distributed in agarose gel, we did not see any movement of
gold nanoshells nor deformation of the agarose structure surrounding the gold nanoshells,
indicating the local temperature immediately near the particle remained below 85°C, i.e.

the melting point of 1% agarose gel*?

. We did not see evidence of damage, but further
research would be of interest. To further probe and optimize temperature effects,
differential SAX microscopy*’ and/or optimizing the laser power required for scattering
saturation by pulsing or modulating are possibilities.

The technique of deep imaging allows to observe and detect our target in a
living specimen. Our method can be useful in applications of cell detection in a living
animal, such as locating tumor cells or tracking their circulation in blood vessels, by
combining the physical techniques here with chemical methods to label specific cells or
biological targets with these types of nanoparticle probes®*. Our technique also allows to
obtain a multicolor image of more than two different nanoparticle probes by switching
the excitation wavelength between their resonance wavelengths, if the resonance peaks

of the nanoparticle probes are sufficiently separated. The capability of multicolor imaging

expands application of our technique to multi-target observation in deep tissue.
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contrast imaging of nanoparticles in deep tissue. The nonlinear relation between the
illumination laser and the saturated scattering at a gold nanoshell was used to separate the
signal and the background light from the tissue. The technique allows us to image gold

nanoshell probes in tissue by using near-infrared light for both illumination and detection.
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