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Multispectral photoacoustic microscopy of
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Abstract: We demonstrate optical resolution photoacoustic microscopy (OR-PAM) of lipid-
rich tissue between 1050—1714 nm using a pulsed supercontinuum laser based on a large-
mode-area photonic crystal fiber. OR-PAM experiments of lipid-rich samples show the
expected optical absorption peaks near 1210 and 1720 nm. These results show that pulsed
supercontinuum lasers are promising for OR-PAM applications such as label-free histology of
lipid-rich tissue and imaging small animal models of disease.
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1. Introduction

High resolution label-free imaging of lipids has many applications in medicine and
developmental biology. Optical techniques typically produce label-free contrast by probing
the vibrational modes of lipid molecules. Spectroscopic imaging of lipids with sub-micron
spatial resolution has been demonstrated with nonlinear optical techniques such as coherent
anti-Stokes Raman scattering (CARS) [1] and stimulated Raman scattering (SRS) microscopy
[2]. These methods have demonstrated label-free imaging of murine sciatic nerve tissue [3],
myelination in Xenopus tadpoles [4], adipogenesis in zebrafish larvae [5], and fat bodies in
Drosophila larvae [6]. However, the limited penetration depth (=100 um) of CARS and SRS
microscopy can be an issue for in vivo imaging and thick tissue samples.

Photoacoustic microscopy (PAM) is a hybrid technique using pulsed laser excitation and
ultrasonic detection [7, 8]. Label-free image contrast is based on linear optical absorption in
tissue. Optical resolution PAM (OR-PAM) achieves um-scale lateral resolution by focusing
the laser excitation, while fine axial resolution (< 75 pm) is produced by using nanosecond
laser pulses and high frequency detection transducers (e.g. >20 MHz) [9]. OR-PAM has
superior penetration depth (=1 mm) but inferior spatial resolution compared to CARS and
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SRS microscopy. Nevertheless, the spatial resolution of OR-PAM is sufficient to perform
label-free imaging of individual capillaries in mice [9] and microvasculature in zebrafish
larvae [10].

Label-free PAM of lipid-rich tissue, such as atherosclerotic plaques [11-15] and
myelinated peripheral nerves [16, 17], require near-infrared laser pulses near 1720 or 1210
nm. These wavelengths are the first and second overtone optical absorption resonances of C-
H bonds in lipids [17]. Laser pulses at these two wavelengths typically require expensive
optical parametric oscillators (OPOs). OPOs produce mJ pulse energies over a very wide
wavelength range. However, their high cost is a major drawback for OR-PAM applications
that typically require pulse energies on the pJ scale.

We have been developing more cost-effective lasers based on nonlinear fiber optics. OR-
PAM of lipids at wavelengths between 1050 — 1350 nm can be performed with standard
solid-state Nd pulsed lasers and cascaded SRS in a silica fiber [18, 19]. Similar approaches
have also been demonstrated with visible lasers for OR-PAM involving blood oxygenation
and single cell studies [20, 21]. A disadvantage of cascaded SRS is the difficulty in
generating 1700 nm light in silica optical fiber. SRS is typically the dominant nonlinear effect
when nanosecond laser pulses propagate in the presence of positive (normal) dispersion [22].
However, most optical fibers have negative (anomalous) dispersion at wavelengths longer
than 1300 nm [23]. Therefore, SRS in silica optical fiber is not an effective approach to
generating nanosecond pulses near 1700 nm for OR-PAM of lipids.

A more promising approach is supercontinuum generation. Unlike the discrete spectral
peaks produced by SRS, the broad and smooth spectrum produced by supercontinuum
generation can extend from visible wavelengths (e.g. 500 nm) to beyond 1800 nm. Negative
dispersion is an essential condition for supercontinuum generation, which is a highly complex
process involving several nonlinear effects such as modulation instability, soliton generation
and self-frequency shift, and dispersive wave generation [24]. One of the most efficient
methods of supercontinuum generation is to use photonic crystal fibers (PCFs), which have a
honeycomb-like microstructure to produce a desired chromatic dispersion [25]. Previous
work in PCF-based supercontinuum sources for OR-PAM have concentrated on visible
wavelengths (e.g. < 800 nm) [26-29]. We demonstrate in this paper, for the first time to our
knowledge, OR-PAM of lipids using the longer wavelengths (e.g. > 1200 nm) produced by a
supercontinuum laser using commercially available PCF.

2. Methods
2.1 Pulsed supercontinuum laser

A schematic of our pulsed supercontinuum laser is shown in Fig. 1(a). The pump laser is an
actively Q-switched 1047 nm Nd:YLF laser (CrystaLaser) producing 100 pJ pulses with a 14
ns pulse duration and 2.5 kHz repetition rate. An aspherical lens couples the pump light into a
30 meter long polarization-maintaining large mode-area PCF (LMA-PM-10, NKT Photonics).
A half-wave plate (HWP) adjusts the orientation of the pump laser polarization to be parallel
to the fast axis of the fiber. The fiber coupling efficiency is approximately 30%. The fiber
output is collimated with a 10X microscope objective.

2.2 OR-PAM system

Our transmission-mode OR-PAM system selects the desired laser wavelength with a filter
wheel containing six dielectric bandpass filters at 1050, 1100, 1225, 1325, 1600, and 1714
nm. These wavelengths were chosen to vary the contrast between lipids and water using
readily available off-the-shelf bandpass filters. Images at 1225 and 1714 nm should highlight
fat, since lipids have stronger optical absorption than water at these wavelengths (Fig. 1(b)).
Images at 1325 and 1600 nm should highlight non-fatty tissue due to the stronger optical
absorption of water than lipids at these wavelengths. Little image contrast is expected at 1050
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and 1100 nm, where both lipids and water have low optical absorption. The 1050 nm filter
has a 10 nm bandwidth and 80% transmission. All other filters have a 50 nm bandwidth and
80% transmission. The low spectral energy density of the pulsed supercontinuum requires
wider bandwidth filters to produce pJ pulse energies at most wavelengths. The selected
wavelength is focused with a 4X microscope objective (Olympus). The photoacoustic signal
is detected by a 25 MHz f/2 transducer (Olympus NDT). The transducer signal goes through a
60 dB (Miteq) amplifier and 50 MHz low pass filter (Mini-Circuits) before acquisition with a
250 MS/sec 8-bit digitizer board (National Instruments). A computer-controlled motorized
positioner (Velmex) performs two-dimensional scanning of the sample. Data acquisition is
performed with LabVIEW (National Instruments) while data processing and reconstruction
are performed off-line in MATLAB (Mathworks).

To data
acquisition

+60 dB

Optical absorption coefficient

Motorized
1047
iy XY Stage

10?

100_

10

Absorption coefficient (cm-')

1000 1200 1400 1600 1800
Wavelength (nm)

(b)

Fig. 1. (a) Schematic of pulsed supercontinuum laser and OR-PAM setup. The half-wave plate
(HWP) adjusts the pump laser polarization to be parallel with the fast axis of the photonic
crystal fiber (PCF). The desired wavelength band for OR-PAM is selected with a dielectric
bandpass filter (BPF). (b) Optical absorption coefficient of water (blue) and lipid (green) from
1000 — 1800 nm [30, 31]. Rectangular bars show the passbands of the six bandpass filters at
1050 nm (1), 1100 nm (2), 1225 nm (3), 1325 nm (4), 1600 nm (5), and 1714 nm (6).

3. Experiments and results
3.1 Optical characterization of the fiber output

The fiber output spectrum between 1000 — 1800 nm was measured with a scanning
monochromator (SDMCI1-05G, Optometrics) and an InGaAs photodetector (DETO05D,
Thorlabs). The spectrum at full input laser power is shown in Fig. 2. The strong peak at 1047
nm is the pump (P), while the two peaks at 1098 and 1153 nm are the first (S1) and second
(S2) Stokes lines due to cascaded SRS. A smooth continuum spans from 1200 — 1800 nm. All
these features are consistent with the 1200 nm zero-dispersion wavelength of the PCF [32].
Cascaded SRS dominates for wavelengths shorter than 1200 nm (positive fiber dispersion)
while supercontinuum generation dominates for wavelengths longer than 1200 nm (negative
fiber dispersion). The dip near 1200 nm is indicative of SRS suppression due to competition
from phase matched four wave mixing (FWM) [23].

3.2 OR-PAM characterization

The supercontinuum is sent through a dielectric bandpass filter at 1050, 1100, 1225, 1325,
1600 or 1714 nm. A thermal sensor (S401C, Thorlabs) was used to measure the average pulse
energy after each bandpass filter. As shown in Table 1, the pulse energy is above 1 pJ at all
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wavelength bands except 1600 and 1714 nm. Although the low pulse energy at 1714 nm is
most likely insufficient for practical applications, proof-of-concept OR-PAM of lipids is still
possible.

Output Spectrum at Full Power

ol ,«—P ]
81
S5t | ?sz 1

Supercontinuum
A

151

ol

1000 1200 1400 1600 1800
Wavelength (nm)

Normalized Power (dB)
=

Fig. 2. Fiber output spectrum at full input power. The three distinct peaks are the pump (P),
first Stokes (S1), and second Stokes (S2) lines. The dashed vertical line at 1200 nm marks the
PCF zero-dispersion wavelength (ZDW). The broad continuum extends from 1200 to 1800 nm.

Table 1. Pulse Energy and Spatial Resolution vs Band-Pass Filter

Filter Center Wavelength (nm) 1050 | 1100 | 1225 | 1325 | 1600 | 1714

Filter Bandwidth (nm) 10 50 50 50 50 50

Pulse Energy (uJ) 6.81 6.43 1.07 1.23 0.76 0.32

Measured resolution (water) (pm) 14.5 15.2 15.4 15.2 15.7 15.9

Theoretical resolution (pm) 14.0 14.0 14.1 14.3 14.6 14.8

Resolution in diluted milk (um) 18.7 16.2 17.5 18.5 17.1 17.0

Depth resolution (um) 77 79 77 77 71 65

The lateral resolution of the OR-PAM system was characterized by imaging the edge of a
bar pattern in a 1951 USAF resolution target. Measurements were performed through 1.1 mm
of clear (water) and scattering (25% diluted whole milk) media. An edge spread function
(ESF) was produced by curve-fitting the raw data with a smoothing spline in MATLAB. The
derivative of this ESF yields the line spread function (LSF). Lateral resolution is defined as
the full width at half-maximum (FWHM) of the LSF. The theoretical resolution is estimated
by modeling the laser focal spot as a magnified image of the optical fiber tip according to:

A=2.65MFDA0.51n2 (1)

The mode field diameter (MFD) is the 1/e* width of the optical intensity distribution within
the fiber. The fiber collimating 10X objective (F = 17 mm) and PAM focusing 4X objective
(F =45 mm) form a projection system with a magnification factor equal to 45/17 = 2.65. The

factor of +/0.5In2 is necessary to scale the MFD, which is a 1/€* width, into a FWHM
quantity. Using MFD values from the fiber data sheet [32], Table 1 shows that the measured
results in water are in reasonable agreement with theory. Resolution is worse in diluted milk,
where optical scattering broadens the laser focus. The data fluctuations are most likely due to
reduced signal-to-noise ratio of the measurements in diluted milk.
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Depth resolution was computed from the FWHM of the signal envelope from the USAF
target [18]. As shown in Table 1, the depth resolution is roughly constant for 1050 — 1325 nm
but improves slightly at 1600 nm and 1714 nm. This is consistent with our observation that
the 1714 nm laser pulse duration is about 9 ns, which is considerably shorter than the 14 ns
pump pulse. This pulse shortening is most likely a result of the highly nonlinear nature of
supercontinuum generation, where the most intense portion of the pump produces the largest
spread in wavelengths.

3.3 OR-PAM of lipid phantom

Multispectral OR-PAM was performed on a lipid phantom consisting of a butter droplet
embedded in clear gelatin. Figure 3(a) shows en face images formed by integrating C-mode
image planes over the entire butter droplet thickness. All images were signal averaged 64
times and displayed over a 20 dB scale. Images are not corrected for differences or variations
in laser pulse energy. Lipid contrast is clearly highest at 1714 nm, despite these laser pulses
having the lowest energy (0.32 pJ). Image contrast is slightly higher at 1225 nm compared to
1100 and 1325 nm. These results are consistent with the lipid optical absorption peaks at 1720
and 1210 nm. Optical absorption in water is higher than lipids at 1325 and 1600 nm.
Therefore, image contrast at 1325 and 1600 nm is primarily due to photoacoustic generation
from gelatin at the lipid-gelatin interface. Poor image contrast at 1050 nm is due to low
optical absorption in both lipids and gelatin, despite laser pulses having the highest energy
(6.81 pJ) at this wavelength.

B-mode image slices through the central row of the lipid phantom are shown in Fig. 3(b).
All images are shown over the same 20 dB scale. The top and bottom surfaces of the butter
droplet are brightest at 1714 nm and weakest at 1050 nm. Overall, the image contrast in the
B-mode images are consistent with the integrated C-mode images. As a more quantitative
measure of image quality, we computed the signal-to-noise ratio (SNR) of a 25 x 60 pum
region within the bottom and top lipid surfaces of each B-mode image. As shown in Fig. 3(¢c),
the SNR is highest at 1714 nm, despite the lowest pulse energy at this wavelength. A
photoacoustic spectrum was obtained by analyzing the same 25 x 60 um regions in the bottom
and top lipid surfaces. The B-mode pixel amplitudes were summed together and then divided
by the appropriate laser pulse energy from Table 1 to remove wavelength variations in optical
fluence. Finally, the spectrum is normalized with respect to the 1714 nm component. As
shown in Fig. 3(d), the spectral amplitude is highest at 1714 nm while a local maximum exists
at 1225 nm.

For validation purposes, the measured photoacoustic spectrum is compared to a theoretical
spectrum based on the following simplified model. Our lipid phantom consists of two
optically absorbing materials (butter inside gelatin). The received signal from the bottom and
top lipid surface is due to the difference in photoacoustic generation between lipid and
gelatin. Therefore, the photoacoustic signal magnitude from the lipid-gelatin interface is
given by:

S(A) =|BF ) (U5 AT sy = s A )

2

where 1 is the laser wavelength, f is an imaging system constant, (1) is the optical fluence,
() is the optical absorption coefficient, and I' is the Gruneisen parameter. We substituted
butter and aqueous gelatin with lipid and water, respectively, since the material properties of
lipid and water are readily available [30, 31, 33]. Both ",  and I, ~are approximated as

Lipid Water
constant values in Eq. (2). The supercontinuum laser uses an optical bandpass filter, therefore
Eq. (2) must be modified to include an integration within the filter passband:
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SA) = BFA)| [ (uiyia AT s = e AT ) A4 = BE(A,)K () (3)

A —AA/2

where 4,, and A4 are the center wavelength and bandwidth of the optical bandpass filter,
respectively. Equation (3) approximates the optical fluence as a constant within the filter
passband, allowing F(/,,) to be taken outside the integral. The integration term is lumped into
the quantity K(4,,) to simplify notation. Finally, Eq. (3) is normalized with respect to the value
at 1714 nm to produce A(4,,):

“)

sy FG) KGy) _ EGy) K(G)
" T F(714) K(1714)  E(1714) K(1714)

where E(4,,) is the laser pulse energy after the optical bandpass filter with center wavelength
An- In Eq. (4), the ratio of optical fluence at two wavelengths is approximated as the ratio of
pulse energy, which is a better known experimental parameter. Figure 3(d) shows reasonable
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Fig. 3. (a) Multispectral en face PAM images of a lipid phantom consisting of butter inside
clear gelatin. All images integrate C-mode planes over the entire butter thickness and are
shown over the same 20 dB scale. (b) Multispectral B-mode slices along the central row of
each image in Fig. 3(a). All slices are shown over the same 20 dB scale. The scale bars in both
(a) and (b) represent 100 pm. (c) Signal-to-noise ratio (SNR) of a 25 x 60 um region (see inset)
within the bottom (red squares) and top (green circles) lipid layer in each B-mode image. (d)
Measured (red squares and green circles) and theoretical (black asterisks) photoacoustic
spectra of the same regions in the lipid phantom.

agreement between our simple theoretical model A(4,) and the measured photoacoustic
spectrum. It is worth noting that significant disagreement at 1600 nm occurs if the



Vol. 9, No. 1|1 Jan 2018 | BIOMEDICAL OPTICS EXPRESS 283 I
Biomedical Optics EXPRESS

contribution of water is removed from our theoretical model. A more rigorous model would
require detailed knowledge of gelatin and butter properties, local optical fluence, and
compensation of fluctuations in laser pulse energy.

3.4 OR-PAM of intramuscular fat

Multispectral OR-PAM was also performed on a thin slice of steak embedded in clear gelatin.
The beef and gelatin are each approximately 0.5 mm thick. Figure 4(a) shows en face images
(XY plane) formed by integrating C-mode image planes over the entire meat thickness. All

B-mode

=
)

e
kS

Normalized Magnitude
(=] (=]
[N o

1100 1300 1500 1700
Wavelength (nm)
(b) (d)

[=]

Fig. 4. (a) Multispectral en face PAM images of a thin slice of beef embedded in clear gelatin.
The scale bar represents 500 pm. (b) Photograph of the beef sample. The solid rectangle
outlines the C-mode region imaged by OR-PAM. (¢) B-mode image slices along the dashed
black line in Fig. 4(b). The scale bar represents 500 um. (d) Photoacoustic spectra measured at
three locations (see inset) within the fatty portion of the beef sample. Locations 1, 2, and 3
correspond to red squares, green circles, and blue triangles, respectively. Black asterisks are
the spectrum from the simple theoretical model.
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images were signal-averaged 64 times, displayed over a 20 dB scale, and are not corrected for
differences or variations in laser pulse energy. As expected, the 1714 nm image shows the
brightest features. Figure 4(b) shows a photo of the imaged region, where the fatty areas
correlate well with the 1714 nm image in Fig. 4(a). Figure 4(c) shows B-mode slices (XZ
plane) of the central row in the imaged region. All images are shown over the same 20 dB
scale. Again, image contrast is clearly highest at 1714 nm. The 1225 nm image has slightly
higher contrast than the 1100 and 1325 nm images.

Figure 4(d) shows photoacoustic spectra of three 25 x 60 um regions within the fat. As
expected, all three regions produce similar spectra as the butter spectrum in Fig. 3(d). There is
reasonable agreement between the experimental spectra and our simplified theoretical model
based on Eq. (4). Consistent with our lipid phantom results, good agreement between
experiment and theory requires including photoacoustic generation from both lipid and water
in our model. Accurate multispectral identification of lipids would require a more rigorous
model including material properties of fat, muscle, and connective tissue as well as optical
scattering and attenuation.

3.5 OR-PAM of Drosophila larva

As an example application in developmental biology, we performed multispectral OR-PAM
of the fat bodies in a fixed Drosophila melanogaster larva embedded in clear gelatin. The
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Fig. 5. (a) Multispectral OR-PAM C-mode images of a fixed third instar Drosophila larva. All
images are a 60 pm thick slice and are shown over the same 20 dB scale. The scale bar
represents 500 pm. The fat bodies (FB) are clearly visualized at 1714 nm. The mouth parts
(MP) saturate the dynamic range of the 1050 and 1100 nm images. (b) Photograph of the larva.
The scale bar represents 500 pm. (¢) Photoacoustic spectra measured at three locations in the
larva. Locations 1, 2, and 3 correspond to red squares, green circles, and blue triangles,
respectively. Black asterisks are the spectrum from the simple theoretical model.
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larval fat bodies serve a variety of functions such as energy storage and metabolism [34].
Figure 5(a) shows 60 um thick C-mode slices through the center of the larva. Each image is
signal averaged 64 times, covers a 4 x 1.6 mm field of view, and displayed over the same 20
dB scale. The image at 1714 nm clearly shows a variety of internal features, while different
structures are emphasized at 1600 nm. Lipids should be well visualized at 1225 nm, but the
contrast is significantly lower than at 1714 nm. Figure 5(c) shows that photoacoustic spectra
at three locations inside the larva are consistent with our theoretical model based on Eq. (4).
The saturated regions at the top of the 1050 and 1100 nm images are due to melanin in the
mouth parts. These same regions are much fainter at longer wavelengths. This suggests that
imaging at short and long wavelengths (e.g. 1050 and 1714 nm) can produce a strong reversal
in image contrast between lipids and melanin.

4. Discussion

In order to gain a better understanding of our pulsed supercontinuum laser, we monitored the
fiber output spectrum from 600 — 1800 nm while varying the input laser pulse energy. The
spectrum from 1000 — 1800 nm was measured with the same instrumentation described
previously, while the spectrum from 600 — 1000 nm was measured with a CCD spectrometer
(CCS175, Thorlabs). Figure 6 shows both sets of spectra, where the logarithmic scale of each
set is adjusted to more easily visualize important features. When the input pulse energy
steadily increases from 0 to 30 uJ, Stokes lines S1 and S2 appear in a sequential manner
consistent with cascaded SRS. Increasing the input pulse energy past 40 pJ produces a Stokes
line S3’ near 1360 nm and an anti-Stokes peak AS3’ near 850 nm. The sidebands broaden into
a continuum at higher input pulse energies.

Output spectrum (600 - 1800 nm)

Input Pulse Energy (uJ)

600 800 1000 1200 1400 1600 1800
Wavelength (nm)

Fig. 6. Fiber output spectrum as a function of input laser energy. The pump (P) is clearly
visible at 1047 nm, as well as two Stokes lines S1 (1098 nm) and S2 (1153 nm). The wide
peak near 1350 nm (S3’) evolves into a broad continuum from 1200 — 1800 nm. The broad
peak near 900 nm (AS3’) evolves into a continuum from 600 — 1000 nm.

Figure 6 suggests that sidebands S3” and AS3” are due to phase-matched FWM [22, 24].
The initial broadening of S3’ is probably due to soliton generation from modulation
instability. These solitons undergo a variety of frequency shifting and broadening processes
[24]. Meanwhile, AS3’" seeds the production of dispersive waves that can couple with the
solitons produced by S3’, leading to additional spectral broadening of both sidebands [35].
Our observations differ from Genty [36], where supercontinuum generation in a large mode-
area PCF was seeded by the third Stokes line from cascaded SRS. This discrepancy may be
due to our shorter pump laser wavelength as well as the high birefringence of our



Research Article Vol. 9, No. 1| 1 Jan 2018 | BIOMEDICAL OPTICS EXPRESS 286 I

Biomedical Optics EXPRESS .

polarization-maintaining PCF. The importance of pump polarization effects were confirmed
by our observation that the broadest supercontinuum requires the pump laser to be aligned
with the fast axis of the fiber.

Supercontinuum generation is generally most efficient when the pump laser wavelength is
slightly longer than the zero-dispersion wavelength of the fiber [24]. However, our pump
laser (1047 nm) is much shorter than our fiber’s zero-dispersion wavelength (1200 nm).
Although this wavelength mismatch is not optimal, a large mode-area PCF is scalable to
higher pulse energies [36]. The wavelength versatility of our current pulsed supercontinuum
laser is a major advantage for multispectral OR-PAM. Practical applications require pJ-level
pulse energies at any given wavelength [14, 15]. The low spectral energy density (6.4 nJ/nm)
at 1714 nm is an important limitation of our current system. A narrower bandwidth filter (e.g.
10 nm) should improve spectral identification of lipids. Therefore, we must increase our
laser’s spectral energy density at 1714 nm by roughly 20-fold for practical applications.

This can be achieved with a multi-pronged approach combining a higher energy pump
laser, improved fiber coupling efficiency, and a longer PCF. Figure 6 suggests that further
increasing the input pulse energy should produce more output energy at 1714 nm. We have
not observed optical damage to the fiber tip when doubling the numerical aperture of the
coupling lens. This suggests that increasing the pump pulse energy by 4-fold should not
damage the fiber. Furthermore, our 30% fiber coupling efficiency is about a factor of two
lower than other studies using large-mode area PCF [29]. An insufficiently long fiber results
in a narrower supercontinuum, although the spectral extent eventually saturates with fiber
length [24]. Theoretically, PCF-based supercontinuum sources can produce spectra that
extend to 2000 nm [35]. Figure 2 and Fig. 6 show that the red-wavelength edge of our
supercontinuum is near 1800 nm. Therefore, a longer fiber (e.g. 100 m) should extend the
red-wavelength edge of the supercontinuum and result in a roughly 3-fold increase in spectral
energy density at 1714 nm. Therefore, the combination of a higher energy pump laser,
improved coupling efficiency, and a longer fiber should produce a 20-fold increase in spectral
energy density at 1714 nm.

The optical fluence at the laser focus is estimated to be 280 mJ/cm® at 1714 nm for our
current OR-PAM system. Increasing the 1714 nm pulse energy to the pJ level will result in a
fluence of roughly 1 J/em? at the laser focus. This is not unusual for OR-PAM, although it is
considerably higher than safety limitations on surface optical fluence [9, 14]. Such high
fluences may not be a major issue for ex vivo applications such as label-free pathology, but it
could pose a concern for in vivo applications. It is worth noting that the optical absorption
coefficient of lipids at 1714 nm is roughly 100-fold lower than hemoglobin and melanin at
visible wavelengths. This reduces the likelihood of photothermal tissue damage [8].

Our system currently has lateral and axial spatial resolution of 15 um and 75 pm,
respectively. Although sufficient to visualize the larger organs inside a Drosophila larva,
spatial resolution should be improved by at least 3-fold for practical applications in
developmental biology [10, 14, 37]. Lateral resolution can be improved to 5 pm by expanding
the diameter of the collimated laser beam and switching to a 10X microscope objective. Axial
resolution can be improved by upgrading to a higher frequency detection transducer (e.g. 75
MHz).

Another practical issue for OR-PAM is pulse-to-pulse stability, which is particularly
important for imaging without signal averaging. We quantified pulse stability by measuring
the energy of 10,000 laser pulses at each filter wavelength. For each wavelength, a histogram
was constructed from the pulse energies normalized with respect to their mean value. The
resulting histograms in Fig. 7 clearly show significant variation at all wavelengths. The
standard deviation for each measurement set is 0.22, 0.27, 0.61, 0.40, 0.48, and 0.49 at 1050,
1100, 1225, 1325, 1600, and 1714 nm, respectively. Somewhat surprising is that the broadest
distribution occurs at 1225 nm. This may be a symptom of the competition between SRS and
FWM described in Section 3.1. Supercontinuum generation is known to amplify the intensity
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noise of the pump laser [24]. The energy fluctuations of our pump laser was measured to be
1.8%. A pump laser with lower technical noise should improve the output pulse-to-pulse
stability, although supercontinuum generation also has some fundamental noise limitations
[24]. Even with lower output noise, a calibrated photodiode is clearly necessary to monitor
each laser pulse during data acquisition.
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Fig. 7. Histogram of laser pulse energy measured over 10,000 pulses at each output
wavelength. The pulse energy is normalized with respect to the mean energy at each
wavelength.

As shown in Fig. 6, our supercontinuum source also produces significant energy at visible
wavelengths, which is not possible with our previous SRS-based sources. Using 40 nm
bandwidth filters, the pulse energy at 850 and 750 nm is measured to be 1.6 and 0.8 pJ,
respectively. These shorter wavelengths would be useful for applications involving
hemoglobin [27, 28]. Performing OR-PAM at both visible and infrared wavelengths will
require careful attention to the color correction of optics. When using achromatic microscope
objectives, we observed that the 1600 and 1714 nm pulses have a slightly different focal
depth (=1 mm) compared to the shorter wavelengths. A visible/infrared OR-PAM system
would ideally use apochromatic objectives with ultra-broadband color-correction.

5. Conclusions

We have demonstrated multispectral OR-PAM of lipids between 1050 — 1714 nm using a
pulsed supercontinuum laser. Lipids are imaged with high contrast at 1714 nm, despite the
low pulse energy at this wavelength. Future work includes using a longer photonic crystal
fiber to increase pulse energy, compensating pulse-to-pulse fluctuations, and performing OR-
PAM at both near-infrared and visible wavelengths. We believe our system’s wavelength
flexibility makes it promising for a variety of OR-PAM applications such as label-free
histology of lipid-rich tissue and imaging small animal models (e.g. zebrafish) of disease.
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