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Abstract.  Optical methods are widely used to perform fundamental 
studies of living systems and solve problems of biomedical diagnos-
tics. Along with the classical spectroscopy, methods of nonlinear 
optics (e.g., multiphoton microscopy) are also applied in biophoton-
ics. The potential of nonlinear optical methods for visualisation and 
analysis of the properties of endogenous chromophore molecules 
are considered in this minireview. Melanin – a pigment with specific 
spectral features of photophysical properties in the visible and near-
IR ranges – is taken as an example. It is discussed what information 
about its localisation in tissues and structural organisation can be 
obtained by nonlinear optical methods: multiphoton fluorescence 
microscopy (including fluorescence lifetime imaging), third har-
monic generation, pump – probe spectroscopy, and coherent anti-
Stokes Raman spectroscopy.

Keywords: melanin, nonlinear processes, multiquantum processes, 
multiphoton microscopy, visualisation of fluorescence decay time, 
FLIM, CARS, pump – probe spectroscopy.

1. Introduction 

Methods of optical spectroscopy and microscopy are widely 
used in both fundamental biophysical and applied biomedical 
studies.  Possessing  a molecular  specificity,  optical  spectros-

copy  allows  one  to  study  changes  in  the  macromolecular 
structure;  characterise  intermolecular  interactions;  and 
analyse complex systems: biofluids, cells, or tissues. Typical 
biomedical applications of optical spectroscopy are point-of-
care  diagnostics  (for  example,  saliva-based  rapid  tests  for 
COVID-19 [1]) and intraoperative diagnostics (e.g., in endo-
crinology  and  urology)  [2].  Optical  microscopy,  in  turn, 
makes it possible to visualise biochemical processes and struc-
ture of biological objects with almost submicron (i.e., subcel-
lular) resolution [3]. Thus, the combination of optical micros-
copy and spectroscopy methods is a highly efficient tool for 
studying living systems. 

For  some  natural  reasons  (in  particular,  simplicity  and 
low  cost),  ‘linear’  optical methods  that  use  electromagnetic 
fields of low strength have become more popular in biomedi-
cal diagnostics. These methods include Raman spectroscopy; 
absorption and reflection spectroscopy in visible and IR spec-
tral  ranges;  and  fluorescence  spectroscopy,  in  particular, 
time-resolved  spectroscopy.  Among  the  nonlinear  optical 
methods, the most popular one appears to be the multiphoton 
microscopy (MPM), which implies measurement of two- and 
three-photon  fluorescence  and  second-  and  third-harmonic 
generation  (SHG,  THG)  signals  [3].  This  popularity  is 
explained by the increased sample scanning depth (due to the 
shift of excitation wavelength to the transparency window of 
biological tissues), reduced photodamage, and increased spa-
tial resolution. At the same time, the results of some studies 
demonstrate  unique  possibilities  of  biomedical  diagnostics 
open due to the use of other nonlinear optical methods, e.g., 
stimulated  Raman  scattering  (SRS),  coherent  anti-Stokes 
scattering (CARS), and the pump – probe method. The pur-
pose of this minireview is to reveal the parameters of systems 
studied that could be measured using nonlinear optical meth-
ods  in  biophotonics.  Here,  we  will  consider  melanin  as  a 
object  of  study. This  is  a  pigment determining  the  color of 
skin, hair, and eyes, which is involved in a number of patho-
logical  processes  in  organism  [4];  it  is  also  used  to  prepare 
various nanomaterials [5]. Then we will discuss what informa-
tion about the structure, properties, and localisation of mela-
nin  in organism  can be obtained by applying  an arsenal of 
optical methods.

Melanin was chosen by us not only in view of its impor-
tance in biology and medicine but also because of its unusual 
spectral properties, primarily,  the absorption ones  [6, 7].  In 
contrast to standard chromophores, whose absorption spec-
tra contain bell-shaped bands (due to electronic – vibrational 
transitions), the absorption spectrum of melanin has no pro-
nounced features and presents a curve monotonically decreas-
ing with  increasing wavelengths  from the visible  to near-IR 
spectral region. In the range of 300 – 1000 nm the dependence 
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of  melanin  absorptance  A  on  the  wavelength  l  can  be 
described by an exponential law: A ~ exp(– l/L), where L is 
the  slope  of  the  absorption  curve  on  the  semilogarithmic 
scale. This parameter, both  for  synthetic  and natural mela-
nins and for different melanin forms, may vary approximately 
from  80  to  160  nm.  The  existence  of  absorption  in  the  IR 
region and the specific features of the photophysical processes 
occurring  in  melanin  (see  Section  2)  make  this  substance 
interesting for study by optical methods, including nonlinear 
ones. Section 3 contains examples of application of nonlinear 
optical methods (MPM, CARS, SRS, pump – probe) for anal-
ysis  of  melanin  in  different  systems  and  some  conclusions 
about  the  information on a biosystem studied, provided by 
each of these methods.

2. Optical properties of melanin:  
nonstandard chromophore

2.1. Specificity of the spectral properties of melanin

Melanin is a pigment, i.e., a mixture of different compounds, 
formed in organism as a result of oxidation of precursor mol-
ecules [4]. Depending on the chemical composition, one can 
select  different  melanin  subtypes  with  different  properties, 
including  optical  ones;  these  are  eumelanin,  pheomelanin, 
neuromelanin, and pyomelanin  [8]. For example,  the differ-
ence between eumelanin and pheomelanin, which dominate in 
skin, is as follows: eumelanin consists mainly of nitrogen-con-
taining  indoles,  whereas  pheomelanin  consists  of  benzothi-
azines and benzothiazones, containing sulphur atoms. Since 
different melanin subtypes have similar optical properties, we 
will not differentiate them rigorously. The spectral character-
istics of melanin differs significantly from those of other chro-
mophores:  it has a wide  ‘exponential’  absorption  spectrum; 
its  fluorescence  can be  excited  in  a wide wavelength  range, 
including the IR region [9]; and its fluorescence decay kinetics 
contains an ultrafast component (~1 ps) [10], which is due to 
the high nonradiative relaxation rate of the excited state [11].

The  mechanism  of  the  formation  of  melanin  spectral 
properties is still debated. For example, a model describing 
the formation of the melanin absorption spectrum in terms 
of exciton interaction in disordered aggregates of molecular 
structures was proposed  in  [6].  It  is assumed  in  this model 
that melanin synthesis may give rise  to different structural 
units  (oligomers),  which  then  interact  with  each  other. 
Electron interaction leads to spectral shifts and broadening, 
and the intensity of this interaction depends on the distance 
between  oligomers  and mutual  orientation  of  their  dipole 
moments.

Since the spectral properties of melanin differ significantly 
from  those  of  other  skin  chromophores,  researchers  have 
tried to solve the problem of quantitative analysis of melanin 
using all available spectral methods. Primarily, the interest in 
melanin is related to the diagnostics of melanoma – the most 
dangerous skin cancer [12]. In particular, the following meth-
ods were applied to study melanin in vivo directly in skin:

(1)  Diffuse  reflectance  spectroscopy  (Fig.  1,  panel  1) 
[13, 14]. The presence of melanin in skin determines its colour 
and, correspondingly, the absorption and reflection spectra. 
Since the melanin spectrum differs significantly from those of 
other main skin chromophores, its contribution to the forma-
tion  of  reflected  optical  signal  in  the  visible  and  near-IR 
regions can be determined unambiguously. This approach is 
applied also to estimate the sun protection factor (SPF) [15] 

and choose the appropriate radiation dose when irradiating 
skin [16].

(2) Fluorescence spectroscopy of melanin in the near-IR 
range upon excitation in the red and IR regions (Fig. 1, panel 
2)  [17,  18].  The  presence  of  a  long-wavelength  tail  in  the 
absorption spectrum of melanin makes  it possible  to  imple-
ment  its direct single-photon excitation,  leading to emission 
in the IR spectral region. For example, at an excitation wave-
length of 785 nm, which is often used in Raman spectroscopy 
of biological  tissues,  the  skin melanin  is  responsible  for  the 
wide fluorescent background  in the range of 900 – 1000 nm, 
which  obscures  partially  weak  vibrational  bands  [19].  The 
human  organism  does  not  contain  (in  the  first  approxima-
tion) any other endogenous fluorophores active in this spec-
tral region, due to which the red and IR fluorescence of mela-
nin can be used for its diagnostics [20 – 22].

(3) Optoacoustic detection (Fig. 1, panel 3). Since melanin 
can  absorb  light  in  the  near-IR  spectral  range,  it  can  be 
detected using optoacoustic methods: its selective absorption 
of pulsed pump radiation leads to local heating, accompanied 
by generation of an acoustic  signal;  the  temporal profile of 
the latter allows one to localise melanin over tissue depth. In 
addition,  optoacoustic  detection  of  melanin  was  used  to 
implement  in vivo  flow cytometry: when exposing vessels  to 
1064-nm light, an optoacoustic signal generated by single cells 
(melanocytes) was detected. Thus, a sensitivity sufficient for 
detecting in vivo single melanocytes in blood flow was achieved 
[23], which can be used to detect metastases in patients with 
melanoma. 

(4) Raman spectroscopy and microspectroscopy. The het-
erogeneity of molecular composition and structural organisa-
tion  of  melanin  determines  its  characteristic  Raman  spec-
trum.  In  particular,  the  spectrum  of  the  most  widespread 
form of melanin – eumelanin – contains bands in the range 
of  1000 – 1800  cm–1  at  the  following  frequencies:  1220  cm–1 
(C – OH and C – O  stretching  vibrations  of  phenol  and  car-
boxyl  groups,  respectively),  1340  cm–1  (C – N  indole  vibra-
tions), and 1390 cm–1 (vibrations in aromatic C = C fragments; 
the A1g symmetry  is  similar  to  that of  the D band  in disor-
dered graphite), as well as bands at frequencies of 1562 and 
1598 cm–1, which are due to the C = C vibrations of sp2-hybri-
dised  carbon  and  C – C  indole  vibrations  (E2g  symmetry) 
[24 – 26]. In view of the heterogeneity of molecular composi-
tion and environment, the aforementioned bands merge into 
two  wide  bands,  peaking  approximately  at  ~1380  and 
~1570 cm–1, with half-widths of ~200 and 150 cm–1, respec-
tively. The amplitudes and positions of these bands may vary, 
depending on  the excitation wavelength,  chemical composi-
tion, and structural organisation, which makes it possible to 
analyse melanin both in vitro [27] and in vivo [18]. For exam-
ple, skin spectra with a depth resolution of 2 mm were recorded 
in [19] using Raman microspectroscopy, and the melanin con-
tribution was selected in them. It was found that the skin IR 
fluorescence intensity correlates with the amplitude of mela-
nin contribution to the Raman spectrum; the melanin depth 
distribution in skin, including the surface (horny) layer, was 
also determined. The skin structure and melanin localisation 
domains in skin are schematically shown in Fig. 2a. Residues 
of melanin  particles  (melanosomes)  can  be  observed  in  the 
horny  layer;  their  concentration  and  size  increase  with  an 
increase in the epidermis depth. At the interface between the 
living  epidermis  and  papillary  dermis,  in  the  localisation 
domain of melanin-synthesising cells (melanocytes), the mela-
nin  concentration  has  a  local maximum. The Raman  spec-
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trum  of  eumelanin,  measured  in vivo  in  skin,  is  shown  in 
Fig. 2b. Other melanin forms also exhibit wide Raman bands: 
for  example, pheomelanin  (melanin  subtype  responsible  for 
the red colour of hair) has three characteristic Raman bands 
at frequencies of 500, 1440, and 2000 cm–1 [28].

Thus, melanin can be successfully detected by methods of 
classical spectroscopy and microscopy; this approach is based 
on the specificity of its spectral properties. At the same time, 
the possibilities of optical diagnostics of the melanin structure 
and properties can be significantly expanded due to the use of 
nonlinear optical methods.

3. Application of nonlinear optical methods 
 for studying the structure and properties  
of melanin and its localisation in human body 

3.1. Multiphoton fluorescence and fluorescence lifetime imag-
ing for in vivo diagnostics of skin melanin

3.1.1 On the mechanism of melanin fluorescence excitation 
in the visible region: two-photon or two-quantum absorption? 
Multiphoton microscopy has been actively used in biomedical 
diagnostics, since it has a number of advantages over conven-
tional  confocal microscopy. These advantages  include  large 
penetration depth in tissues (due to the pumping with a wave-
length lying in the transparency window of biological tissues); 

less  photodamage  to  the  sample  (the  photochemical  pro-
cesses,  the  first  stage  of which  is  photon  absorption,  occur 
only in the beam waist); and the possibility of detecting not 
only  fluorescence  signal  but  also  the  signals  of  optical  har-
monic generation and fluorescence relaxation kinetics, which 
is achieved by conventional use of femtosecond laser pulses 
for pumping [3].

Fluorescence arises  in MPM as a  result of  excitation of 
fluorophore molecules after the multiphoton absorption. Let 
us consider the case of two-photon absorption. In some stud-
ies melanin in skin was detected from its two-photon fluores-
cence signal (i.e., the fluorescence was excited in the IR spec-
tral  region,  and  the  signal  was  recorded  in  the  range  of 
400 – 500 nm), whose  intensity greatly exceeds  that of other 
endogenous  fluorophores. Teuchner  et al. paid attention  to 
the  fact  that  the  fluorescence excitation  in  this  case  is most 
likely a two-quantum process rather than two-photon (Fig. 1, 
panel 4). The point is that melanin has real absorption in the 
region  of  IR  excitation  by  pump  radiation;  therefore,  the 
absorption of  the second photon may occur via a  real  level 
rather  than  via  a  virtual  one.  The  presence  of  a  real  level 
should lead to resonant enhancement of the third-order non-
linear susceptibility and  increase  in  the  two-photon absorp-
tion cross section. This question was discussed in a series of 
papers [30 – 32]. Experiments with different pump pulse dura-
tions were proposed to identify the excitation type: for longer 
pulses  the  probability  of  two-photon  absorption  should 
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Figure 1. (Colour online) Specific features of the optical properties of melanin: absorption spectra of melanin in the visible and near-IR ranges and 
schematics of the optical methods based on the use of the long-wavelength absorption tail of melanin. 
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decrease (because of the decrease in the photon fluence), and 
the process should shift towards two-step excitation [33]. It is 
of interest that two-photon fluorescence of melanin could be 
detected in a wide range of pump pulse durations: from fem-
toseconds [30] to nanoseconds [34]. Moreover, it was stated in 
[35]  that  multiphoton  fluorescence  of  melanin  can  also  be 
excited using continuous wave (cw) pumping.

3.1.2 MPM for melanin visualisation in skin. Independent 
of the mechanism of two-photon excitation of fluorescence of 
melanin, an undoubted fact is that MPM and, in particular, 
TPM  fit  excellently  for  its  visualisation.  There  are  three 
favourable factors:

(1) Fluorescence of melanin in skin can be excited selec-
tively,  for  example  at  a wavelength  of  800  nm. This wave-
length  falls  in  the  minimum  of  excitation  spectrum  of  the 
main endogenous cellular fluorophore, NAD(P)H; therefore, 
the melanin fluorescence dominates in detected signal [36 – 38].

(2) Even with shorter multiphoton excitation wavelengths, 
falling  in  the  absorption  maximum  for  other  skin  fluoro-
phores, for example, NAD(P)H (700 – 750 nm), melanin fluo-
rescence under conditions of confocal detection in the basal 
layer is several several times higher than the signal from other 
skin structures [29].

(3) The melanin  fluorescence decay  is ultrafast;  i.e.,  it  is 
shorter than the characteristic width of instrumental function 
in  fluorescence  lifetime  imaging  microscopy  (FLIM)  mea-
surements (several tens of picoseconds) [39, 40].

Let us consider the above factors by an example of mea-
suring  the  characteristics  of  healthy  volunteer  skin  using 
MPM-FLIM  with  the  excitation  wavelength  of  760  nm 

(Dermalnspect,  JenLab).  Figure  2c  presents  an  image 
obtained  in  [29]  by  the TPM method  for  healthy  volunteer 
skin. This is a typical fluorescent image of the basal skin layer, 
obtained at a depth of 60 mm; the bright regions correspond 
to melanin, as confirmed by their fluorescence decay param-
eters  (the  melanin-containing  regions  are  characterised  by 
ultrafast  fluorescence  decay).  The  image  in  Fig.  2c  was 
obtained by the FLIM method; i.e., the fluorescence decays 
were measured in each its pixel, and the average decay time of 
the excited state was found from the measured kinetics [3, 29]. 
Then the fluorescence decay time was coded by colour in the 
image: red and blue colours correspond to  faster  (~100 ps) 
and slower relaxation processes, respectively.

Note  that  the  fluorescence  signal  from  melanin  in  the 
basal layer generally exceeds the signal from other skin fluo-
rophores (upon excitation at 760 nm the main fluorophore is 
the NAD(F)H molecule [41]). In the case of melanin it is dif-
ficult to speak in terms of concentration in view of the speci-
ficity of its molecular organisation; nevertheless, the presence 
of a long-wavelength tail in the absorption spectrum of mela-
nin provides a contrast of  its detection by the MPM-FLIM 
method not worse than by one order of magnitude.

3.2. Pump – probe microscopy for melanin structure analysis 
and melanoma diagnostics

Another way to visualise melanin and analyse  its molecular 
organisation is the pump – probe method. Its essence is as fol-
lows: first, pump radiation puts the system in an excited state, 
after which (with some time delay) the system is exposed to 
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Figure 2. (Colour online) (a) Schematic image of the upper layers of skin structure and localisation of melanin in it; (b) Raman spectrum of skin, 
measured in vivo in the region of the basal cell layer (a characteristic feature of these Raman spectra is the presence of three wide lines near 500, 1380, 
and 1570 cm–1, related to the Raman signal of eumelanin); (c) two-photon tomography (TPM-FLIM) image of skin in the region of basal layer 
[the average fluorescence lifetime is coded by colour; melanin exhibits fast fluorescence decay (orange colour), whereas the signal from collagen 
and elastin dermis fibres  is characterised by a  longer decay lifetime (blue colour)]. Panels (a) and (b) are adapted from [19], and panel (c)  is 
adapted from [29].
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probe  radiation;  under  these  conditions,  one  can observe  a 
change  in the probe pulse absorption as compared with the 
absorption  in  an  unexcited  system.  The  concept  of  this 
approach to the analysis of melanin is based on the model of 
formation of  its  optical  properties  (specifically,  the  absorp-
tion spectrum).

As  was  indicated  in  some  studies  [6,  42 – 45],  the  long-
wavelength structureless tail of melanin absorption is assumed 
to  be  partially  due  to  the  interaction  between  the  melanin 
oligomers in pigment aggregates. Then one can suggest that, 
at  different  interactions  between  individual  oligomers  in 
nanoparticle aggregates, differences in the absorption spectra 
of the ground and excited states should be observed.

Similarly to the reasoning in [42, 44], we will consider the 
cases of ‘ordered’ and ‘random’ arrangements of oligomers. It 
was suggested in [42] that the observed absorption spectrum 
of melanin is a superposition of absorption lines whose spec-
tral  optical  parameters  (position  of  maximum,  half-width, 
relative contribution) depend on the character of interaction. 
In the case of the ordered arrangement of oligomers, the effi-
ciency  of  their  electron  interaction  is  higher,  which  should 
lead  to broadening of  the  spectral absorption  lines  forming 
the spectrum. In contrast, the interaction between randomly 
arranged monomers is weaker, and the corresponding sepa-
rate absorptions lines are narrower (Fig. 3a).

These suggestions can be verified using pump – probe spec-
troscopy with  femtosecond  temporal  resolution. Let  us  con-
sider a process in which a system is first exposed to radiation 
with a wavelength  l1 and then to radiation with l2 = l1 + Dl. If 
Dl is smaller than the characteristic width of melanin absorp-
tion line, which width is primarily determined by the oligomer 
interaction, after the absorption of radiation with l1 the radia-
tion with l2 cannot be absorbed from the ground state, because 
the system is now excited. The so-called ground state bleaching 
(GSB) occurs, which manifests itself in a negative absorption 
amplitude for the probe radiation with the wavelength l2. If Dl 
exceeds  the characteristic absorption spectral width of oligo-
mer aggregates in the composition of melanin, the probe radia-
tion with l2 will be absorbed by another oligomer aggregate, 
characterised by absorption at longer wavelengths. The typical 
probe-radiation absorption kinetics after the melanin exposure 
to pump radiation is shown in Figs 3b and 3c. Integer melanin 
particles exhibit intense interaction between individual molecu-
lar components, which leads to a pronounced negative response 
in the induced-absorption kinetics, related to the ground state 
bleaching (Fig. 3b), which is not observed for individual molec-
ular fragments (Fig. 3c).

Thus, is was shown in a series of studies [43 – 47] how the 
kinetics of probe radiation absorption from the excited state 
can  be  used  to  investigate  the melanin molecular  organisa-
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Figure 3. (Colour online) (a) Schematic of the formation of the melanin absorption spectrum and the induced-absorption kinetics (DOD) for differ-
ent probe wavelengths at a pump wavelength of 700 nm, measured for (b) integer particles and (c) individual molecular melanin fragments, ex-
tracted from cuttlefish ink. Figure 3 is adapted from [46].
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tion, which is not only of fundamental  interest but also has 
direct  practical  significance,  because  the melanin molecular 
structure is related to the risk of melanoma metastasis [44]. In 
addition,  the  pump – probe  technique  makes  it  possible  to 
separate melanin types, specifically, pheomelanin and eumela-
nin. The single-photon absorption spectra of both melanins 
are  similar  but  have  different  temporal  dynamics  of  their 
excited state, a circumstance lying in the basis of their selec-
tive visualisation by nonlinear optical methods [47].

3.3. SRS and CARS spectroscopy for melanin diagnostics 

Methods of nonlinear vibrational spectroscopy – CARS and 
SRS – are also used to visualise melanin  in tissues and per-
form selective mapping of eumelanin and pheomelanin.

The possibility of separating eumelanin and pheomelanin 
based on their Raman spectra was demonstrated by Gálvan et 
al.  [26,  48],  who  showed  on  isolated  melanin  samples  that 
eumelanin has three wide vibrational bands at 500, 1380, and 
1580 cm–1, whereas pheomelanin has bands at 500, 1490, and 
~2000 cm–1; therefore, they can be distinguished in tissues. 

As applied to visualisation problems, spontaneous Raman 
spectroscopy  has  some  drawbacks.  Primarily,  spontaneous 
Raman scattering is characterised by a small interaction cross 
section; hence, the signal acquisition time is rather long, and 
one can hardly perform sample scanning in a reasonable time. 
In addition, a long-term irradiation of melanin may lead to its 
significant local heating and violate the pigment structure.

Alternatives  for  spontaneous  Raman  spectroscopy  and 
microscopy are methods of nonlinear optics: CARS and SRS, 
which make it possible to analyse melanin with a much higher 
sensitivity. In these methods,  two laser pulses with frequen-
cies wp (pump beam) and wS (Stokes beam) are applied to the 
sample and  the difference  in  the  frequencies of  the  incident 
beams is chosen to match the vibrational frequency of inter-
est: W = wp – wS. In this case, vibrational modes are excited 
resonantly,  and  the  efficiency  of  the  vibrational  frequency 
response can be increased by a factor of more than 10000 in 
comparison  with  the  case  of  nonresonant  spontaneous 
Raman scattering [49]. Due to this, one can map the distribu-
tion of molecules having isolated vibrational bands, e.g., lip-
ids or proteins, with a high spatial resolution and a frame rate 
of 1 – 10 Hz. Biomedical visualisation is performed applying 
two main  coherent Raman  processes: CARS  [50]  and  SRS 
[51, 52], which occur simultaneously. In the case of CARS, 
photons are generated at the anti-Stokes frequency, and an 
interaction of two photons (at the pump frequency wp and 
the Stokes frequency wS) occurs, so that radiation is detected 
at the frequency was = wp – wS + wp = W + wp, which exceeds 
the pump frequency, and the resulting signal is free of noise 
caused by  illumination (e.g.,  fluorescence)  [53]. In the case 
of SRS, the signal is detected either at the frequency wS or at 
the frequency wp; the corresponding intensities change due 
to the stimulated emission from a virtual level formed as a 
result of excitation of molecule at the pump frequency.

To detect  the pheomelanin response,  it was proposed to 
use  CARS  microscopy  with  a  pump  frequency  difference 
tuned to 2000 cm–1, a frequency at which most of molecules 
have  no  pronounced  vibrational  bands,  but  strong Raman 
line  of  pheomelanin  is  observed.  A  possibility  of  detecting 
pheomelanin in vivo was demonstrated in [54]. CARS micros-
copy was also successfully applied to detect melanins  in the 

case of the so-called amelanotic (i.e., having no pronounced 
color and pigmentation) form of melanoma.

Note that the intensity of the CARS signal generated by 
pheomelanin  exceeds  greatly  the CARS  intensity  estimated 
from spontaneous Raman scattering cross sections. A possi-
ble explanation is the fact that the CARS signal is excited in 
the range of real absorption of melanin (the long-wavelength 
absorption tail in the near-IR range): in typical experiments 
the range of pump wavelengths at the Stokes component var-
ies from 1040 to 1064 nm, and the pump wavelength lies in the 
range of 850 – 870 nm, which corresponds to the anti-Stokes 
component  wavelength  in  the  range  of  718 – 735  nm.  The 
presence of real absorption leads to resonant amplification 
of optical response [55]. Attempts have been made to intro-
duce the CARS technique into clinical practice. For exam-
ple, JenLab presented a CARS microscope as a component 
of  a  transportable  platform with  a mobile  scanning unit, 
which can easily be brought to the desired part of a patient’s 
body [56].

3.4. Method of third harmonic generation  
for analysis of melanin in cells

The THG method is widely used in nonlinear microscopy of 
cells and tissues. Because of the absence of phase matching in 
the bulk of medium, THG does not occur even under condi-
tions of  strong  focusing; however, phase matching arises at 
the interface of two media with different refractive indices (as 
a result of changing the field phase), giving rise to significant 
THG  [57]. Thus,  using THG microscopy,  one  can perform 
efficient visualisation of interfaces between media with differ-
ent refractive indices. The main range of SHG application in 
biophysics and biomedicine is the thorough analysis of colla-
gen fibres [58]. Concerning THG, this technique is used for in 
vivo cytometry [59, 60], detection of lipid drops in cells [61], 
and neuroimaging  [62].  Joint use of THG and SHG, which 
lies in the basis of the simultaneous label-free multiharmonic 
microscopy (SLAM) method, turned out to be fruitful for ex 
vivo optical biopsy [63]. As applied to melanin, THG is also 
used in some cases, related to the specificity of melanin pho-
tophysics.

It was shown in a number of studies that melanin is the 
most efficient THG source in skin. The THG for a model 
system  – melanin  hydrocolloids  (particles  of  100 – 200  nm 
diameter) – was investigated in [64]. It was established that 
the THG intensity depends linearly on the hydrocolloid con-
centration in solution; this was explained by the constructive 
interference from individual particles and the effect of inco-
herent hyper-Rayleigh scattering. The third-order nonlinear 
susceptibility c(3) was estimated to be three orders of magni-
tude higher than that of water. Further studies on cell cul-
tures showed that the dependence of THG intensity on the 
melanin concentration (mass fraction (MF)) is described by 
a  polynomial  with  an  exponent  of  3.5  at  MF  less  than 
11 mg mL–1 [65]. At the same time, at high melanin concen-
trations,  this  dependence  becomes  linear,  which  was 
explained in [65] by the transition from the resonant THG 
mode to the hyper-Rayleigh scattering of pump radiation by 
melanosomes  inside  the  excited  subfemtolitre  volume. 
Afterwards THG visualisation was used in some studies for 
quantitative characterisation of melanin content in vivo and 
on histological sections [66, 67].
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4. Conclusions

Methods of nonlinear optics provide additional information 
on the structural characteristics of the investigated system as 
compared with classical methods. In particular, in the case of 
melanin, this is information about its molecular organisation. 
Along  with  this,  nonlinear  optical  methods  allow  one  to 
implement  visualisation  with  molecular  contrast  in  tissues 
with higher sensitivity and resolution and at a  larger depth, 
which was also demonstrated in this minireview by the exam-
ple  of  melanin.  Due  to  the  development  of  elemental  and 
instrumental base, nonlinear optical methods become increas-
ingly  popular  in  biomedical  research.  The  aforementioned 
factors,  as  a whole,  give  grounds  to  expect  progress  in  the 
field  of  clinical  applications  of  nonlinear  microscopy  and 
spectroscopy in the nearest future.
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