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Multi-photon microscopy (MPM) and coherent anti-Stokes Raman scattering (CARS) are two
advanced nonlinear optical imaging techniques, which provide complementary information and
have great potential in combination for noninvasive in vivo biomedical applications. This paper
provides a detailed discussion of the basics, development and applications of these technologies
for in vivo skin research, covering the following topics: The principle and advantage of MPM and
CARS, instrumentation development for in vivo applications, MPM and CARS of normal skin,
application of MPM and CARS in skin cancer and disease diagnosis; application of MPM in skin
disease intervention, i.e., imaging guided two-photon photothermolysis.
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1. Introduction

Multi-photon microscopy (MPM) is a nonlinear
optical imaging technique based on multi-photon
absorption. Since its inception about three decades
ago by Webb et al.,1 it has been widely used in a
number of ¯elds, including molecular biology,1–3

cellular biology,4,5 tissue biology,6,7 neuron science,8–15

developmental science,16 skin science17–23 and

immunology.24–27 Coherent anti-Stokes Raman
scattering (CARS) is another nonlinear optical im-
aging technique which can provide complementary
chemical information.28–30 It has been proven that
CARS is particularly useful for imaging non°uo-
rescent biological molecules such as mapping lipid
compartments, protein clusters and water dis-
tributions in cell tissue cultures.31–33 Currently, the
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state-of-the-art CARS microscopy has high enough
sensitivity to detect single lipid bilayers.34,35 It has
been used for in vivo studies of mouse skin36 and
human skin.37 In this paper, we will present the
basics, development and applications of MPM and
CARS technology for in vivo skin research. It is
structured as follows: Principle and advantage of
MPM and CARS; instrumentation development for
in vivo applications; MPM and CARS of normal
skin; application of MPM and CARS in skin cancer
and disease diagnosis; application of MPM in
skin disease intervention, i.e., imaging guided two-
photon photothermolysis.

1.1. Principle of MPM

The principle of MPM can be illustrated by a sim-
pli¯ed Jablonski diagram, as shown in Fig. 1(a). In
the process of conventional single photon excitation
°uorescence (SPF), the molecule in the ground state
absorbs a single photon (!) and is excited to a
singlet state. The molecule in the singlet state is
unstable. It drops back to the lowest energy level of
the excited state after some internal thermal re-
laxation and then returns to ground state by emit-
ting a new photon (in a time scale of nanosecond).
The newly emitted photon usually has lower energy
than the incident photon (! 0 < !). The SPF in-
tensity is linearly dependent on the excitation light
intensity. The process of two-photon excitation
°uorescence (TPF) is similar to that of SPF, but
instead of absorbing a single photon, the molecule in
the ground state needs to absorb two photons (2!)

simultaneously (in a time scale of 10�15 sec) in order
to be excited to the singlet state. The emitted
photons in TPF usually have lower energy than the
total energy of the two incident photons (! 0 < 2!).
For some noncentrosymmetric molecules such as
collagen or muscles,38–43 there is a second harmonic
generation (SHG) process, in which the molecule in
the ground state is excited to a virtual state by
\scattering" two photons simultaneously. In the
process of SHG, the emitted photon has energy
exactly twice of the excitation photon (! 0 ¼ 2!).
The TPF intensity and the SHG intensity have a
nonlinear, quadratic dependence on the excitation
intensity. Similarly, molecules in the ground states
can absorb simultaneously three photons and gen-
erate three-photon °uorescence (! 0 < 3!) or third
harmonic generation signals (! 0 ¼ 3!).44 The life-
times of di®erent °uorophores also vary, which
provides the contrast for time-resolved °uorescence
lifetime imaging (FLIM). Two-photon-based FLIM
has been used to study a number of skin conditions.45–48

1.2. Principle of CARS

The principle of CARS can be illustrated by a
simpli¯ed Jablonski diagram, as shown in Fig. 1(b)
including spontaneous Raman scattering. Di®erent
from °uorescence which measures the absorption
properties of molecules in the singlet states,
both spontaneous Raman and CARS measure the
molecular vibrations at the ground state (�Evib

in Fig. 1(b)). Spontaneous Raman scattering is
a single-photon process, where the Raman signal

(a) (b)

Fig. 1. Jablonski diagram for MPM (a) and CARS (b) process, including single-photon °uorescence (SPF), two-photon °uores-
cence (TPF), second harmonic generation (SHG), spontaneous Raman scattering and CARS. ! and ! 0 represent excitation
and emission beam in MPM process. !p, !s and !as represent pump, Stokes and anti-Stokes beam in CARS process. �Evib:
Energy di®erence between two sub-states. Dashed line represents virtual state. MPM: Multi-photon microscopy. CARS: Coherent
anti-Stokes Raman scattering.
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intensity is linearly dependent on the excitation
intensity (Ip), while CARS is a four-wave mixing

process, which requires a pump beam (!p) and a

Stokes beam (!s). When the Raman shift !p–!s is

tuned to be resonant with a given vibrational mode
(�Evib), a resonantly enhanced CARS signal (!as)
is observed at the anti-Stokes frequency of 2!p–!s in

the phase matching direction. The wavelength of
CARS is blue-shifted with respect to the pump and
the Stokes beams. CARS intensity is quadratically
dependent on the excitation (pump) intensity, given

in Refs. 28 and 30: ICARS / j�ð3Þj2I 2
pIs, where Ip and

Is are the intensity of the pump and Stokes beams,

�ð3Þ is the third-order nonlinear susceptibility. �ð3Þ

has one resonant term �
ð3Þ
R and one nonresonant

term �
ð3Þ
NR, given by �ð3Þ ¼ �

ð3Þ
NR þ �

ð3Þ
R

��i� where � is

the frequency detuning: � ¼ !P � !s � �R, and �R

is the center frequency of a homogenously broad-
ened Raman line with bandwidth �. It is di±cult if
not impossible to implement background-free
CARS signal due to the nonresonant term.

1.3. Advantages and limitations of
MPM and CARS

MPM relies on contrast of TPF and SHG; CARS
relies on molecular vibrations; therefore both mo-
dalities provide complementary information. The
advantages and limitations of these techniques are
summarized in Table 1. The major advantages are
as follows:

(i) Both modalities are not a®ected by the °uo-
rescence background that is associated with
SPF or spontaneous Raman process because
the MPM or CARS signals are on the shorter
wavelength side of the excitation beam;

(ii) The excitation for MPM and CARS is usually
in the near infrared range (700–1500 nm),
which is much less scattered or absorbed than
shorter excitation wavelengths in single-photon
excitation process, therefore it is possible to
implement deep tissue imaging49;

(iii) Both modalities are inherently depth-resolved
without the need for a multi-scattering light-
rejecting confocal pinhole because they require
absorption or scattering of multi-photons si-
multaneously in the focal volume;

(iv) Concurrently, because there is no limiting
pinhole in none descanned MPM or CARS
system, the signal is much stronger and the
acquisition time is much shorter than confocal
con¯guration21;

(v) Because the intensity of TPF and CARS is
quadratically dependent on the excitation
(pump beam for CARS), both modalities have
higher signal-to-noise ratio and less photo
damage compared to their respective single-
photon excitation process.30 However, they all
also have their own respective limitations:
MPM is a®ected by the photobleaching e®ect
at the focal point; CARS is limited by the
background due to the nonresonant term in the
susceptibility. Both techniques also require
complicated and costly laser sources and sys-
tem setups.

2. Instrumentation and Characterization
of MPM and CARS for In Vivo

Applications

2.1. Instrumentation

A typical MPM or CARS system can be schemati-
cally illustrated in Fig. 2. It is typically composed of

Table 1. Advantages and limitations of MPM and CARS.

Properties MPM CARS

Imaging contrast TPF, SHG Molecular vibrations
Fluorescence background Not a®ected Not a®ected
Imaging depth Deep Deep
Depth-resolved capability Yes Yes
Photobleaching e®ect A®ected Not a®ected
Photodamage e®ect Low Low
Compared to confocal con¯guration Higher signal-to-noise ratio Higher signal-to-noise ratio
Laser source Near-infrared single laser source Near-infrared sophisticated light source
Cost High High
Background Free Not free due to nonresonant term
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a laser source, an x-y scanner, an objective and a
photo-multiplier tube (PMT) or an avalanche
photodiode (APD) detector. Depending on the lo-
cation of the detectors, it can be divided into des-
canned and nondescanned systems. A descanned
system has the detector located after the x-y scan-
ners, which is equivalent to a confocal microscope.
The image of the signal on the detector does not
depend on the x-y scanner, therefore a detector with
a small aperture such as APD or a spectrometer can
be used. Most of the earlier versions are descanned
systems. A nondescanned system has its detector
placed before the x-y scanners. The image of the
signal on the detector depends on the position of the
x-y scanner. Therefore, a large detector is com-
monly required in nondescanned system, which is
more e±cient than descanned system. It was found
that the signal collection e±ciency in a nondescanned
system is about one or two orders higher than a des-
canned system.50 Therefore, a nondescanned system is
more suitable for in vivo applications.

MPM system. The ¯rst working version of
MPM was adapted from a laser scanning confocal
microscope.1 Since then a number of MPM systems
have been proposed but the main components

remain similar. Young et al.51 provided a pragmatic
guide to build a customized MPM system. Lefort
provided a detailed review of laser source for MPM
system.52 Zinter et al.53 and Stoltzfus et al.54 pro-
vided techniques for optimizing collection e±ciency
of MPM systems, respectively. A number of com-
mercial MPM systems are currently available that
are pushing this technology into di®erent biomedi-
cal research fronts.55

CARS system. The ¯rst CARS microscope was
proposed by Duncan et al. in 1982,56 which relied on
a noncollinear pump and Stokes beams originating
from visible pulsed lasers. It has been substantially
improved over the years after its initial discovery.57

Both picosecond and femtosecond lasers have
replaced previous pulsed lasers.58,59 Recently, Xie
and his colleagues developed a novel CARS mi-
croscopy that has high spatial resolution and im-
aging speeds, which has been widely used in biology,
life sciences and medicine.28,30,57 As shown in
Sec. 1.2, one limitation of CARS is the nonresonant
background (NRB), which restricts the spectral
accuracy, systematic sensitivity and imaging con-
trast. In order to increase CARS contrast, a number
of techniques have been proposed to suppress the
NRB noise. One method is called E-CARS, in which
the signal is detected in the epi-detection. CARS is
a four-wave mixing process and the signal is usually
in the forward direction. However, for highly scat-
tered media such as skin, the forward CARS signal
can be scattered back and collected in the epi-
direction.60,61 Another technique is called P-CARS
for polarization-sensitive CARS detection. This meth-
od originates from di®erent polarization properties
of the resonant and nonresonant signals.62–64

A third method is called T-CARS for time-resolved
CARS detection. This technique utilizes an ultra-
short pulsed laser as excitation, so that the resonant
and nonresonant contributions are isolated in the
time domain.65,66 Usually, CARS is generated by
two synchronized pulsed lasers. In order to simplify
the laser system, a high-power picosecond oscillator
with highly doped ¯bers for broadband Stokes
generation has been proposed.67 Photonic crystal
¯bers (PCFs) and a single femtosecond (fs) oscilla-
tor have also been adopted successfully.68,69 When
this method is applied by optimally chirped pulses,
it creates a functioning multimodal CARS micro-
scope that allows for optimal CARS performance
while in the meantime recording TPF and SHG
signals.70 Picosecond pulse CARS system has higher

Fig. 2. Block diagram of a typical descanned and non-
descanned MPM/CARS system. In descanned MPM/CARS
system, the detector is placed behind the scanner. The position
of the signal beam on the detector does not move during the
scanning process. In nondescanned MPM/CARS system, the
detector is placed right behind the objective (in front of
the scanner). The position of the signal beam on the detector
moves according to the scanning pattern. A large-area detector
is required in nondescanned MPM/CARS system. The tele-
scope lenses are used to expand the scanning beam which
over¯lls the back aperture of the objective in order to fully use
the numeric aperture of the objective. The two dichroic mirrors
are used to separate the excitation beam and the signal beam.
The two dichroic mirrors are not used at the same time as
indicated by dashed and solid lines, respectively.

J. Zhao et al.

2230018-4



spectral resolution and favorable signal-to-back-
ground ratio using epi-detection geometry, polari-
zation-sensitive detection and time-resolved CARS
detection.60

Combined MPM and CARS system. Both
MPM and CARS were developed based on the
con¯guration of confocal microscopy. They share
similar system con¯gurations, as shown in Fig. 2,
but with di®erent laser sources and ¯ltering optics.
Therefore, both MPM and CARS can be combined
into a single multimodal system.37,71 Such a system
has been used for imaging of normal skin, diseased
skin and cancerous skin in vivo.37,72–75

2.2. System characterization

Resolution. The resolution of a MPM or CARS
system is a very important parameter, which
determines the optical sectioning capabilities of the
system. Both the lateral and axial resolution can be
predicted theoretically, which depends on the nu-
merical aperture of the objective and the excitation
wavelength.76 However, because tissue scattering to
the excitation light blurs focusing, the resolution is
poorer than the theoretical prediction. The axial
resolution of an MPM or CARS system is usually
determined experimentally by measuring the signal
of a thin layer of material or °uorescent beads.57,77

For most biological applications of MPM or CARS
systems, the lateral resolution is around 0.5�m, and
axial resolution is 1–5�m. Over the years, there are
a number of techniques proposed for super-resolu-
tion microscopy,78 but it seems they are hard to be
applied to in vivo human skin.

Field of view. The ¯eld of view (FOV) deter-
mines the area that can be imaged by MPM or
CARS. Generally speaking, large FOV is very
bene¯cial for many in vivo applications. It is de-
termined by the focal length of the objective
(magni¯cation) and the scanning angle at the back
aperture of the objective. Large FOVs (> mm) re-
quire low-magni¯cation objective which has low-
light collection e±ciency. There are a number of
methods proposed for improving the FOV of MPM
and CARS systems. For example, McMullen
et al.79,80 proposed a ring detector to increase the
collection e±ciency in large FOV imaging. Tsai
et al.81 proposed a method that replaces singlet with
compound scan lenses to minimize aberrations for
ultra-large FOV imaging. Stirman et al.82 and
Grewe et al.83 proposed respectively a method for

wide FOV brain imaging. However, none of these
techniques are easily applicable for the highly
scattering skin tissue. Generally, the FOV for skin
imaging is 500�m� 500�m. Balu et al.84,85 repor-
ted an MPM system for skin imaging with a FOV of
800�m� 800�m and lateral resolution of 0.5�m by
optimizing the optics. Recently, they reported a
fast, large area multiphoton exoscope (FLAME) for
in vivo skin research which could provide high res-
olution depth-resolved images up to centimeter
scale FOV.86,87

Imaging Speed. Imaging speed is one of the
most important parameters for an in vivoMPM and
CARS system. Imaging at fast frame rates is crucial
to reduce image blurring due to patient motion and
to provide practically short clinical measurement
times. Earlier versions of MPM and CARS systems
were converted from confocal microscopes and using
photon counting detection method with slow im-
aging speed, which hampered their application for
in vivo studies. Over the years, there are a number
of techniques proposed for improving imaging
speed, such as polygonal mirror scanners,88 galva-
nometer scanners,89 line scanners,90 acoustic optical
de°ectors,91 micro-lens-array-based scanners,92–97

and xy resonant scanners.98–100 Systems with po-
lygonal mirror scanners and galvanometer scanners
can achieve a frame rate up to 11 frames per second
(fps).88 Systems with line scanners can achieve a
frame rate up to 30 fps, but the axial resolution is
highly compromised, particularly for skin tissue.90

Multifocal MPM system can achieve a frame rate
from a few fps up to 600 fps. However, this type of
instrument is usually in a descanned con¯guration,
which is limited to exogenous °uorophores or low
scattering medium. Recently, we have built the ¯rst
video-rate multimodal MPM imaging systems based
on raster resonant scanning and analog electronics
detection for in vivo skin imaging at a frame rate up
to 27 fps without the use of exogenous contrast
agents.100,101 Using this system, in vivo SHG and
TPF images and videos could be acquired from the
skin surface down to the reticular dermis.

Imaging Depth. The imaging depth of the
conventional nondescanned and descanned MPM
and CARS system is still limited, usually up to the
top 100–200�m. A number of techniques were
proposed for deep tissue imaging, but none of them
were seen for in vivo deep skin imaging. For exam-
ple, Combs et al.102–104 proposed a system using a
parabolic light re°ector to implement total emission
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detection (TED) in both the transmission or re-
°ection mode, which improved the signal-to-noise
ratio by 10 fold. Engelbrecht et al.105 proposed a
supplementary ¯ber optic light collection system
surrounding the objective for enhanced °uorescence
imaging, which improved the signal gain by four-
fold. Crosignani et al.106–109 proposed a method for
deep tissue imaging using a wide area detector,
which was capable of imaging up to a few milli-
meters. McMullen et al.79,80 proposed a circumfer-
ential ring detector based on ¯ber optics to enhance
collection e±ciency in large ¯eld-of-view multi-
photon microscopy, which could increase the
amount of collected signal by 20 fold. Singh et al.110

compared the performance of a number of objective
lenses and provided a framework for choosing
objectives for multiphoton microscopy in turbid
samples. Vucinic et al.111 proposed a number of
hybrid re°ecting objectives for deep °uorescence
imaging in turbid media. All these designs reported
thus far are limited to exogenous °uorophores,
biological phantoms or low-scattering biological
tissues. It would be interesting to explore these
techniques for in vivo deep skin imaging by col-
lecting the emission signals as much as possible.

3. Evaluation of Normal Skin by MPM

and CARS Imaging

Ex vivo studies of skin have been conducted to ¯nd
the origin of the signals. Pena et al.112 measured a
histological section of human skin by MPM system
using 860 nm excitation. It was found that epider-
mis had strong TPF without SHG, whereas dermis
had strong SHG with intermediate TPF signals.
The TPF signal of epidermis was mainly attributed
to keratin, and the intermediate TPF signal in
dermis was attributed to elastin. Collagen had
measurable TPF signals only under excitation
wavelength below 800 nm.113 Chen et al.39 system-
ically studied the spectral properties of ex vivo
human skin using a tuneable femtosecond laser be-
tween 790 nm and 830 nm and similar results were
obtained. The optimal excitation wavelength for
SHG of dermal collagen was found to be 800 nm,
similar to the results of extracted collagen sam-
ples.114 In a backward imaging mode for a bulk
tissue, both the TPF and SHG signal of ex vivo
human skin dermis decreased monotonically with
skin depth.115

Believe it or not, the ¯rst application of MPM in
skin was an in vivo study.21–23 The features of TPF
and SHG for in vivo human skin are similar to those
of ex vivo bulk tissue, but the quality of the in vivo
images was not as good as those in the ex vivo
studies, probably due to movement in the mea-
surement. After the reported video-rate MPM sys-
tem based on resonant scanners, the imaging
quality of in vivo skin images is substantially im-
proved.100 An image stack of human skin in vivo
using the video-rate MPM system is shown in
Fig. 3.100 It was an in vivo dorsal forearm skin
under 740 nm excitation (80MHz, 150 fs, FOV
200�m� 200�m). No TPF was observed for the
cell nuclei. Cellular cytoplasm showed strong TPF
probably due to NADH. Cell size decreased with the
depth, from around 15–20�m in diameter at depth
about 25–30�m to 8–10�m in diameter at depth
about 40–50�m. The basal cell layer at the top of
the papillary dermis also showed higher TPF,
probably due to melanin °uorescence. The two-
photon imaging of dermis was di®erent from other
skin layers, with the connective structures from
TPF of elastin ¯bers and SHG of collagen ¯bers.
Similar to ex vivo studies, in vivo measurement
con¯rmed that epidermis had no SHG signal.

CARS was mainly used to study lipid and pro-
tein distribution in skin. The symmetric stretch vi-
bration of lipids at 2845 cm�1 and asymmetric
stretch at 2884 cm�1 were usually used for imaging
as these are the strongest peaks of lipid, but other
peaks could also be used in CARS imaging by
properly choosing the pump and probe conditions.30

Evans et al.30,36 ¯rst reported a study of mouse ear
tissue in vivo, in which bright polygonal patterns
were found in the stratum corneum at the skin
surface, due to lipids, ceramides and cholesterol.
Sebaceous glands were usually seen at 20–40�m
from the skin surface, where they are packed in tiny,
micrometer sized sebum reservoirs that have CH2-
rich triglycerides and wax esters. The authors in
Ref. 116 also reported a longitudinal three-dimen-
sional in vivo imaging of sebaceous glands in re-
sponse to cryotherapy. CARS imaging of normal
human skin was also reported, where the distribu-
tion of lipid and water in di®erent skin layers were
measured.37,72 Combined MPM and CARS imaging
of normal skin were also studied, where comple-
mentary information from di®erent skin layers were
identi¯ed.37,71,72,75
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4. MPM and CARS for Skin Cancer and

Skin Disease Diagnosis

Skin cancer is a very common malignancy, including
melanoma, basal cell carcinoma (BCC) and squa-
mous cell carcinoma (SCC). Both MPM and CARS
have been explored in skin cancer and skin disease
diagnosis. The major characteristics of normal skin
and skin cancers are summarized in Table 2.

4.1. BCC

Lin et al.117 ¯rst reported the studies of nodular
BCC histological slices at 760 nm excitation using
ex vivo MPM system. It was found that nodular
BCC tumor cells have low two-photon °uorescence
and large non°uorescent nuclei. The SHG signals
from cancer stroma decreased, indicating a disrup-
tion or de¯ciency of the triple-helical collagen
¯bers.117 Later on, Paoli et al.118 reported the MPM
properties of ex vivo bulk tissues of nonmelanoma
skin cancers and the surrounding normal skin at
excitation of 780 nm. The morphologic features of
all the perilesional normal skin agreed well with
those of normal skin.19,22,23 Cicchi et al.119 and De
Giorgi et al.120 reported the diagnosis of BCC ex
vivo using MPM and FLIM. It was found that all

types of BCC lesions showed a blue-shift in °uo-
rescence emission and a higher °uorescence lifetime
than normal skin. Seidenari et al.121–123 studied
BCC and melanoma ex vivo by MPM and FLIM
and proposed nine descriptors for BCC discrimina-
tion. Patalay et al.124 reported BCC ex vivo using
multispectral FLIM imaging and an area under re-
ceiver operating characteristic curve (ROC) as high
as 0.83 was achieved. Similar to what was found by
Cicchi et al.119 cells in BCC were found to have
signi¯cant increases in °uorescence lifetimes. Man-
fredini et al.125 reported the comparison of MPM
and re°ectance confocal microscopy (RCM) imag-
ing of BCC lesions using two independent MPM
and RCM systems. Very recently, Balu et al.126

reported the ¯rst in vivo study of BCC using a
commercial MPM system, which revealed a number
of features that were similar to those identi¯ed in ex
vivo studies and con¯rmed the potential of MPM for
in vivo BCC diagnosis and management. Heuke
et al.74 reported the detection and discrimination of
BCC using multimodal imaging, and found that
BCC lesion lacked SHG signal, and had weaker
CARS signal. Furthermore, Legesse et al.127 pro-
posed the texture analysis for BCC classi¯cation
based on CARS microscopic images.

Fig. 3. TPF images of in vivo human dorsal forearm skin of a 25-year old Asian female increasing in depth from (a) near the surface
to (f) near the dermal/epidermal boundary (Adapted from Lee et al.100 with permission).
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4.2. SCC

The ¯rst ex vivo study of SCC was reported by
Pauli et al.118 where the main features of SCC in
situ were summarized, such as thicker stratum
corneum and irregular distributed cells within the
stratum granulosum, stratum spinosum and stra-
tum basal layers. There was no further report until
very recently, Klemp et al.128 studied six actinic
keratosis (AK) (precursor of SCC) and six SCC
patients in vivo using a commercial MPM system
(MPT°ex, JenLab GmbH, Jena, Germany). Sig-
ni¯cant di®erences were identi¯ed between AK,
SCC and healthy skin. Both AK and SCC have
larger nucleus diameters in stratum granulosum and
stratum spinosum layer, higher nucleus-cytoplasm
ratio, higher intercellular distance and lower cell
density. SCC has much larger intercellular distance
and lower cell density, which was also consistent
with the ¯ndings by CARS imaging.73 Di®erent
from BCC, SCC tissue showed higher CARS signal
than the surrounding tissue.74

4.3. Melanoma

Application of TPF and SHG for malignant mela-
noma diagnosis was ¯rst reported by Dimitrow
et al.45,129 Six features were identi¯ed for di®eren-
tiating melanoma from normal skin and benign skin
lesions, including: Intercellular distance, degree of
architectural disarray, cell border de¯nition, and
numbers of pleomorphic cells, ascending melano-
cytes and dendritic cells. It was found that the
melanoma lesions had no distinctive skin layers.
The melanocytes were oval, bright, homogenous
and highly °uorescent. Large intercellular distances,
poorly de¯ned cell borders, irregularly shaped cells
and polymorphic cells were usually observed. Long
and highly °uorescent dendritic cells were also seen
in malignant melanoma. While for benign melano-
cytic nevi, the keratinocytes were evenly distribut-
ed. Nevus cell nests were found with well-de¯ned
cell borders. Dendritic cells were rarely seen in
benign melanocytic nevi. Remarkable di®erences
were also found in lifetime imaging.45 It was found
that normal skin and pigmented nevi had single
°uorescence peaks around 450 nm, while melano-
ma had a mild °uorescence peak around 470 nm
and a second peak close to 550 nm. The 550 nm
peak was assigned to melanin for malignant mel-
anoma, consistent with the ¯ndings of Ho®man
et al.130 Another study also demonstrated that
time-resolved °uorescence imaging was e®ective
in discriminating healthy skin from malignant
melanoma,120 though it is limited to the number
of cases. Balu et al.131 reported melanoma diag-
nosis in vivo using a commercial MPM system.
They proposed a three-parameter algorithm in-
cluding °uorescence uniformity, second harmonic
density and the density of melanocytic dendrites
in the stratum spinosum and granulosum layers,
which was found to be e®ective to classify mela-
noma lesions. Recently, Wang et al.132 reported
CARS imaging of pheomelanin in vivo in red-
haired mouse. Till date, CARS imaging of mela-
noma has not been reported.

4.4. Skin diseases

Besides the applications of MPM and/or CARS
system in normal skin studies and skin cancer
diagnosis, it has also been used to evaluate a num-
ber of skin conditions, such as benign pigmented
skin lesions,133,134 scar tissue,135–140 localized
scleroderma,141 atopic dermatitis (AD),142 skin

Table 2. MPM and CARS features of normal skin, BCC, SCC
and malignant melanoma.

Normal skin/
skin cancer Major features

Epidermis:
Normal

skin

. Strong TPF due to keratin, no SHG

. Cytoplasm has strong TPF due to NADH
(excitation 740 nm)

. Cell nucleus has no TPF and no SHG

. Cell membranes show strong CARS signal

Dermis:
. Strong SHG due to collagen type 1

. Intermediate TPF due to elastin

. Collagen has measurable TPF under < 800 nm
excitation

Basal cell
carcinoma

. Tumor cell has low TPF (760 nm excitation)

. Large nucleus without TPF and SHG

. Stroma has decreased TPF

. Lack of SHG in dermis

. Weaker CARS signal

Squamous cell
carcinoma

. Larger nucleus without TPF and SHG

. Higher nucleus-cytoplasm ratio

. Higher intercellular distance

. Lower cell density (nest has higher cell density)

. Higher CARS signal

Malignant
melanoma

. No distinctive skin layers

. Oval, bright, homogenous and °uorescent

melanocyte

. Higher intercellular distance

. Poorly de¯ned cell borders

. Irregularly shaped cells and pheomorphic cells

. Long and highly °uorescent dendritic cells
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stem cells143,144 and psoriatic lesions.145 It has also
been used to study skin aging and photoaging,146–155

cutaneous drug delivery,156–167 light-tissue interac-
tions,168–171 wound healing process172–176 and human
skin immune responses.177–186 However, most of
these studies are still limited to either within the ex
vivo applications or small number of cases. Numer-
ous opportunities remain to be explored for in vivo
and large-scale applications.

5. MPM for Imaging-Guided
Two-Photon Photothermolysis

Till date, most of the studies of MPM in skin science
are for noninvasive skin imaging and diagnosis. A
number of studies addressed the laser safety of
femto-second laser for imaging purpose.187–197 We
are the ¯rst group who has initiated the systematic
study of utilizing the e®ect of multi-photon ab-
sorption for skin treatment.198 We disclosed a
technique for spatially-selective targeted photo-
thermolysis based on two-photon absorption in
2014.198 The treatment e®ect happens only within
the focal volume and thus prevents damage of the
surrounding tissues. Another beauty of the tech-
nique is that the treatment is guided through im-
aging, which provides real-time feedback to the
operator. We subsequently re¯ned this technique
with the aim of developing in vivo applications.199

To demonstrate the concept, the two-photon ab-
sorption-based photothermolysis and the conven-
tional photothermolysis are illustratively shown in
Fig. 4(a). For conventional photothermolysis, both
the target and other structures in the surrounding
tissue that absorb the light are altered when the
laser beam passes through them on the way to reach
the target because the absorption is not spatially
selective. While for two-photon absorption-based
photothermolysis, only the target is treated because
the nonlinear two-photon absorption e®ect is spa-
tially selective, which only occurs at the focal point
that is aligned with the target. Note that the laser
wavelength for two-photo photothermolysis is dif-
ferent from conventional photothermolysis for the
same targeted chromophore and thus two-photon
photothermolysis prevents the side e®ect when the
laser beam passes through the surrounding tissue.
An implementation of imaging-guided two-photo
photothermolysis is illustratively shown in Fig. 4(b).
The imaging path (shown in green color) is used
to locate the treatment target through real-time
imaging guidance and the treatment path (magenta
color) is used to focus the femto-second laser beam
for spatially selective two-photon photothermolysis.
An example of the spatially selective two-photon
photothermolysis is shown in Fig. 5. It shows the
MPM images (SHG: Green; TPF: Red) before and
after two-photon photothermolysis under di®erent

(a) (b)

Fig. 4. (a) Illustration of conventional photothermolysis and two-photon photothermolysis. Conventional photothermolysis is not
spatially selective and the surrounding tissue is altered when the laser beam passes through. Two-photon photothermolysis is
spatially selective and the surrounding tissue is unaltered when the laser beam passes through because the laser wavelength is
di®erent from the conventional photothermolysis for the same targeted chromophore. (b) Schematic diagram of an implementation
of imaging-guided two-photon photothermolysis. The imaging path (shown in green color) is used to locate the treatment target
through real-time imaging guidance, and the treatment path (magenta color) is used to focus the femtosecond laser beam for two-
photon photothermolysis. (Adapted from Huang et al.199 with permission).
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strategies. The targeted area is 50�m� 50�m, lo-
cated in the center of the XY image and 40�m
beneath the tissue surface. Note that the treatment
e®ect can be well controlled by di®erent strategies
and the surrounding layers of the targeted area re-
main intact after treatment. Recently, using a
mouse ear model, we have successfully demon-
strated this two-photon absorption based, spatially
selective photothermolysis technique to be an ef-
fective approach for noninvasive precise microsur-
gery of vascular disease on a per vessel/per lesion
basis.200 This is a precise \see and treat" micro-
surgery method, not only works for skin, but also
holds particular promise for treating disease in
complex organs such as the eye (noninvasively) or
brain, where high spatial selectivity is critical for
preventing collateral e®ects on vision or central
nervous system function.

6. Summary

In summary, we present the basics, development
and applications of MPM and CARS for in vivo skin
studies. MPM and CARS have numerous advan-
tages over traditional single-photon excitation
°uorescence and confocal microscopy. Since the in-
ception of multi-photon °uorescence and CARS
microscopy, development of MPM and CARS has
been substantial in every aspect, including imaging
speed, FOV and imaging depth. A lot of opportu-
nities remain to be developed to push this technol-
ogy from lab to point-of-care clinical applications.75

Combination of MPM and CARS with other mo-
dalities such as optical coherence tomography
(OCT)201,202 or Raman spectroscopy,203 will
provide further information for skin evaluation.
Instrumentation-wise, with technical advances in

Fig. 5. Spatially-selective photothermolysis based on two-photon absorption under di®erent laser treatment strategies: (a)
Treatment of 10 s with a single session of femtosecond pulses (80MHz, 150 fs), (b) treatment of 10 s with 100 sessions of femtosecond
pulses with each session of 0.1 s and an interval between sessions of 0.2 s, (c) treatment of 10 s with 100 sessions with each session of
0.1 s and an interval between sessions of 4.1 s. The targeted area is 50�m� 50�m, located in the center of the XY image and 40�m
beneath the tissue surface. Note that the treatment e®ect can be well controlled by di®erent strategies and the surrounding layers of
the targeted area remain intact after treatment. Wavelength: 800 nm. Laser intensity: 200mW. Scale bars: 50�m. (Adapted from
Huang et al.199 with permission).
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lasers and scanning technology, particularly with
the endoscopic multiphoton development,204–209 we
expect a portable, compact, miniaturized MPM and
CARS system; with video-rate imaging speed and
deep imaging capabilities which will be within reach
for clinical skin applications in the near future.
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