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Introduction

Abstract. We demonstrate a multimodal approach that combines a pump—probe with confocal reflectance and
multiphoton autofluorescence microscopy. Pump—probe microscopy has been proven to be of great value in
analyzing thin tissue sections of pigmented lesions, as it produces molecular contrast which is inaccessible
by other means. However, the higher optical intensity required to overcome scattering in thick tissue leads
to higher-order nonlinearities in the optical response of melanin (e.g., two-photon pump and one-photon
probe) that present additional challenges for interpreting the data. We show that analysis of pigment composition
in vivo must carefully account for signal terms that are nonlinear with respect to the pump and probe intensities.
We find that pump—probe imaging gives useful contrast for pigmented structures over a large range of spatial
scales (100 yum to 1 cm), making it a potentially useful tool for tracking the progression of pigmented lesions
without the need to introduce exogenous contrast agents. © 2015 Society of Photo-Optical Instrumentation Engineers (SPIE) [DOI:
10.1117/1.JB0O.20.5.051012]
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melanocytes. Melanin pigment expression is regulated by com-

The current diagnostic gold standard for melanoma is histopa-
thology, but accurate assessment of early stage lesions remains
challenging.'> Consequently, some borderline lesions that are
biologically benign may appear malignant, and oftentimes the
tissue is excised as a preventative measure. It has been suggested
that this safe approach has led to an “epidemic” of over-diag-
nosing melanoma.'** The fundamental problem is that once
an early stage lesion has been excised, one cannot be certain
whether it would have progressed to metastatic disease had it
been left undisturbed. There have been no direct observations
of a melanoma progressing from the early stages to metastasis
at the cellular level. Therefore, it is extremely challenging to
validate diagnostic criteria for early stage lesions. Also, even
though a number of molecular pathways have been implicated
in malignant transformation, the exact steps remain uncertain.’
Directly observing these early stage transformations might be
possible in animal models, with the use of a noninvasive,
in vivo microscopy technique that provides disease-specific con-
trast. The focus of this paper is on developing such a technique
and testing it in vivo on a mouse model that architecturally
resembles human skin.

Perhaps the most important optically accessible biomarker
of melanocyte activity is the melanin pigment generated by

*Address all correspondence to: Warren S. Warren, E-mail: warren.warren@
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plex interactions between melanocytes and the surrounding tis-
sue,® and is implicated both as a possible risk factor’ and an
indicator of melanoma.'®'? In mammals, melanin is produced
primarily in two forms: eumelanin and pheomelanin.'*'
Pheomelanin can act as a photosensitizer, and its production
is associated with increased oxidative stress,'> while eumelanin
has a more photoprotective role.'® The ratio between eumelanin
and pheomelanin increases with increased expression of the
master regulator gene, microphthalmia-associated transcription
factor (MITF)!” and the melanogenic genes that it upregulates. '®
This normally occurs in the tanning response, in which UV-
damaged keratinocytes release a-MSH, which upregulates
MITF in nearby melanocytes via the MCIR receptor and its
downstream effectors.'”! Several studies seem to indicate
that dysplastic (premalignant) lesions express higher propor-
tions of pheomelanin, while malignant melanomas express
higher proportions of eumelanin.”!*!!

Optical methods for probing pigment and other structures in
skin in vivo include linear absorption/reﬂectance,ll confocal
reflectance microscopy,’* optical coherence tomography,”* mul-
tiphoton fluorescence and fluorescence lifetime,?*%° multipho-
ton harmonic microscopy,’® and photoacoustic microscopy/
tomography methods,*' and hybrid approaches that combine
two or more of these modalities.>> Confocal reflectance is the
most widely used and well-established in the clinical setting,
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but the technique is not pigment-specific. In confocal imaging,
the conventional method for diagnosing melanoma involves
observing blood flow and tissue morphology.>* Photoacoustic
methods address the problem of specificity by providing con-
trast from pigmented structures, but they lack cellular detail
from nonpigmented cells that may provide important histologic
information. Multiphoton techniques address these shortcom-
ings by providing high-resolution images based on nonlinear
contrast mechanisms that have molecular-specific signatures.
This enables in vivo histology, providing details on tissue archi-
tecture, morphology of individual cells, and even biochemical
content.

Previously, we have demonstrated that a two-color multipho-
ton technique—pump—probe microscopy—reveals differences
in pigment chemistry between classes of pigmented lesions,
by imaging thin (5 gm) sections of biopsied tissue.!>** We
have also applied pump—probe to in vivo imaging of pigmented
lesions in a mouse xenograft model of human melanoma,> and
demonstrated a multimodal approach that combines pump—
probe with confocal reflectance and multiphoton autofluores-
cence.’® Here, we use pump-probe to track the growth and
development of pigmented lesions in a larger number of ani-
mals, compare the pump—probe images with the other modal-
ities, investigate intensity-dependent effects, and compare the
in vivo pump-probe responses of three different melanoma
cell lines. We find that pump—probe imaging gives more useful
contrast for pigmented structures over a large range of spatial
scales (100 ym to 1 cm), making it a potentially useful tool
for tracking the progression of pigmented lesions without the
need to introduce exogenous contrast agents. However, when
compared with imaging thin tissue sections in transmission
mode, the higher optical intensity required to overcome scatter-
ing in thick tissue leads to higher-order nonlinearities in the opti-
cal response of melanin (e.g., two-photon pump and one-photon
probe) that present additional challenges for interpreting the
time-resolved pump—probe responses.

2 Materials and Methods

2.1 Multimodal Imaging Setup

In vivo microscopy was performed with a custom-built laser
scanning microscope, as shown in Fig. 1, which is equipped
to detect traditional multiphoton signals [multiphoton autofluor-
escence and second-harmonic generation (SHG)], confocal
reflectance, and pump—probe. Pump—probe contrast is obtained
by modulating the pump beam and monitoring the probe beam
with a lock-in amplifier for modulation transferred to the probe
by nonlinear optical interactions that couple pump and probe
beams. Overall, the pump—probe signal is affected by two-pho-
ton absorption, stimulated Raman scattering, cross-phase modu-
lation, stimulated emission, ground-state depletion, and excited-
state absorption. These signals are either positive or negative
depending on whether the interaction causes the probe to
decrease or increase in the presence of the pump. They also
depend on the time delay between the pump and probe; there-
fore, pump—probe signals comprise a set of bipolar multiexpo-
nential functions. In effect, the pump—probe signal provides
a molecular fingerprint, sensitive to energy level structure,
excited-state lifetimes, and the pump and probe wavelengths.

In these experiments, we have chosen a pump wavelength
Apw =720 nm and probe wavelength A, = 810 nm because
this combination was found to give high contrast between
Sepia eumelanin and synthetic pheomelanin.'>*” The probe
pulses were provided by a Spectra-Physics Tsunami (810 nm,
80 MHz, ~100-fs duration). A portion of the beam was con-
verted by a Coherent Mira OPO to 720 nm, and modulated
with a 2 MHz square wave by an acousto-optic modulator to
supply the pump pulses. The time delay, z, between pump
and probe pulses was controlled by a motorized delay line.
Both beams were combined by a dichroic mirror (Chroma
DCXR760 long-pass) before the galvanometric scan mirrors.
The beams were focused into the specimen by a microscope
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Fig. 1 In vivo pump—probe microscope combining the following modalities: confocal reflectance; multi-
photon autofluorescence and second-harmonic generation (SHG); and pump—probe microscopy.
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objective; there, absorption of the pump perturbs the optical
absorption properties, imprinting the 2 MHz modulation onto
the probe beam. Both reflected and scattered light exit the
graft and were collected by the objective. In all the measure-
ments presented here, both pump and probe beams were
incident on the sample, and all modalities—pump—probe, fluo-
rescence, second harmonic, and confocal reflectance—were
acquired simultaneously. Fluorescence and second harmonic
light were reflected by a dichroic mirror (Semrock FF662 long-
pass) and detected with a photomultiplier tube (Hamamatsu
R3896), filtered with a Thorlabs FES0600 short-pass filter
and BG-39 glass to reject residual excitation light. Given the
transmission properties of the FES0600, the SHG signal was
collected only for the 810-nm excitation. The photomultiplier
current was amplified with a transimpedance amplifier
(Terahertz Technologies Inc., PDA 700). Reflected light passed
back through the polarizing beam splitter, was descanned by the
galvos, reflected by a glass coverslip, focused by a 30-cm lens
into a 100-um confocal pinhole, and detected with an amplified
silicon photodiode (Thorlabs PDA100A). Scattered, depolarized
near-infrared light was directed with a polarizing cube to a large-
area silicon photodiode (Thorlabs PDASS, filtered with two
Chroma HQ815/65 bandpass filters to reject the pump beam).
This probe signal was analyzed with a lock-in amplifier for
the 2 MHz pump—probe modulation transfer signal. Different
molecular species were resolved by acquiring a series of
pump-probe images, each at a different time delay 7z (i.e., a
delay stack), and analyzing the stack with methods analogous
to those used in hyperspectral imaging and fluorescence lifetime
imaging. Images were typically acquired at 256 X 256 or 512 X
512 pixel resolution. Delay stack acquisition time varied from
~5 to 15 min depending on the resolution, pixel dwell time,
number of delays acquired, and number of frames averaged
at each delay. Acquisition time for each image is noted in
the figure captions, not counting the motor repositioning time.
Optical power through the objective is estimated by measuring
with a power meter before the entrance to the microscope and
multiplying by the ~70% transmissivity of the microscope
optical train.

2.2 Xenograft Mouse Model of Human Melanoma

Multiphoton imaging was performed on a xenograft mouse
model. Melanoma cells are cultured in a human skin graft that
is surgically implanted on the dorsal region of a mouse.’®¥
Although these artificially reconstructed melanomas are
clearly different from naturally arising melanoma in human
patients, this model provides more faithful representation of
the morphology and architecture of human skin than native
mouse models,** and serves as an excellent testing ground for
instrument development.

The grafts were prepared as follows: primary human kerati-
nocytes and human melanoma cells were cultured in a 10:1 ratio
onto pieces of devitalized human dermis (~1 cm?), and kept in
culture for 3 to 4 days until cells reached confluence on and
around the dermis. Primary human keratinocytes were isolated
from surgically discarded foreskin samples obtained from
Duke Children’s Hospital in accordance to an institutionally
approved IRB-protocol. Briefly, skin samples were treated with
dispase at 4 deg overnight to separate the epidermis from der-
mis. The epidermis were carefully peeled from the dermis with a
pair forceps, chopped into small pieces, and then digested with
trypsin for 5 to 10 min. The cell suspension was neutralized with
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10% fetal bovine serum/Dulbecco's modified eagle medium
(Life Technology, Grand Island, New York) and pelleted by cen-
trifugation at 12 krpm. The isolated cells were cultured at 37 deg
and 5% CO, with serum-free keratinocyte culture media, and
used at passage 2 for skin regeneration. All cell culture reagents
were purchased from (Invitrogen Life Technologies, Grand
Island, New York). So far, we have imaged grafts from three
cell lines: A2058, derived from a melanoma metastasis in
a lymph node (ATCC® CRL-11147™); WM-115, derived
from a primary (vertical growth phase) tumor in the skin of
a patient with metastatic melanoma (ATCC® CRL-1675™);
and SK-MEL28, derived from a primary tumor located in the
skin (ATCC® HTB-72™), These three cell lines were chosen
as a starting point because they are readily available, produce
measurable pigment, and exhibit invasive behavior.

These regenerated skin tissues were then xenotransplanted
onto immunodeficient mice (n =20, A2058; n =10, SK-
MEL28; n = 4, WM-115; and n = 2, control) and allowed to
heal for two weeks. During in vivo image acquisition, the
mice were anesthetized with isoflurane. To enhance optical pen-
etration, the grafts were treated with a 1:1 mixture of polyethyl-
ene glycol and propylene glycol.*' This clearing agent was
added in sufficient quantity to wet the graft shortly after anes-
thesia induction, and allowed to penetrate during the preparation
time before imaging, typically 15 to 30 min. A coverslip was
clamped on top of the graft to provide a clear window for im-
aging and to minimize motion artifacts. These experiments were
conducted in accordance with an animal protocol approved by
the Duke University Animal Care and Use Committee.

2.3 Melanin Specimens

For comparison with the in vivo response of hemoglobin, we
used previously published data from eumelanin and EDTA-
washed eumelanin.'>*

3 Results and Discussion

3.1 Simultaneous Multimodal Imaging With
Cellular Detail

Figure 2 shows in vivo images of a human skin xenograft with
SK-MEL-28 melanoma cells in two different areas of the graft,
with all three imaging channels acquired simultaneously. These
images were acquired with a 40 X 0.8 NA water immersion
objective. A brief description of the observed features follows
with the intent of comparing these imaging modalities with one
another. A comparison between the in vivo pump—probe and
histopathology is forthcoming.

Keratinocytes have a granular reflectance texture?? in the
reflectance channel in Figs. 2(a) and 2(g), and are recognized indi-
vidually in Figs. 2(b) and 2(h) by their fluorescent cytoplasm
and dark nuclei.*’ Comparing Figs. 2(d), 2(e), and 2(f), it can
be seen that the pump—probe provides high contrast in which
pigmented structures stand out from the background, and
more extensive pigmentation than can be discerned from the
other modalities—note particularly the bright cells in Fig. 2(f)
with branching cytoplasmic extensions (dendrites). Figure 2(i)
shows two pigmented cells with dendritic processes that are
indistinct in the other modalities (red arrows). Deeper in the
dermis, collagen is discernible from its characteristic reflectance
texture—compare Fig. 2(j) with Fig. 2(a)—and from its web-
like appearance in the second harmonic channel in Fig. 2(k).
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Fig. 2 Simultaneous in vivo multimodal imaging in two different regions of a graft. Depths selected in
region A are the superbasal layer of the epidermis at 15 um (a—c) and the basal layer at 40 um (d—).
Depths selected in region B are the basal layer at 50 ym (g—i) and the dermis at 70 um (j—-I). Confocal
images (a, d, g, and j) show texture typical of keratinocytes, collagen, and even blood vessels are
visible (cyan arrow). Autofluorescence/SHG signal images (b, e, h, and k) show individual keratinocytes,
dermal collagen fibers, and bright cells in the dermis that are not present in the other channels (green
arrow). Pump—probe images (c, f, i, and I) reveal pigment that is not apparent in the other channels
(red arrows) and blood vessels (cyan arrow). Acquisition times: (a—f) 2.1 min /512 x 512 frame; (g-I)

1.5 min /512 x 512 frame.

Figure 2(k) also shows pigmented bright cells (green arrow)
that are possibly fibroblasts (visible by SHG in the collagen
they produce**) or immune cells (visible by autofluorescence®).
Additionally, microvasculature is identified from its morphology
in the reflectance channel and from transient absorption of hemo-
globin in the pump—probe channel—see Figs. 2(j) and 2(1), cyan
arrows. In Figs. 2(c), 2(f), and 2(i), pigmented cell dendrites may
be distinguished from vasculature by their morphology—den-
drites extend from cell bodies and are thinner than the vasculature
observedinFig.2(1). Thisis validated by the different pump—probe
responses of melanin and hemoglobin in Sec. 3.3.

The structural information recorded in the autofluorescence
image provides an excellent context for the pump—probe image,
which specifically highlights pigment. Although it is generally
accepted that melanin provides a bright near-infrared confocal
reflectance signature,*® confocal reflectance microscopy does
not always reveal pagetoid melanoma cells that are obvious
in conventional histology;*’ it is unknown why this is so.
Comparing Figs. 2(d) and 2(e), it appears that the brightest fea-
tures in the near-infrared reflectance [Fig. 2(d)] correspond with
the brightest features in the multiphoton fluorescence channel
[Fig. 2(e)]. A hypothesized explanation that warrants further

Journal of Biomedical Optics

051012-4

investigation is that the brightest features in Fig. 2(d) might
actually be near-infrared emission instead of reflection.*3*’ The
presence of such a bright fluorescence might be an indicator of
cellular oxidative stress or photochemical transformations in
the melanin itself caused by exposure to intense laser light.*>>
This is discussed in more detail in Secs. 3.4 and 3.5.

3.2 Monitoring Tumor Growth With Wide
Field-of-View Pigmentation Surveys

Figure 3 shows wide field-of-view pump-probe images of
a xenograft (melanoma cell line WMI115), acquired with a
low-NA, low-magnification objective (10 X 0.25 NA), acquired
in 1 x 1 mm? tiles, with ~84 mW power delivered to the sample
(14-mW pump, 70-mW probe). The brightest features in the fluo-
rescence/SHG channel are keratin autofluorescence from the
albino mouse hair surrounding the graft. Some fluorescence/
SHG structure and detail can be seen within the graft itself,
but assigning these to particular fluorophores or collagen SHG
would require further information from the fluorescence lifetime
or wavelength dependence. The pump—probe images show the
extent of the pigmented lesion as it develops. There is a growth
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Fig. 3 Pump—probe imaging tracking tumor development over several weeks. Pump—probe delay is
280 fs. Grayscale: multiphoton autofluorescence and SHG signal collected by photomultiplier tube.
Red/yellow: pump—probe positive response. Blue/cyan: pump—probe negative response. Acquisition
times: 8th week, 13 s/512 x 512 tile, 3.5 min total; 9th week, 13 s/512 x 512 tile, 4.2 min total; 10th
week, 13 s/512 x 512 tile, 2.7 min total; 11th week, 6.4 s/256 x 256 tile, 1.7 min total.

from 8 to 10 weeks, and then emergence of a large, concentrated
tumor at 11 weeks. This large pigmented lesion appears to have
been preceded by a lesion at 9 weeks that was lightly pigmented
but was bright in the fluorescence/SHG channel. Establishing the
nature of the 9th-week lesion would have required a physically
disruptive punch biopsy, or more information from, e.g., a fluo-
rescence lifetime measurement.

3.3 Using Delay Stacks to Resolve Pigment
Content

The images presented in Figs. 2 and 3 were acquired at a single
probe delay, 280 fs, where the response of Sepia eumelanin is
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dominated by excited-state absorption (positive signal, shown in
red), and synthetic pheomelanin standard is dominated by
ground-state bleaching (negative signal, blue).'">*? A more
detailed picture of the pigment mixture can be obtained by
acquiring a series of images at different probe delays and ana-
lyzing the entire stack.

In our previous studies of thin biopsy sections of pigmented
lesions,'? the optical intensity of the pump and probe was low
(<1.25 mW total power with a 40 X 0.7 NA objective) in order
to ensure the transient absorption signal was linear with respect
to the pump intensity /,,, and linear with respect to the probe
intensity /

o 1-€., 8 o I 1. Indeed, at low intensity, we observe

May 2015 « Vol. 20(5)



Wilson et al.: Comparing in vivo pump—probe and multiphoton fluorescence microscopy.. .
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(b) Phasor plot

(c) Pump—probe signals
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Fig. 4 10x pump—probe delay stack. Approximately 84 mW delivered to specimen through 10 x 0.25 NA
objective, ~100 us pixel dwell time. (a) False-color image of pump—probe stack. (b) Phasor histogram (at
0.25 THz) with pixels having excited-state absorption response circled in red (region A), and ground-state
depletion response circled in green. (c) Averaged response from regions A and B. Signals normalized to
have root mean square value of 1. Acquisition time: 3 min for a 256 x 256 x 26 delay stack.

melanin signatures that are consistent with our observations in
thin tissue sections.'” Figure 4(a) shows a false-color pump—
probe image from a xenograft that was seeded with WM115
melanoma cells, acquired with a 10X objective under low
peak intensity conditions comparable to those in Fig. 3. The
false-color image was generated using phasor analysis at
0.25 THz,' which maps the pump-probe response of each
pixel onto a two-dimensional coordinate system (g, s) by
means of an overlap integral with sine and cosine functions.
The resulting phasor histogram is shown in Fig. 4(b), where pix-
els with similar pump—probe responses cluster together. Points
on the left-hand plane of the phasor histogram are dominated by
a negative (ground-state depletion) signal, while points on the
right-hand plane are dominated by a positive (excited-state
absorption) signal. The averaged responses for the regions
circled in red and green are shown in Fig. 4(c). In light of
our recent findings,*? the differences in the pump—probe
response could be attributable to the varying eumelanin/pheo-
melanin ratio, metal ion content, oxidation, or aggregation.
It is a matter of ongoing research to understand the relative
importance of these pigment chemistry-related parameters in
human tissue and their roles as possible indicators of disease.

To characterize the response of hemoglobin in vivo, under
our imaging conditions, we selected several delay stacks in
which the pump—probe signal originated from vascular struc-
tures, as shown in Figs. 5(a)-5(c). The corresponding phasor
histograms are shown in Figs. 5(d)-5(f). The averaged
pump—probe response of these images is compared with the
known response of eumelanin and EDTA-washed eumelanin
in Fig. 5(g). Although the difference is subtle, eumelanin has
a longer lifetime than hemoglobin. Figure 6 shows an applica-
tion of this finding in discriminating pigmented dendritic proc-
esses from vasculature by examining delay stacks acquired at
the same location as Fig. 2. Although the difference between
hemoglobin and the melanin signal is clear in this instance, it
may be impractical to resolve hemoglobin from melanin
under low-SNR conditions. However, swapping pump and
probe wavelengths hold promise as a future improvement.
This would produce a strong excited-state absorption from
both oxygenation states, in sharp contrast to the ground-state
bleaching we have observed from all melanins at 810/720.
Swapping wavelengths also adds the advantage of resolving
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hemoglobin oxygenation,’? but we do not do this routinely in
the interest of time. A dual-detector setup would make this
more convenient.

In addition to melanin and hemoglobin pigments, we have
also observed what appears to be a nonspecific, instantaneous
background signal. Figure 7 shows a few examples. A nega-
tive-signed background signal was found in 30% of the 781
delay stacks we have acquired to date, while a positive-signed
background signal was found in only 7% of the delay stacks.
Because this signal is relatively unstructured in the pump-
probe images and it has been observed in both the epidermis
and dermis, it is unlikely to have come from melanin pigment.
Pump—probe mechanisms that can produce instantaneous sig-
nals include stimulated Raman scattering, two-photon absorp-
tion, transient absorption/bleach/gain with exceedingly short
lifetimes, and cross-phase modulation. Raman is possible
because both the abundant keratin protein and the polyethylene
glycol we use as a topical clearing agent have strong peaks in the
vicinity of 1500 cm™! (the difference frequency of the 720-nm
pump and 810-nm probe). However, in our configuration, A, <
Apr constrains Raman signals to be negative-signed; therefore,
Raman is not a likely source for this background signal.
On the other hand, cross-phase modulation (i.e., Kerr lensing)
could, in principle, result in a positive- or negative-signed sig-
nal, depending on whether the details of the tissue’s optical
properties, spatial overlap of the beams, and collection apertures
result in an increase or decrease of scattered probe light reaching
the detector. Although further experiments will be necessary to
discern the source of this signal, it is important to keep in
mind when comparing pigment expression profiles of different
study populations that a large number of pixels will have a
negative instantaneous signal that is likely unrelated to melanin
expression.

3.4 Optical Intensity-Dependence of Melanin
Pump—-Probe Response

For diagnosing melanoma from pump—probe images of melanin,
the most important factor is choosing imaging parameters
(pump and probe wavelengths, etc.) that maximally expose
heterogeneous distributions of melanin chemistry.>® In our initial
studies on thin sections of biopsied tissue, we selected
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Fig. 5 Imaging of vasculature in vivo. (a—c) False-color images of three delay stacks that show clear
vasculature structure in pump—probe channel (sum across pump—probe delay shown in red); fluores-
cence/SHG overlaid in grayscale for context. (d—f) Corresponding phasor histograms (0.25 THz) of
in vivo hemoglobin response. (g) Averaged in vivo hemoglobin response for each of the images
shown (red lines), compared with eumelanin and EDTA-washed eumelanin pump-probe response
(black lines). Scale bars 50 um. Acquisition times: (a) 3 min for 256 x 256 x 26 delay stack;
(b) 11 min for 256 x 256 x 26 delay stack; and (c) 3 min for a 256 x 256 x 26 delay stack.
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Fig. 6 Comparison of pump—probe response of vasculature with pigmented cell and its dendrites.
(a) False-color image (positive summed signal red, negative summed signal blue) generated from a
delay stack acquired near the region shown in Figs. 2(j)—2(l), showing vasculature. (b) False-color
image generated from a delay stack acquired near the region shown in Figs. 2(d)-2(f), zoomed-in to
show a pigmented cell and its dendritic extensions. (c) Averaged pump—probe responses of the regions
outlined in (a) and (b). Signals normalized to have root mean square value of 1. Scale bars 50 um.
Acquisition times 12 min for each 512 x 512 x 55 delay stack.

ﬂpu =720 nm and /Ipr = 810 nm, because at these wavelengths,
eumelanin and pheomelanin exhibit nearly orthogonal pump—
probe responses.!> Recently, we have found that the pump-—
probe response of melanins also depends on applied optical
intensity.*? Increased intensity tends to increase the contribution
of excited-state absorption in both eumelanin and pheomelanin,
potentially diminishing contrast. There, we also reported that
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a total applied power of >1 mW irreversibly modifies black
hair melanin so as to permanently increase the proportion of
excited-state absorption. The mechanisms for this change are
unknown, though they might be related to activation of step-
wise-excited fluorescence**>*5 or melanin photoionization
(see Sec. 3.5). Note that the 10 to 100 mW typically used for
in vivo multiphoton imaging far exceeds this 1 mW threshold.
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Fig. 7 Examples of instantaneous “background” signal in pump—probe images. Left column: multiphoton
fluorescence/SHG. Middle column: pump—probe image at time-overlap. Right column: pump—probe sig-
nal for highlighted regions of interest. Scale bars 100 um. Acquisition times: (a—I) 3 min /256 x 256 x 26
delay stack; (m—o0) 6 min for a 256 x 256 x 26 delay stack.

In other experiments, where we image thin histology sections in
transmission mode, we currently restrict the power to 0.5 mW
total to avoid these intensity-dependent effects. However, this is
too little power to see a useful signal in vivo, which relies on
collecting the small portion of probe light that is backscattered
after the focal spot.>

Here, we observe a similar intensity-dependent loss of con-
trast in our in vivo experiments, though the exact power depend-
ence and damage thresholds are difficult to determine because a
variable amount is lost to scattering and absorption in the tissue.
Figure 8 shows this effect in a series of delay stacks acquired at
different probe power levels: 7, 24.5, and 70 mW. The pump
power was fixed at 9.8 mW (the maximum from the OPO
on that day). The distributions of pump—probe responses for
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each pixel in the delay stack are shown as phasor histograms>!

in Figs. 8(f)-8(d). As with Fig. 4(b), pixels that fall on the left
half of the phasor histogram are dominated by ground-state
depletion, while pixels that fall on the right half are dominated
by excited-state absorption. It can be seen from Fig. 8 that
increasing the probe power causes the melanin signal to shift
toward a higher proportion of excited-state absorption, consis-
tent with our previous findings.*?

Whether these shifts are accompanied by cumulative, irre-
versible changes and damage** remains to be seen. If so, the
pump—probe response itself would evolve during stack acquis-
ition, which would have an effect similar to that of photo-
bleaching on fluorescence lifetime imaging.’” In either case, the
intensity dependence of melanin’s pump—probe response will
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Fig. 8 Repeated imaging at varying optical intensity in a xenograft with A2058 melanoma cells at 36 days
after the transplant. (a—c) False-color images (positive signal red, negative signal blue) of same region,
imaged at fixed 9.8 mW pump and varying probe power level. (f-d) Corresponding phasor histogram
showing a shift in pump—probe response distribution with varying power level. (g) Comparison of aver-
aged pump-probe responses, showing a shift toward excited-state absorption with increasing probe
intensity. Scale bars 100 zm. Acquisition times: 6 min /256 x 256 x 26 delay stack.

be an important factor in all in vivo and epi-mode pump—probe
imaging, unless significant improvements can be made in detec-
tion sensitivity. Such improvements might be possible with
a large-area photodiode mounted directly underneath the objec-
tive.® It might also be possible to compensate for intensity-
dependent effects with an accurate measurement of power
delivered to the focal plane, if the intensity dependence of mela-
nin were well-characterized. However, such compensation may
be impractical in thick tissue in which an unknown amount of
light is lost to scattering and absorption.

3.5 Melanin’s Optical Response at High Intensity

This preclinical mouse model allows for the investigation of the
effects of excessive optical intensity without the risk of harming
human subjects. The primary concern in using high repetition-
rate (MHz) lasers to image pigmented skin lesions is from ther-
mal damage.’® This can lead either to imaging artifacts or to
damage of the pigmented cells and surrounding tissue. Of the
image stacks we have acquired with >50 mW incident power,
we have observed damage (e.g., cavitation) during imaging in
only 7% of the cases (in 73 out of 1079 image stacks); 90% of
the time, the damage was no deeper than the stratum corneum
(in 66 out of 73 stacks showing damage).

One effect of local heating on pump—probe spectroscopy is a
long-lived signal that manifests itself as a signal in the lock-in Y
channel and a baseline offset visible in the lock-in X channel
at negative probe delays (z < 0).* In some instances, we have
also observed rapid fluctuations in both the pump—probe and
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fluorescence channels. This “twinkling” is also accompanied
by a bright signal on the photomultiplier tube, and has a
grainy appearance in still frames in both the pump—probe and
fluorescence images, as shown in Figs. 9(A) and 9(B).
Possible explanations for this phenomenon include “activated
melanin fluorescence,’*> oxidation or photodamage,42’50 or
plasma generation through multiphoton ionization, which is
known to generate intense luminescence.>® In unpigmented tis-
sue, multiphoton ionization with ~800 nm light is a five-photon
process with a threshold of 1.2 x 10'® W/cm?.%° Neglecting
scattering and absorption losses, the conditions here would
generate a peak intensity of 5x 10'> W/cm?, which is
(1.2/0.5)° = 80 x less likely to generate plasma compared to
the at-threshold intensity. However, in densely pigmented tissue,
this threshold may be significantly lower, especially considering
the presence of long-lived electronic states in melanin that
enable multiphoton absorption even with continuous-wave near-
infrared light 3*>°

Another artifact that arises from high optical intensity is a
change in the sign of the pump—probe signal when the pigment
is out of focus. Figure 9 shows a growing network of A2058
melanoma cells imaged at different focal depths. The signal
at zero probe delay (z = 0) is positive (red/yellow) when the
cells are in focus, but turns negative (blue/cyan) when the cells
are out of focus. This sign-flip anomaly is relatively rare: we
have observed it in about 8% of the pump—probe z-stacks we
have acquired in vivo (in 50 out of 619 z-stacks acquired). One
might compensate for this artifact by averaging the response
over different focal planes.
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Fig. 9 z-stack of pigmented cells under high-intensity illumination (approximately 85 mW total power
delivered to specimen through a 20 x 0.7 NA dry objective, 25 us pixel dwell time). Top row: multiphoton
fluorescence/SHG; bottom row: pump—probe at zero time delay. In the most densely pigmented regions,
fluorescence/SHG image shows bright, grainy appearance (A), while pump—probe image shows bright,
grainy, positive, and negative fluctuating signals (B). Although pump—probe signal is primarily positive
(red/yellow) when in-focus, indicating eumelanin, the pump—probe signal is negative (blue) when focal
plane is below (C) and above (D) the pigment. Scale bar 50 um; all images have same scale. Acquisition

times: 13 s/512 x 512 frame.

3.6 Comparing Pump—Probe Signatures From
Different Groups

One of the motivations for this instrument development work is
to determine whether different melanoma cell lines have differ-
ent in vivo pump—probe signatures. So far, to that end, we have
imaged xenografted mice with three different cell lines: A2058
from a lymph node metastasis; and SK-MEL-28 and WM115,
both from vertical growth phase primary tumors. Figures 10(a),
10(b), and 10(c) show the overall pigment expression of each of
these cell lines in the form of cumulative phasor histograms,
generated from the collection of pump—probe delay stacks
acquired to date (only pixels above a signal-to-noise threshold
of 0.25 are included). Pixels that fall in the upper-right quadrant
(g > 0,5 > 0) represent an excited-state absorption response
attributable to a eumelanin-like pigment (see Fig. 4) or hemo-
globin (see Fig. 5). However, hemoglobin is unlikely to be
a significant contributor to these phasor histograms in Fig. 10
because very few of these images contain any discernible
vascular structure. Pixels that fall in the lower-left quadrant
(g <0, s <0) represent negative-signed signals, such as pheo-
melanin-like pigment (see Fig. 4) and the spatially diffuse,
nonmelanin, negative signal shown in Fig. 6. As discussed in
Sec. 3.3, the origin of this negative signal is uncertain, so the
following discussion will focus on the melanin pigment signa-
tures in the upper-right quadrant.

In order to compare the pump—probe response distributions
acquired from individual mice, contour lines were rendered
around the 50% level of each mouse’s phasor histogram (the
histograms were first smoothed by a 3 X 3 neighborhood mov-
ing average filter), and then plotted in a different color for each
mouse. Only mice that had at least 10,000 above-threshold
pixels were included. Figures 10(d), 10(e), and 10(f) show
the results, zoomed-in to the upper-right quadrant. Although
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there is considerable variation from one mouse to another,
there appears to be a difference between the pigment produced
by melanoma cells that originated in a lymph node metastasis
[Fig. 10(d)] and pigment produced by melanoma cells that origi-
nated in a primary tumor [Figs. 10(e) and 10(f)]. These results
should be interpreted with caution, though, because throughout
the time course of these experiments, the apparatus was modi-
fied and improved and different power levels were used.
However, Fig. 10 does clearly demonstrate that phasor analysis
of in vivo pump—probe images can be used to compare pigment
signatures between different groups.

The main challenge in future experiments will be to control
for the intensity-dependent effects discussed in Secs. 3.4 and
3.5. Possible solutions are to regulate the optical power
delivered to the focal plane, compensate for intensity-dependent
effects in postprocessing, or separate linear from nonlinear
contributions using a multiharmonic lock-in approach. Precise
regulation of optical intensity may be impractical in thick
tissue (such as the human skin xenografts presented here)
because an unknown amount of power is lost to scattering and
absorption before the focal plane. However, native mouse skin is
significantly thinner than human skin. Even though mouse and
human skin differ in terms of morphology, an all-mouse model
might be more appropriate for the purpose of studying the
underlying molecular connections between malignancy and
pigment chemistry. To that end, in vivo pump—probe imaging
experiments in a genetically modified mouse model have
been conducted, and will be the subject of a future manuscript.

4 Summary and Conclusions

We have demonstrated a multimodal in vivo imaging approach
that integrates reflectance confocal, multiphoton fluorescence
and SHG, and pump—probe microscopy into a single instrument.
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Fig. 10 Top row: cumulative phasor histograms. Bottom row: phasor contours, zoomed into upper-right
quadrant (positive pump—probe signals only). Each color represents the 50% contour of a cumulative
phasor histogram for a different animal. Left: A2058 cell line, sourced from a lymph node metastasis.
Center: SK-MEL-28 cell line, sourced from primary tumor. Right: WM115 cell line, sourced from a vertical
growth phase primary tumor with confirmed metastases.

This multimodal imaging system is able to track the growth of
pigmented lesions over time in a xenograft human melanoma
model on mice. Although the other channels provide structural
information, only the pump—probe imaging channel provides
pigment-specific pigment contrast, allowing visualization of
pigmented lesions from the microscopic scale of single cells
and dendrites up to the mesoscopic scale of overall lesion
structure.

Pump—probe can also obtain time-resolved pigment signa-
tures that are the product of a number of pigment chemistry-
related parameters (e.g., eumelanin/pheomelanin content,
metal ion content, aggregation size) that are possible indicators
of disease. However, the primary obstacle to quantitative analy-
sis is the nonlinear optical response of melanin, which changes
the time-resolved pump—probe trace as a function of optical
intensity. Any attempts to correlate the in vivo pump—probe
response with disease state and lesion progression should
take this account into consideration. One method to minimize
these effects is to keep the optical intensity low and maintain
consistent power levels when comparing sets of data. However,
lower power comes at the cost of reduced SNR in all imaging
modalities. In addition, it would be extremely challenging to
maintain the same intensity at every imaging plane in thick
tissue, because an unknown amount will be lost to scattering
and absorption in the upper layers of the tissue. It may be
possible to use other methods, such as multiharmonic lock-in
detection,®%? to separate the linear and nonlinear components
of the pump—probe response.
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In addition, it should be noted that the ~10 to 100 mW power
levels used here and in other multiphoton skin imaging tech-
niques far exceed the 1 mW required to irreversibly modify
the pump—probe response of melanin.*? Again, the exact amount
of power reaching the pigment in thick scattering tissue is
unknown, but it is a potential concern. It is also known that
exposing melanin to intense near-infrared pulses can signifi-
cantly increase fluorescence.”* The susceptibility of melanin
to optically induced changes is affected by iron content;*
other factors, such as DHI/DHICA and eumelanin/pheomelanin
ratio, may contribute. Although thermal mechanical damage
from ultrafast pulses in pigmented cells has been character-
ized,”® further studies should be conducted to determine the
risk of more subtle and long-term damage from interactions
between melanin and ultrafast near-infrared pulses.

Finally, the ability to track changes in pigmented lesions over
time and the ability to resolve the morphology of individual cells
may provide the opportunity to accomplish longitudinal studies
that would be impossible with histopathology, with potential
applications in assessing surgical margins. In addition, the
use of melanin as the imaging contrast agent may provide
insight into some of the biochemical mechanisms responsible
for early tumor formation, metastasis, and even drug resistance.
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