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Coherent anti-Stokes Raman scattering (CARS) microsangystimulated Raman scattering (SRS)
microscopy are two nonlinear optical imaging matitzdithat are at the frontier of label-free andrcival
specific biological and clinical diagnostics. Thphcations of coherent Raman scattering (CRS)
microscopies are multifold, ranging from investigatof basic aspects of cell biology to the labekf
detection of pathologies. This review summarizegmé progress of biological and clinical applicato

of CRS between 2008 and 2014, covering applicatiools as lipid droplet research, single cell analysis
tissue imaging and multiphoton histopathology deadsclerosis, myelin sheaths, skin, hair,
pharmaceutics, and cancer and surgical margin titatec

Introduction and storad® lipids in artificial membrane model systems, rigi

. . . cells, tissues and even whole organisniipid dynamics in the
The current review provides an update of a previ@wiew on - . .
5o nematodeCaenorhabditis eleganss a genetic modd) lipid

Rgman and coherent gntl-Stokes Raman scattering (CARSQioIogy in cell cultures, tissue biopsies and moaigjanisms,,
microscopy of cells and tissukfue to the huge progress and the studies of lipid-droplet biology, obesity-cancerlat@nship,

IFe;rge numbzr of Eaperts v;thln the past s yeaps,nmnzous i therosclerosis and lipid-rich biological strucslfe and
aman and coneren aman - MICroscopies are  describe iagnosis of multiple sclerosis and other myelirsedses.

ot ; 2
szlaap gr:tely t(;ns ttllm.e.t A:;ter Zrel:.d'g?rtag :nd Nandakug;rs et ss Quantitative analysis in CARS is not straightforwasdcause on
al-"independently introduced stimulated Raman scagd ) the one hand, the signal intensity depends quaditi the

mcrosco(;)y tg bllolog|leRs§mples, Its popluljrgpx;l:ierably concentration, on the other hand the non-resongnélscauses a
Increased and relevan Papers are INCIUdedsIMeNew as — gistortion of the spectral line-shape due to thesctpl

vF\{/eII. t . ived th ¢ f t avilicatof interference between the resonant and the nonaason
ecent reviews summarized the most frequent apfifeatol . vibytion of the S-order nonlinear susceptibility>. Various

CARS and SRS. CARS microscopy was introduced as a method . .
experimental and mathematical approaches have dumted to
for high-speed, non-staining biomolecular imadingnd P PP

. . . - extract quantitative information from the CARS sig’rf‘aThough,

compared to Fourier transform infrared (FTIR) imapift was . . L

luded that coh t R teri CRS L in SRS non-resonant background is not generateds itot
c?fncu de ta co e:sn amz:n ?ca etr_lnlg( Iimzndmlms background free. Effects such as cross-phase ntamhga
ober at' vanbages ;N'. .respec O, spatla resotu :%’ es thermal lensing, and transient absorption do oacgrhave some
a stctnrp. on C%/Swe;fer, n .cor'lljlpantsor.l ol spﬁn a;:r;eouT ? degrading effects on the image contfast.
scaferlr;% do ers .a S|?n| |ca|n &gr}; en anh ,rtnm}:rz The combination of high resolution CARS microscopythwi
](czlon ocality, agt ?O. sllgna ovgr ‘pr W; onf-a;elnqel multimodal imaging was applied for dynamic monitgyi of
uolrgscignce. f Clli{g,lzd summan?eCA;ré f':lmdentat. oogkllca cellular processes such as lipid metabolism andagéo the
appiica |on§o -Advances o ) In detection schemes, ', vement of organelles, adipogenesis and host gatho
understanding of contrast mechanisms and develagneéhaser

- . . . interactions and was also used to track molecuiésinMiving
sources were described together with emerging etjins such issue . . .
. . : ; e cells and tissues. Multiphoton microscopies use ultra short (ps
as metabolite and drug imaging, and tumor ideftiiion.” Recent

) . . . L to fs) pulses with high pulse energies, high rejoetirates of 80
advances in multiphoton imaging — the combinatidnCARS MHz, and near infrared wavelengths that are comsitiéo be
microscopy with other nonlinear optical imaging ralities — N . . .

ed h ith hnical devel q " minimally invasive. Relevant papers in ophthalmolothat
were_ sgmmgrlz_e t.oget er_ .W't technical  developenest included two-photon excited fluorescence (TPEF)cord
applications |.n life sciencédlipids are popular targets for F:ARS harmonic generation (SHG), third harmonic generaeHG),
andt. SRS glﬁrozclopylbecauscte ?.f thg|r Ialrlgll;je.dsczttarrln?s fluorescence lifetime imaging (FLIM) and CARS were
se(.: lons and hig ocg concentra |on§ In ce hls_ ropiets, summarized! Multiphoton microscopic imaging offers also
adipocytes, nervous tissues, breast tissue, faty tissue, and

o . . so advantages for a wide range of pharmaceutical and
gtlggr :Inpi(l:orlor:clzits &2???\%5;512?']{5; :‘T:(?t?olggp\ai;iz:g biopharmaceutical applications such as materialdoshge form

This journal is © The Royal Society of Chemistry [year] [Analyst], [2014], [vol], 00-00 | 1



©CoO~NOUTA,WNPE

o
[Ny

U OO AR DMBEMDIAMDIMBAEDIEMDIMNDMWOWWWWWWWWWWNNNDNNNNNNNRPRPRERPREREREPR
QOO NOUPRRWNRPOOO~NOUOPRRWNPRPOOONOUUOPARWNRPOOONOODURARWNRPOOO~NOOODMWN

Analyst

characterization, dosage form digestion and drdgase, and
drug and nanoparticle distribution in tissues anithiw live
cells® In regenerative medicine nonlinear optical micopsc
was used in the field of tissue engineering andadtarization of

with CARS microscopy, analyzing lipid storage indviype and

ss mutantC. elegansiematode® The results show that fluorescent
labels produce competing results when staininguleell lipid
organelles. Not only was the quantification of LEgferent

s artificial tissue® Applications of nonlinear microscopy to skin between individual dyes and CARS microscopy, alstedifices

biology were also reported.

Table 1 indicates the total number of CARS and SR3astopy
papers published annually, starting 2008. The nusnaee based
on a PubMed search. Two interesting facts can bigedk first,

10 the number of CARS papers per year is almost consiaoe
2009; second, the number of SRS papers has incresseel
2008. It is likely that the number of CARS relateapers did not
change significantly, because the number of rebegiroups has
not significantly expanded. On the other hand,rthmber is not

15 dropping, which indicates that the research in bdistaed
applications is on-going. The number of publicagidor SRS
microscopy has been constantly growing, and dueth®
advantages of SRS, it is likely to surpass CARS mapsg in
the near future.

20 The current review presents a selection of CARS &8 Sapers
in lipid droplet research, single cell analysisstie imaging and
multiphoton histopathology of atherosclerosis, niyedheaths,
skin, hair, pharmaceutics, and cancer. A detai®dew on the
theory and implementation of CARS and SRS microscopmss

2s beyond the scope of this review, and can be folseivere® 2

Year | 2008| 2009| 2010| 2011 2012| 2013| 2014 | Sum
CARS| 29 46 50 54 40 41 47 30y
SRS 2 2 8 13 11 19 27 82

Table 1: Total number of CARS and SRS microscopy gaper
published annually starting from 2008 until Decentb@l14.
Number of published papers was determined throughtéed

30 search in March 2015.

Lipid Droplet Research and Single Cells Analysis

In recent years, lipid droplets (LDs) have comearrgtrutiny as
one of the main culprits for many Western-diet tedladiseases,
such as diabetes type??2 obesity®, fatty liver diseas?,

between staining of living nematodes and fixed rtedes were
e Observed. These kinds of studies emphasize theriemue of
CARS microscopy in LD research.
The ability of CARS microscopy to provide chemicadlyecific
information without the need for exogenic labelgpasticularly
intriguing for live cell work andn vivo applications. Zhtet al.
es used CARS microscopy to investigate and to quantifyreamic
triglyceride pool in enterocytes, cells of the dmiltestine,
during a dietary fat absorptiom vivo and ex vive®’ In two
follow-up studies by the same group it was shovat the PAT
proteins, TIP47 and adipophilin, play a distinctikal in the
70 absorption of fat in the small intestiffeand that the crucial
intestinal fat-metabolism enzyme DGAT1, stimulateke
secretion of dietary fat from enterocyf8By utilizing multiplex
CARS microscopy, and detecting multiple molecularations at
a time, Bonnret al. showed the distribution of linolenic acid and
7s palmitic acid in individual cellular LDs in adipo®s and HelLa
cells®® Distinct differences in LD size and LD compositioere
observed between the two cell types. The diffeatioth of mouse
embryonic fibroblast cell line 3T3-L1 into adipoeytells has
also been investigated by CARS microsc8pyThe results
so showed a phenotypic heterogeneity during the diffeation of
these cells, which depended on the insulin-siggatascade.
Because the conventional implementation of CARS ragmpy
provides information only of a single selected malar
vibration, and omits all other molecular bonds presin the
ss sample, Slipchenkeet al. combined CARS microscopy with
spontaneous Raman spectroscopy, which provides chkemi
information about all molecular bonds in the samgplivolume,
on the same optical platforfh. By incubating cells with
deuterated palmitic acid the researchers were tabtietermine
9 the amounts of endogenous to exogenous fatty quoigsent in
individual cellular LDs. Using CARS microscopy thexre also
able to image mouse skim vivo at two different depths,

ss atheroscleros?s, and many others. For a long time it was thought visualizing glands and subcutaneous adipocytes. aRam

that cellular LDs act as neutral storage vesiclas eixcessive
esterified lipids, and have no other cellular fious?® Due to
substantial efforts in LD research in recent yeanmsew picture
begun to emerge of a vivid and dynamic cellularaorile that is
40 not only responsible for storage of neutral lipilst also protects

spectroscopy on the glands and the subcutaneoymcstis
os showed distinct differences in the lipid profile bbth fat-rich
structures, the glands having a 2.1 higher amofirgaturated
fatty acids than subcutaneous adipocytes. In angihelication
from the same group Le and co-workers used the oamp

Page 2 of 14

cells from lipotoxicity’’ is a source for membrane lipid Raman spectroscopy and CARS microscopy approach titifide
biosynthesi$® protein storage and metabolidfncan act as 10 auto-fluorescent subspecies of cellular LDs thagxist with
hatcheries for the hepatitis C virtfsand can even be a marker ‘neutral’ LDs® The expression levels of auto-fluorescent to

for circulating tumor cells, as has been shown liyawt al. 3 3
45 using CARS microscopy.
Cellular LDs are usually visualized by fluoresceatidls such as

‘neutral’ LD species showed a high correlation wighnotype-
phenotype relation of mutantC. elegans nematode. A
combination of Raman spectroscopy and CARS microse@s/

Oil Red O Nile Red* and very recently BODIPY dy&s salso used by Schiet al.to determine the fatty acid composition

Fluorescent probes, however, cannot always be wiédliving

samples, due to induced cellular toxicity. Moreg\tbey are not
so photostable, which is an important requirement wiieimg long-

term observations and motility tracking of cellulaDs. A

of individual cellular LDs, which originated fromleic acid
mediated protection from palmitic acid induced tgpacity in
HepG2 celld* The determined fatty acid composition in
individual LDs was compared with results from gas

particularly intriguing study by Yenet al. compared the 10 chromatography (GC) for the same fatty acid exposure

performance of Oil Red O, Nile Red, BODIPY, and SuB#atk

conditions. The comparison between the methodsegrtivat the

2 | Analyst [2014], [vol], 00-00
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Raman based fatty acid profiling performed equalgllwo GC,
but allowed a fatty acid profiling on a single LIzvel, which is
not possible by GC. Figure 1 shows some resultshiierstudy.
Figure 1a is a CARS image of LDs in hepatocarcinosiés,c
which were exposed to an equal concentration ofc cdend
palmitic acid, i.e. 250 pM each. Raman spectra veecuired
from the indicated locations. The relative concatiins of the
two fatty acids in the indicated LDs were calculafeom the
Raman spectra based on an asymmetric least squttires of
pure components spectra to the data. The resuitstHe
individual LDs are shown below the CARS image in @& ghart
and as actual values. For comparison, the relaiiveentration
as determined by GC analysis of the fatty acid cunté a few
million cells is also plotted. This approach can leneficial
where lipid profiling has to be done rapidly in gla cells and
with minimal sample preparation. An expansion taerthan two
fatty acids,i.e., whole fatty acid profilingin vivo, is feasible.
Figure 1b shows an example for the combinationhef CARS
microscopy with TPEF microscopy from the same pmation,
where peroxisome and LDs were imaged simultaneooslya
multiphoton microscopy setup with

spectroscopy of peroxisome and LDs.
OA=250uM
PA =250pM

Peroxisome
——Lipid Droplets

—_P
| —

|| l@2854cm!
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Flgure 1 a. CARS image of cellular lipid droplet atelations in
HepG2 cells after the exposure to 250 uM of oleid #¢OA) and
250 pM palmitic acid (PA). Raman spectra were takem the
indicated cellular lipid droplets. The pie chat®w the relative
amount of oleic and palmitic acid in the individuipid droplets
determined from the Raman spectra. The percentilgesaare
plotted below. The GC values indicate the amoun©farand PA

30 determined from lipid droplets of millions of cell$ can be seen

that the values are in good agreement. Fig. 1 lbwsha
multiphoton image of HepG2 cells. The CARS signanfr
cellular lipid droplets is in green, and TPEF sigo& green
fluorescence protein expressed in peroxisome ine.bllhe

3s unnormalized Raman spectra for the indicated paiatshown
below. The peak intensity of the GHtretch vibration at 2854  with fluorescent-based methods because of photchieg. The

cnmtis 9.8 times lower from peroxisome

Lipolysis is a key process for LD and lipoproteiagdadation,

40 occurring in all eukaryotic cells. During lipolysss triglyceride

molecule is hydrolyzed into a glyceride moleculel & fatty
acids. A visualization of this process has previpuwmt been
possible. By using multiplex CARS micro-spectroscopgy et
al. imaged the digestion of glyceryl trioleate emutsiroplet by
s a porcine pancreatic lipa&While that study was focusing on
the process of triglyceride hydrolyzation, otheasdinvestigated
the effects of lipolysis products of very low-degsiipoprotein
(VLDL) on cultured THP1-monocyt€§.Cells exposed to VLDL
lipolysis products developed cellular LDs. The degrof
so unsaturation inside the LDs was highly dependenthenstate of
the VLDL. When postprandial VLDL was used, cellulabs
contained more saturated fatty acids; when fasWih@L was
used, cellular LDs contained more unsaturated fatigs. In a
similar study Schiet al. investigated the effects of postprandial
ss VLDL lipolysis products on primary hepatocytes, iy that
the first cellular lipid accumulations can be olbser by CARS
microscopy as early as 30 min after the exposuréptaysis
products of postprandial VLDf. Moreover, by using Raman
spectroscopy they were able to show that the degfrésdty acid
s0 Unsaturation in cellular LDs was depending on tize &f the

consecutive RamanlLDs. A similar effect of fatty acid unsaturationpédence on

size has also been shown previously by Argoal.*® The study
of lipolysis effects is also intriguing from the ipb of view of
lipid reducing drugs. For example, fenofibrate isriglyceride
es lowering drug, which activate peroxisome proliferaactivated
receptor alpha (PPAR, which in itself activates lipoprotein
lipases, reduces the amounts of VLDL particle ang-density
lipoprotein (LDL) particles, and increases the anteuof high-
density lipoprotein (HDL) particle®. Using CARS microscopy
70 Uchida et al. showed that the effect of fenofibrate in mice on a
high-fat diet was a decrease in triglyceride supplythe small
intestine, which in part was due to a decreaseésdtaxy fatty acid
absorption, and an increase in dietary fatty acidation® In a
closely related study by the same researchersstal& shown
7s that triglyceride storage and secretion of the bhmaéstine is
altered in obese mi¢é.Such an evaluation can also be done in arn
automated and quantitative way, as was shown itudy sof
hydrolysis in macrophages, using CARS microsctpy.
LD motility is an important function of the lipidrganelle. There
so are two distinct ways of intracellular transport idDs: active
transport and passive transporCellular transport mechanisms
have been extensively studied with fluorescencerastopy,
though the droplets have to be stained by an exoggain,
potentially altering the transport mechanism; alsoe dyes
ss photobleach, allowing only a short glimpse into thetility of
LDs. One of the first studies of LDs by CARS microsg
investigated the organelle motility in steroidogemiouse adrenal
cortical (Y-1) cell, observing sub-diffusional mawent, and
microtubule-mediated active transpttvore recently, Jingst
9 al. studied the motility of LDs with CARS microscopy\atleo-
rate speed and showed that images of LD motilitn e
acquired for several hours without damaging thdscelAs
mentioned before, such long observation periodshatdeasible

9s observed average velocity for active transport lL#d cells of
more than 111 individual LDs and a total of 583rsegts was
149.7 nm/s. In a follow-up study, CARS microscopy wsed for
a long-term label-free imaging of lipid transfer tieen

This journal is © The Royal Society of Chemistry [year]
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individual LDs® The lipid-transfer directionality during LD published results determined by autoradiography amakss
fusion depended on the size difference betweenLibg the ¢ spectrometry.

lipid-transfer rate, however, depended on the diference and  Isotope labeling is not the only soft-labeling aggmh for Raman-
the diameter of the smaller LD. based methods. Alkyne tags open up interestinysaile CRS
The discovery that cellular LDs are involved in @ireduction of  imaging, because those tags are small and bioamtiadg
hepatitis C virus (HCV) triggered a broad interest.Ds, also in meaning they do not interfere with cellular funoso and can
the CARS community. Though, CARS is not able to vigealhe s label many cellular biomolecules such as nucleidsadipids,
HC virus, a combination of CARS and TPEF microscopyg ha proteins, and glycans. Weeks et al. used alkynstiuted oleic
been used to visualize changes in localization @rehotype of  acid in double-resonant four-wave mixing (DR-FWMyhich
LD’s and subgenomic HCV replicon RNA in living cellgpon allows enhancing low-intensity Raman signal and cedy the
treatment with a lipid metabolism inhibit&r.In a follow-up non-resonant backgroufi®lin a follow up study, Weeks and co-
publication with an addition of differential interence 7o workers used a combination of deuterated oleic arid 17-
microscopy (DIC) to CARS microscopy, and TPEF micogsc  octadecynoic acid with an alkyne terminal,ineestigate the
Lyn et al. showed that the HCV core protein induces sizeemm®e  signal enhancement of DR-FWM in living human mortes§’

of LDs, and also affects the directionality of norbule- Alkyne tags are also very powerful in SRS becausg #xploit
mediated LD transport in Huh7.5 ceifs. the silent region of the Raman spectrum, betwee® 8@ 2800
One of the biggest disadvantages of CARS microsdspthe 7 cm?, not interfering with any Raman vibrati6h Another SRS
presence of a non-resonant background signal thet c report of this labeling approach showed that alkyagging
overshadow a resonant signal from molecules preaerow allows unprecedented analytical options on indialdliving
concentrations’ Though many methods were developed to cells, such asde novo synthesis of DNA, RNA, proteins,
overcome this problem, they have their own drawbaekd phospholipids and esterified fatty acfds.

complications. SRS microscopy emerged as an alteenéd s0 The majority of publications in CARS microscopy ahe early
CARS microscopy, because it provides the same benaft SRS publications were primarily looking at the brohigh-
CARS microscopy, but overcomes the typical problenis o wavenumber region between 2800 and 3100, drecause on the
CARS. It does not have a non-resonant signal conimifbuhas a  one hand, the scattering cross-section of thoseatdms is
linear dependency on the concentration, and thergeed SRS  significantly higher than the cross-section of tHew-
spectra are identical to spontaneous Raman spedtieh makes s wavenumber region, below 1800 ¢imon the other hand, the
spectral analysis and interpretation straight fedvalthough the  local concentration of CH can be much higher than the
SRS effect was observed in the early 88'and has been broadly concentration of other molecular bonds. From tHerimational
studied and used, it gained wide popularity in tedioal point of view, the low-wavenumber region is spestapically
research not until 2008-39° Applications of SRS microscopy more interesting, due to the presence of the migjofimolecular
are similar to CARS microscopy; however, it is maasily o vibrations. Zhanget al showed that it is possible to investigate
applicable to the fingerprint region, because resBnant the low-wavenumber region with SRS microscopy, eiiplp a
background contributions do not obscure the wedkaman much larger number of Raman active vibratifhsSingle
signals. SRS microscopy has been used to perform RNApolytene chromosomes were imaged in salivary glanfls
interference screening by label-free imaging of WDE. elegans  drosophila melanogaster and two mammalian ceisHEK-293,
nematodes, aiding the discovery of eight new genefjulators ¢ a human embryonic kidney, and MCF-7 breast canageinmana
for fat storagé* Freudiger and colleagues developed a spectrallycell line during their cell cycles. By plotting tfistensities of the
tailored-excitation SRS, which allows to distinguibletween 785 cm' and the 1090 cthvibration they were able to show the
overlapping vibrational bands by spectral modufatiof the distribution of polytene DNA in the nucleus, alsmfeins at the
multiplex excitatior?> This approach allowed quantifying 1655 cmt amide | vibration, and lipids at 2845 ¢ntH, stretch
cholesterol in the presence of other lipids, andgimg of 100 vibration. Of course, the whole vibrational regiaran be
proteins, stearic acid, and oleic aciddnelegansFemtosecond- exploited by spontaneous Raman spectroscopy in irgagode,
Stimulated Raman Loss microscopy was used to trabk L e.g. point or line scannirf§. However, the acquisition time in
motilities in living early drosophila embry&3. spontaneous Raman microscopy ranges from a few esirtata
A very interesting approach to study proteome sgithwas  few hours, and in the presented approach the atiqoigimes
chosen by Weiet al, who used a combination of SRS andswere between 10 and 30 s.

deuterium labeled amino acids to detect the incaetmmn of

amino acids into the nascent proteins of living Heglls, human ~ Tissue Imaging and Multiphoton Histopathology
embryonic  kidney HEK293T cells, and neuron-like
neuroblastoma mouse N2A céfisThis approach could enable a
large variety of studies on protein incorporatiomoi cells. The
same group also investigated the opposite proaesgrdtein
synthesis, protein degradation. In that study eimgtof relying on
deuterated amino acids, the researchers investigateratio of
C'%phenylalanin to &-phenylalanin isotopes to determine the
incorporation of ¢*-phenylalanin and protein turnov&r.The
protein turnover times from individual cells werengparable to

CRS-based methods are uniquely qualified to acqaige| label-
free images of tissue vivo, in vitro, and from pathological
tissue section§ " Besides CARS and SRS signals, tissue
110 Structure and the chemical composition of tisswe gise to other
nonlinear optical phenomena. Second harmonic ggoeraand
two-photon excitation fluorescence can readily beEuared
without further modifications to a CARS setup. ThéGssignal

is generated in non-centrosymmetric molecular sires such as

4 | Analyst [2014], [vol], 00-00 This journal is © The Royal Society of Chemistry [year]
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collagen fibers or crystals deposits. TPEF, ondther hand, is
generated from endogenous components of the ehtilace
matrix, such as elastin and pyridinic coenzymeschsas
NADPH, but also intra-cellular flavin coenzym®@s,and
s exogenously applied labels. Hence, it is practicahclude those
multiphoton microscopy modalities when studying stis
specimens. Nowadays, several multiphoton modaldiesoften
used in one study to provide more information alibatsample.
THG microscopy has also been applied for tissuegingg™> "
w but it remains to be shown, if THG provides any itiddal
information that is not covered by the other mdaksi
The capability of label-free tissue analysis igsttated in figure
2, where CARS and SHG microscopy were used to irpagene
cartilage tissue. Chondrocyte cells, which were aliged with
15 CARS microscopy, are shown in blue, and the collagethe
extracellular matrix, which was visualized with SkH@croscopy,
is shown in green. A subsequent analysis from paifitinterest
by Raman spectroscopy indicates a distinct sigaatficollagen
in the extracellular matrix and cellular LD accuatidns in
20 chondrocytes. This approach could have signifidsemefits for
investigating cartilage tissue damages in patieamd, for quality
control in artificial tissue fabrications, because allows
visualizing the morphology of the tissue and presidfull
chemical information from the tissue without danmagit.
25 In the next paragraphs we will discuss the appticabf CRS
microscopies and other multiphoton microscopiesdisease

diagnostics and label-free pathology for atherassie, myelin
Combined CARS and SHG Image of Porcine Cartilage Tissue

sheaths, skin, hair, pharmaceutics, and tumor ifitsiton, and
surgical margin detection.

30 Atherosclerosis

According to the global status report on noncommainlie
diseases, released by the World Health OrganizgiidiHO) in
2010, Cardiovascular Diseases (CVDs) are the numiber o
causes of death world wide, accounting for a tlifcll deaths

35 (17.3 million people) in 2008 Atherosclerotic CVD is a special
form of arteriosclerosis, and the most common CVDisla
complex inflammatory disease of the artery Wllwhich
according to Glass and Witztum, results from irdeoa between
modified lipoproteins, monocyte-derived macrophage<ells,

w0 and cellular elements of the arterial WallThe emerging plaque
formations consist of macrophages loaded with dipid
accumulations of apoptotic cells, debris, choledterystals, and
is accompanied by collagen overgro®fh.Atherosclerotic
plaques develop over a long time, and stay asyngtionfor

4s many years. Due to their relative small size, mésheuch as
Magnetic Resonance Imaging and Computed Tomography ha
difficulties to detect plaque formations, espegiatl the early and
intermediate stages. Other methods, such as Istala

Ultrasound and Optical Coherent Tomography do notige any
so chemical specific information from the arteries,king the data
evaluation cumbersome.

The detections of the early and intermediate atudecotic
lesions can particularly benefit from the differenbdalities of
CARS SHG
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1000 1500 ' 3000
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1000 1500 V' 3000
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El El
© 5
= =
= £

1000 1500 )\ 3000 1600 1500 Y} 3000
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Figure 2: Multiphoton image of porcine cartllageLeTCARS S|gnal in blue, shows the distribution afradirocyte cells in the unstained
cartilage tissue. The SHG signal, in green, shtwsltstribution of the extracellular matrix in tbartilage tissue. The chondrocytes are
embedded in cavities of the extracellular matrikjol are called the lacuna. Raman spectra havetbken from the indicated locations
of the cartilage tissue. The spectrabbndrocytes have a high resemblance with estlified spectra. This can especially be seen o
presence of the triglyceride ester peak (C=0) latatel 740 cr; it is a strong indicator for the presence ofangllular lipid droplets.
The spectra of the extracellular matrix, on thesotiand, are similar to spectra of collagen, eslggiecognizable on the presence of the
two pronounced compound bands of proline and hydipoaline, locate 857/876 cfnand 920/240 cih. (Courtesy of Prof. Dr. Huser,
University of Bielefeld, Germany and Dr. Schie, IBH€na, Germany).

This journal is © The Royal Society of Chemistry [year]
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multiphoton microscopy, because multiphoton micogscallows multiphoton microscopy studies had a varying lip@nposition.
a label-free visualization of many hallmarks of eatisclerosis. s An important step towardén vivo Raman spectroscopy and
Cells, lipid depositions, and cholesterol crystas te detected CARS microscopy investigation of atherosclerotic pks) has
by CARS microscopy, fibrotic formations and mineration by been performed by Matthaes al, who utilized a Raman fiber-
SHG microscopy, and elastin, which is an integmat pn scar  probe to acquire Raman spectra from various positiathin the
tissue, by TPEF microscopy. There has been an @xten artery walls in a living rabbit, and correlated tlebemical
research effort to establish multiphoton microscopy an s information to CARS images from the same regions hia t
emerging new technology that can provide unprededen rabbit®

possibilities for the detection of atherosclergiiaques.

The American Heart Association (AHA) released
recommendation for the pathological classificatdmistological ~ Myelin sheaths are a dielectric material surrougdire axons of
atherosclerotic lesions, which correlates the appea of the  nerve cells, and enabling faster signal conducfidre dry mass
lesions to clinical imaging studi.To show that multiphoton 7 of myelin sheaths mainly consist of 70 % to 85 %imifis, and
microscopy is capable to correctly identify and dorrelate  the rest of protein®) and it is this high lipid content in the myelin
different stages of atherosclerotic lesions Wangal. analyzed  sheaths that gives the white appearance to the widtter of the
artery walls from 24 Ossabawa pigs of control afsmay brain. Demyelination of the sheaths is a hallmaok fmany
multiphoton microscopy, and compared it to artesllsvfrom a  neurodegenerative diseases such as multiple seleros
metabolic syndrome grod‘ﬁ_ In addition, the multiphoton 7s leukodystrophie, Guillain—Barré syndrome, and othédgelin
microscopy data was correlated to H&E staining ld same  sheaths can also be affected by traumatic damafgehvean
lesions. A quantitative analysis of lipid and cgba depositions  destroy or impede the proper function of signaldastion. The
in thickened intima of different lesions showedttbath, lipid in vivo investigation of myelin sheaths, however, has tmpéte
and collagen content increased dramatically irolesiType IV in  challenging, due to lack of appropriate dyes ifovivo studies.
comparison to lesions Type |, with the ratio betwdipid and s Label-free methods, such as CARS microscopy, coalk ha
collagen markers decreasing with increasing lesype. Others  substantial impact on the understanding of basielimysheaths
have developed their own metric to analyze theratiuderotic properties and de- and remyelination processes.

plaque burden on artery wallse. based on the ratio of signal In a pilot study, CARS microscopy was used to ingest a
intensity for each of the modalities to their restpe total image  demyelinating crush injury of the sciatic nerves liming
mean<® The value is then combined to an optical index for Sprague-Dawley rats at different time points pasjury.”
plaque burden of that region. Based on this appraaakas Immediately following the injury animals had a dfgrantly
possible to distinguish between healthy and atlérostic decreased sciatic functional index, which is thdidator for the
regions in arteries of myocardial infarct suscdptivatanabe  function of the sciatic nerve. Moreover, the CARSnhalgfrom
heritable hyperlipidemic (WHHLMI) rabbits of diffent ages. the myelin filaments that was present prior toitfsiced trauma
Multiplex CARS microscopy, covering the wavenumbenga <o disappeared following the injury. Two weeks aftgjury, CARS
between 2650 crhand 3050 cri has been applied to identify signal of myelin sheaths recovered, with an in@eaghe myelin
lipids in aortic tissue of ApoE mice® Based on the spectral sheaths thickness and the total thickness of ther.fiThese
information it was possible to identify four distin lipid observations underline the unique abilities of CARiIBroscopy
morphologies: intra and extra cellular lipid depesand needle- to follow label-free the remyelination of nerve dils after
and plat-shaped lipid crystals. It was also possiblcharacterize es injuries, and opens up a broad alley to study ggsty recovery
the lipid plaque profiles in ApoEmice exposed to statins, which of the myelin sheaths.

are cholesterol-lowering drugs. Similar needle-sldapipid  The CARS signal depends on the orientation between t
crystals in ApoEt mice have also been observed by ldtral. % molecular bonds of interest and the polarizatiothef excitation
In a subsequent study from the same group hyperap&ARS beams. If the polarizations of the excitation beames oriented
microscopy was used to investigate atherosclenoiiques in 10 along the CH group symmetry axis, which is perpendicular to
artery walls of ApoE deficient mice, showing th&ete is a  the hydrocarbon chain, the signal is maximiZedhis effect is
twofold increase of the lipid area in the intimédque region, also observed in myelin sheaths, where the gemkera#RS
and a fourfold decrease in the collagen distribuiio mice on signal intensity depends on the orientation of mmysheaths and
cholesterol-rich Western diet, in comparison toemin a normal  the excitations polarization, resulting in increhsemplexity for
diet® A study on stented coronary arteries under diffediet 10s morphological analysis. Bélanger al. addressed this problem by
and stent deployment conditions, concluded thattsteave a  utilizing circularly polarized excitation, reducirige polarization
negative influence on the collagen developmenhénrteointima,  effect to a minimuni> An investigation of acrolein-mediated
when compared to the artery walls peripheral to skent®’ myelin damage showed that the effect of acroleis olzserved in
Moreover, it was found that drug-eluting stentseéham inhibitory ~ the paranodal region in a calcium dependent andiucal
effect on the collagen development in arteries. ddgpectral SRS 1o independent casé Here, CARS microscopy was combined with

a Myelin Sheaths

combined with SHG has also been applied to studyesterol  immunofluorescence imaging to show that the raéitwieen the
crystals in artery walls, as a potential biomarkésr axon diameter and the length of the node of Rarnsigrcreasing
atherosclerosi® The majority of the cholesterol crystals were with increasing acrolein exposure time and acrolein
found to be composed of cholesterol monohydratezdie- concentration. Paranodal splitting was also obskenand

shaped cholesterol crystals that have also beesnaizsin other 1s quantified by CARS microscopy in that same study.e Th

6 | Analyst [2014], [vol], 00-00 This journal is © The Royal Society of Chemistry [year]
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researchers concluded that acrolein has a highglagpotential
on the myelin sheaths and could be an importantofam

truly revolutionize the way to investigate a vayieff properties
of cosmetic and pharmaceutical formulations innigvorganisms

multiple sclerosis pathogenesis. Imitefaal applied a combined o or tissue models alike.

approach of video-rate reflectance and confocabréiscence
s microscopy with CARS microscopy to investigate denmgtion
and neurodegeneration in brain
experimental autoimmune encephalomyelitis (EAEyhe EAE

The effects of optical clearing agents such asagbioor dimethyl
sulfoxide (DMSO) are not very well understood. Espky the

slice of animals hwit alternating effect of optical clearance agents be tollagen

matrix is of interest to insure that no tissue-dgenabccurs.

animals showed a very low CARS signal intensity ewen e Zimmerleyet al. have quantitatively investigated DMSO clearing

myelinated regions, indicating demyelination insthenice. The

1 analysis of knock-in mice with GFP expression incnoglia
revealed that microglia colocalize with areas staiw increased
demyelination, supporting the notion that microgliay a pivotal
role in neurodegeneration.

70 Same

dynamics in skin, using CARS and SHG microsctfyThe
study suggests that DMSO affects the ordered catlagructure
by changing the interspace distance of the filmilsa submicron
scale, reducing the SHG signal intensity. In a lsimstudy, the
researchers investigated the distribution ahe

The key parameter that describes the myelinatiord an concentration of water and d-glycine in the cortegion of

15 demyelination state is the g-ratio, which is thgoraf the axon
diameter to fiber diameter, assessing the thicknéske myelin
sheath. It is straightforward to determine this uealin a
histopathological sample using CARS microscopy. H@xethe
assessment in a living animal is not that strafghwvard, due to

20 significant moving and breathing artifacts, evernhwiideo-rate
imaging. It is, therefore, highly desirable to li#eato determine
the g-ratio based on a single coronal image skB#dangeet al.
proposed a solution to this problem by showing thahe plots
the g-ratio distribution from a coronal sectiong tig-ratio is

25 skewed. This, however, is not the case for g-ratimes above
the median that give a good indication of the geaatio®® The
research concluded that the g-ratio is not alwaysgaate to
describe the axon morphology, especially when thduded
damage in the axons is too large.

human hair fiberd® showing that water accounts for ~34 %
content by volume, and that externally applied ytigie is
homogeneously distributed throughout the hair. Thisdy

7s emphasizes that CARS microscopy has the unique yahdit

investigate the absorption, transport, and intevacof small
molecules in hair; information that previously was attainable.
According to Saar et at° SRS microscopy application to skin
imaging in living specimen was restricted for tveasons: first,

s0 Slow lock-in amplifiers, which were previously usegcond, low

collection efficiency of objective lenses, whichsavdue to high
scattering inside the tissue and the loss of sigialtons. To
overcome these shortcomings, Saar and co-workeedaped a
fast lock-in amplifier, and a modified collectiocheme. It was

ss determined that the backscattering of photons seug occurs

over an area with a diameter of 5 mm, whereas pleet@e of a

w0 Fu et al used CARS, TPEF microscopy, and confocal Ramantypical objective is only 1-2 mntf? This discrepancy reduces the

spectroscopy to investigate the initiation of delimgtion in EAE
induced animals at different stages: onset, peakeacand

signal collection by more than 90 %. To overconis finoblem a
photodetector was installed directly at the fropergure of the

remission”’ The initiation of demyelination and the retractioh <o objective lens, which resulted in a collection @éhcy of more

paranodal myelin have been observed at the onsktaarhe
s border of acute demyelination. Immunofluorescenabeling
indicated that during the onset of EAE T-cells anacrophages
begin to infiltrate the spinal cord tissue. Thelgsia with Raman
spectroscopy of the myelin sheaths showed a detyadaf the
myelin lipids and an increase in the intermoleculain disorder.
40 Others have proposed an approach for longitudindtiphmoton

than 28 % of total number of photons used to ilhete mouse
skin. This modification together with a faster leokamplifier
allowed following the penetration of the drug traeinol and of
DMSO in a living mouse and human skin, respectivlystudy

95 investigating the skin-penetration properties ofipiofen and

ketoprofen in a propylene glycol solution showedfedéent
penetration pathways with distinct transport rafes both

microcopy imaging of de- and remyelinatiftand an automated molecules:® Moreover, a formation of drug crystals at theltess

approach to investigate the local organization ofelinated

surface during the initial stages of the process whserved.

axons by 2D Fourier transform analysis of the CAR&gdimg 10 Such a crystal formation has also been seen bystivo also

data®
4s Skin, Hair, and Pharmaceutics

Due to their easy access skin and hair are the sdeaples for

examined the absorption properties of micro/nartapes in skin
by a combination of SRS microscopy and fluorescence.
imaging® Heuke and co-workers used multiphoton microscopy
to comprehensively characterized human skin sextioh 32

CRS microscopies and other multiphoton microscoipsning 105 individuals, laying a solid foundation for futuréentification of

new ways to investigate different properties ofions, shampoos,
and other cosmetic products. Cosmetic companiesntrested
so to understand and to characterize different prageerdf their
products. Due to the small size of the moleculesintérest,

pathology related changes in skin in clinical apgtions'®®

A very interesting approach to overcome non-resbnan
background contributions in CARS microscopy was dgved

by Chowdary et al, and termed Nonlinear Vibrational

fluorescent probes are not an option to investigateriety of 15 Interference Imaging (NIVI}®® With this approach Benalcazar

properties, such as transport and absorption in skihair. The
penetration depth, the chemical stability, anditheraction with
ss different biological layers of skin and hair araveo of the key
aspects cosmetic and pharmaceutical companiestarested in.

and Boppart investigated skin and were able toindjsish
between stratum corneum, epidermis, dermis and fbdicle,
based on the spectral difference in the 2800 td 306" region
in porcine skin%” A combination of CARS, SHG, and TPEF has

Up until now, such information was not easily aahile. CRS can 115 been used to image human skif.'% Mittal et al. have shown

This journal is © The Royal Society of Chemistry [year]
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that SRS microscopy can identify squamous cell naroR, and ~ Tumor Identification and Surgical Margins
is sensitive to nuclear atypical cells and cell akieization,
providing superior information in comparison to leefance
confocal microscopy*’

s Not only is the information about the properties @fams
important to pharmaceutical companies, but alsohaugisms of
new drug-delivery pathways, and a precise undedsignof the
distribution of active ingredients and excipients tablets and
pills. CARS microscopy has been used to visualizefaihalv the

w dissolution of tripalmitin-based solid oral dosaderms,
containing the drug theophylline anhydrate, in réme!!* For

4s Surgical margins, also known as normal tissue margind
tumor-free margins, are boundaries between normadl a
malignant tissue that can be visually determinedhigysurgeon,
or are established through histopathology. Thetwessurgical
margin indicates that there is still malignantusgresent and is

so frequently associated with a reduced disease-fregval.**® The
size of the margins is highly controversial, ansballepends on
the location in the bod}® 1" The detection of those boundaries
is the key aspect in surgical oncology and is diyemorrelated to

. ) ) ’ T the recurrence of a tumor. Despite this importantee

the f|r§t time, it was possible tq observe that ﬁ@d lipid ss technological approach to detect these marginsibseen much

extrusion prevented the formation of theophyllingdiate. change for many decades. If a surgeon does ndtliktanargins

Slllpchenko aqd co—.workers u.seql S,RS" CARS-, a”F’ Ram"’"c‘.'iirectly, a histopathological analysis on a biopaynple from the
15 microscopy to investigate the distribution of thepmaceutically region of interests is performed. For histopathimaiganalysis a

?ctlvg con:jpound arglodlpl.ng besylgte, V\S:'Ch IS fmdb!prfe;;ure stain is applied, to enhance contrast between coengs, e.g.
owerlfng ruégl,z Ban dexmprl‘en_ts in ta |Et§ _O SIx ntfl eo cell nuclei, cytoplasm, and connective tissue. Basedthe
manufacturers.® Based on the image analysis it was possible tomorphology a pathologist can derive information wthtumor

showfthat the diitribution ofhtheeru%s ‘?'035 na:jy\tftween thf margins. It would be more favorable to apply sudtaén directly
2 manufacturers, however, the distribution and theownts o during the surgery, but due to toxicity of the s$athat is not

excipients do vary significantly, see Figure 3. ket easily possible

pharmaceutical ingredients in tablets have alsm tsedied by . cpqin combination with other multiphoton microscepa®uld

brpadband CARS microscopy. A combination of C_ARS have a significant impact in this area, becausg #ne capable to
microscopy and Raman spectroscopy was also useddstigate distinguish between normal and malignant tissuelifiee at

25 deuterated drugs, which exhibit bands in the Raniantsegion, diffraction-limited resolution, and have the capiapito be a
and do not overlap with biological specttARaman spectra and reliable guide for surgical margins during a suygé is not an
single band CA,RS intensities ,Of diffgrgnt drug comeaions 70 overstatement to say that in the coming decadesillveee some
vyere measurgd in a two-way mICI’O-ﬂUId.IC channal ahowed a profound changes in the way surgeons and pathosogi!
linear correlation to the drug conceljtratlon. Rarspectroscopy identify surgical tumor margins. Figure 4 shows ampound

wwas able to detect drug concentrations down to 50 @ARS multiphoton image of pathological brain tissue, ancbmparison

was able to detect DMSO-dissolved C-deuterated thgph to H&E staining. The resemblance between the twages is
isoquinoline down to concentrations between 50H@mMM. - remarkable

CARS Microscopy

TPEF Microscopy

100 Um 100 pm

Combined

Figure 3 Large-area images acquired with SRS miomsof
amlodipine besylate containing tablets from différe
35 pharmaceutical companies. The drug and excipigetept in the
tablet can be identified by their respective cqloise.
microcrystalline cellulose (green), dibasic calciyshosphate
anhydrous (blue), amlodipine besylate (red), sodistarch

glycolate (yellow), and magnesium stearate (magentae - 5 : i iy iR
« Apotex tablets also contained microcrystalline e and ~F19uré 4 shows an image of porcine brain tisSusBIQUCARS

lactose. Scale bar is 200 um. (Image is courtesProf. Dr. ~ Microscopy and TPEF microscopy. The combined imagesv
Cheng and Dr. Slipchenko, Purdue University, USAopted comparable results to H&E staining of the samesés¢lmage is

from Slipchenkeet al Analyst 2010,135 2613-2619 courtesy of Dr. Meyer, IPHT-Jena, Germany.)

80
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It has been frequently shown that multiphoton nscopy has

of the same region shows no contrast at all. Thisdys

unique capabilities to identify and characteriziéedénces in the s demonstrates the importance and the possibilitiekalmel-free

histopathology of various diseases. For examgkeyivotissue
sections of basal cell carcinoma were investigateith
multiphoton microscopy and spontaneous Raman spsecipy

chemical microscopy for clinical applications, asgaide in
surgical procedures.
Multiplex CARS microscopy has also been used forrbtissue

by Vogler et al.!'® The research suggests that the presence ofmaging®®’ Camp Jr.et al. developed a modified broadband

lipid accumulations could have beneficial effectstbe growth
of the basal carcinoma. In a follow-up study, lafmgesal cell
carcinoma sections of size up-to (0.9 x 7.5) mmewerquired,
allowing for a potential correlation to optical eobnt
tomography and other imaging modalitié®. Yang et al.
developed a visual pattern recognition approach @#HRS
microscopy to distinguish between breast canceioriesand
normal lesions based on the presence of fatty abobuls

es CARS (BCARS) approach, which is based on a heterodyne

amplification using the non-resonant signal and igna
transformation based on the time-domain Kramersakyo
transform. This approach not only enhances theasidnt also
allows reconstructing BCARS spectra that are identical

70 spontaneous Raman spectt®. The covered spectral region in

these experiments was between 500 and 3500, amith a
resolution of less than 10 émThis approach greatly enhanced

structures?® Moreover, the researcher established an automatethe BCARS spectra and enabled an acquisition speedfefv

machine learning based approach to differentiatéwedmn

seconds for 300« 300 pixels size images, being superior to

different breast cancer subtypes, where morphabdiEatures s spontaneous Raman spectroscopy by at least 2 omfers

such as the distribution of cell nuclei were usetd fhe
discrimination. A combination of multiphoton micompy with

magnitude. The researchers used this approachageirnealthy
murine liver and pancreatic tissue, and comparesdgeft brain

Raman- and FTIR-imaging spectroscopy was used tgéma tumors with normal brain tissue, producing stunniagel-free
neurohistological pig brain slidé&: The comparison between the images of nucleic acid, proteins, and lipid disitions.

label-free methods and histopathological H&E stainof the
same slides showed strong morphological agreement.

Meyer and co-workers have shown how powerful
combination of the different multiphoton modalitiean be in
identifying advanced carcinoma of the hypophanjarynx, and
the left tonsil in a clinical case study with thnpatients:*® The
researchers concluded that the information fromntiadtiphoton
microscopy surpasses that of conventional H&E BtginThe
analysis of multiphoton images revealed an
NADH/NADPH in the dysplastic epithelium in compamis to
normal tissue, which is an indicator for upregudatell activity;
information that cannot easily be determined witimwentional
histopathology. Moreover, not only an increaseifid! content

was observed in the dysplastic epithelium, but alstecrease in

SHG signal intensity, which was correlated to arease in
collagen content and to a reduced ordering in thkagen
structure. Similar promising results have been shbw others,
who investigated lung carcinoma lesions with mbitifon
microscopy, and separated between normal, desnticplasd

tumor tissue based on multiphoton microsctifyRenal tumors

have also been investigated by a combination of CAREF

and SHG:?* The multimodal images gave detailed insight in
cancer morphology and composition, enabling toatistetween

normal kidney tissue, tumor, and necrosis. In dimpneary study
CRS was used to investigate the histopathology dhbtier,
lung, ovary, spleen tissue, skin with stratum came and
stratum basal®® Similarly to Meyeret al'?, they also compare
different brain regions to H&E stains, showing itieal

follow-up study, Ji and colleagues used SRS micimgcto
delineate between normal and cancerous brain tisbngce ex

vivo on pathological slides arid vivol?® In this publication the )
researchers made a giant leap towards clinicalicgijan of SRS ° NEXPENSIVE, an
SRS microscopy can

microscopy, by showing how well
differentiate between cancerous and normal brasué in living
animals. The tumor border and the infiltration dividual cells
into normal tissue was precisely visualized; thghirfield image

increase

s Conclusions

Clinical translation of CRS microscopies has enormuwersefits
for the medical community and early in vivo dised&ggnostics,
because it provides non-invasively label-free infation about
the molecular content of a sample at diffractionided resolution

ss with high chemical sensitivity and specificity. Thechnical

barriers that must be overcome for a clinical ti@ien were
reviewed and strategically outlined by &ual.*?® The operation
of an envisioned system should incorporate coheRsnan
micro-spectroscopy for identifying vibrational biotacular

90 markers of a disease and single frequency (or bpeetral)

Raman imaging of these specific biomarkers for tiea in vivo
diagnostics and monitoring. However, the clinigaplécations of
coherent Raman microscopy are partially delayedtduke lack
of dedicated and easy-to-use instruments, fibeic gpbbes for

95 coupling with endoscopes, and automatic algorithfors data

processing and evaluation.

The majority of CARS and SRS microscopes are in-hdusie
setups that require well-trained personnel for apen. Recently,
Olympus (USA) and Leica Microsystems (Germany)addtrced

100 the first commercially available CARS microscope099 and

in 2010, respectively. JenLab (Germany) introdueedcanner
with TPEF and SHG, integrated into a moveable aomtlie
investigation of skin. An upgrade for CARS is alsderdd.

d Thorlabs (USA) provides a multiphoton microscopehiol
105 includes an option for CARS microscopy. Key elememéslaser

systems that generate spatially and temporallytegmized, high
intensity picosecond laser pulses that can be eduf laser-
scanning microscopes. Innovative laser conceptsCR8E were
developed based on all-fiber laser systems thatcarapact,
d enable turn-key operatfdnThese are ideal
light sources for broader dissemination of the méghe such as
implementation into a clinical environment. SucHilzer laser
was coupled to a laser-scanning microscope thatoptimized
for simultaneous multimodal nonlinear imaging (TRBHG and

This journal is © The Royal Society of Chemistry [year]
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CARS), and optical throughput of near infrared light. s 7.
Affordable, robust and easy-to-use instruments fORS
microscopies are crucial to move the methods frbenpghysics g,
lab to users in medicine, biology, and chemistry.

s The challenge for CARS fiber-probes are to cons#meespatial o

and temporal overlap of the pump and the Stokesepduring

propagation through fiber, to scan the pulses tapider the 10.

region of interest, to efficiently collect the bagkd scattered
signal, and to match its size for insertion inte torking channel
10 of endoscopes. An important design consideration thie
suppression of optical nonlinearities in the deljvdiber. A
miniaturized CARS microscope was developed for imggii
spinal chords in living animaf® Another CARS probe for tissues
used a scanning mirror for imagif. A coherent Raman
15 endoscope that provides SRS images at seven fraenesgond
has also been describ¥4.
Images obtained by CRS microscopies provide morpladbg ™

information of cell and tissue architecture based chemical 15.

contrast of molecular vibrations. This informatican be utilized

ofor cell and tissue identification and disease g@dtion. 16.

Algorithms for data processing need to be developed
objective and automated classification to
histopathologic diagnoses. Further progress inetHedds will

contribute to increasing number of clinical and ldgical 18.

25 applications of coherent Raman microscopies in #ze future.

a
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This review provides an update on coherent Raman scattering microscopy of cells and tissues since
2008 including CARS and SRS.
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