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ABSTRACT   

Microscopic imaging based on multiphoton fluorescence, second harmonic generation (SHG) and coherent anti-Stokes 
Raman scattering (CARS) imaging has been realized in one common platform which is appropriate for use in hospitals. 
The different optical modalities non-invasively provide in vivo images from human skin with subcellular resolution, at 
different depths based on endogenous fluorescent, SHG-active molecules as well as non-fluorescent molecules with 
vibrational resonances at 2845 cm-1, in particular lipids. An overview of the system employing a Ti:sapphire laser and 
photonic crystal fiber to generate the excitation light as well as several imaging examples are presented. 
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1. INTRODUCTION  
Biomedical in-vivo imaging of tissue with subcellular resolution, high sensitivity and chemical discrimination has 
provided previously unavailable insight into biomedical system1,2. High resolution non-invasive imaging can be achieved 
by optical techniques. By combining different optical techniques different signal sources can be exploited to gain 
mutually completing information. We describe a system which combines the optical techniques two-photon fluorescence 
(TPF), second harmonic generation and coherent anti Stokes Raman scattering (CARS) for clinical imaging. While 
similar versatile laboratory-used imaging setups have been developed already several years ago3 there is currently still 
only one system (by JenLab GmbH with different variants) appropriate and certified for clinical use in hospitals4-6. 

In vivo multiphoton microscopy on human skin is clinically used for early skin cancer diagnostics, skin age 
determination, to monitor penetration of particles into the skin as well as effects of drugs, and cosmetic compounds7,8. 
Non-invasive subcellular resolution imaging is achieved based on endogenous skin fluorophores and second harmonic 
generating (SHG) compounds like collagen structures9. CARS microscopy can additionally provide access to non-
fluorescent but Raman-active molecules, in particular lipids3,10. With the strong and distinct CARS signals the drawbacks 
of spontaneous Raman and infrared (IR) spectroscopy which either lack high sensitivity (which is necessary for fast 
scanning-laser microscopy11) or high resolution, respectively, can be overcome. The nonlinear nature of the CARS 
process provides also intrinsic 3-D sectioning. CARS signals are generated in case the difference frequency Ω = ωp - ωs 
of pump and Stokes photons with frequencies ωp and ωS, respectively, matches the frequency of a Raman active 
molecular vibration10. Different CARS schemes mostly employing ps or fs (or a combination) pulses have been 
developed12. For clinical CARS imaging so far a Ti:sapphire laser in combination with an optical parametric oscillator 
and a Ti:sapphire laser in combination with a photonic crystal fiber (PCF) which was used to spectrally broaden a part of 
the laser output have been realized. 
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The CARS add-on consists of a “wavelength extension unit” (WEU)16 (Newport-Spectra Physics) which includes a PCF 
(FemtoWhite CARS, NKT Photonics) module in combination with suitable optics and detectors for CARS imaging. The 
whole CARS DermaInspect has by itself received a CE certification after evaluation by a certified body as a clinical 
system. To avoid skin damages by the laser light the total excitation power incident on the skin is kept below 50 mW 17. 
For the measurements reported here, the center wavelength of the fs oscillator was usually set to 800 nm.  The oscillator 
pulses were split inside the WEU into two parts, i.e. a two-beam setup was employed. One beam with a mean power of 
500 mW was focused into the PCF of the WEU (Fig. 1 b). These pulses were spectrally broadened by self-phase 
modulation and other non-linear effects inside the fiber (Fig. 1 c)16. Spectra of the fs pulses before with and without 
broadening by the PCF are shown in Fig. 2 a). To excite the CH2 vibration at 2845 cm-1 with 800-nm-pump pulses 
requires CARS-Stokes pulses at 1035 nm and generates CARS signals at 652 nm. Therefore, a spectral part of the 
continuum pulses around 1035 nm was selected by a transmission band-pass filter (Chroma HQ1045-30) and 
subsequently temporally and spatially overlapped with the 800-nm pulses. The spectra of the excitation beam used for 
CARS-lipid imaging are shown in Fig. 2 b). 

 
Fig. 2 a) Spectrum of 800-nm pulses (red line) and spectrum after spectral broadening by the PCF inside the WEU. b) 
Spectra of excitation pulses used for lipid CARS imaging: 800-nm pulses CARS pump/probe pulses and suitable part of the 
broadened spectrum from a around 1045 nm for the CARS-Stokes pulses. 

Both excitation pulse trains were collinearly fed into the DermaInspect. Careful beam shaping was employed with a 
tunable telescope to further optimize the spatial overlap of CARS-Stokes and pump beams inside the focal volume. The 
temporal delay was set such that both pulse trains temporally overlapped at the sample position. This was verified by 
maximizing sum frequency generation and/or a lipid CARS signal from test samples. The power of CARS-Stokes and 
pump-pulse trains at the sample was typically a few mW and a few tens of mW and was for different skin depths.  

Signals were collected by a two-channel detector (R9880U-20 and 1924A, Hamamatsu). CARS and TPF/SHG signals 
were spectrally separated by appropriate beam splitters and detected separately detected in the two channels (“CARS 
channel” and “TPF/SHG channel”). A further spectral separation of the TPF and SHG signals could be easily applied but 
has not been realized for measurements described here. 

A shortpass filter (720 SP) was used to suppress residual laser light in front of dichroic mirror which split the CARS and 
TPF/SHG signals into the two channels. A narrow bandpass filter (Brightline BP 650-13) was placed inside the “CARS 
channel” to further suppress residual light. In the “TPF/SHG-channel” residual CARS signals were suppressed by a 600-
nm short pass filter. The typical imaging time was 7.4 s/frame for images with 512 x 512 pixels. No further averaging 
was performed in order to reduce the measurement time and minimize movement artifacts. The CARS images typically 
had a maximum field of view of 200 x 200 µm2. To record spectra, the two-channel detector was removed and fiber-
coupling module was placed into the signal-beam path with only the 680-nm-short-pass filter in place. Spectra were 
recorded with a fiber-coupled thermo-electrically cooled CCD spectrometer (B&W Tek BTC112). The spectral data was 

500 600 700 800 900 1000

0.01

0.1

1

N
or

m
al

iz
ed

 in
te

ns
ity

Wavelength / nm

 

 

800 900 1000 1100
0.0

0.2

0.4

0.6

0.8

1.0

N
or

m
al

iz
ed

 in
te

ns
ity

Wavelength / nm

 

 a) b)

Proc. of SPIE Vol. 8588  85880N-3

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 10/05/2015 Terms of Use: http://spiedigitallibrary.org/ss/TermsOfUse.aspx



 

 

recorded whil
regions witho

In vivo imag
magnetic ring
measurement
procedure an
biomedical re
board. 

In vivo imag
Figure depict
Fig. 3 a) show
NAD(P)H15. 
from the CAR
also discernib
reflects the de

Figure 4 show
round, curl-li
stripe in Fig. 
microscopic w
visible. The m
4 b) shows si
the keratin its

The same ski
18 µm below
this layer (str
in Fig. 5 a) an
lipids. Fig. 5 
CARS excita
autofluoresce
not affected b

Fig. 3 In v
channel. E

le scanning fo
out further cor

ging was typic
g was used to 
ts were perfo
nd risks and g
esearch were 

ing has been 
ts a layer (“op
ws cells with 
The cell nucl
RS channel w
ble. In additio
ensity of CH2 

ws images of
ike structure in
 a) and b) wh
wrinkle. In the
main fluoroph
imilar corneoc
self. Keratin is

n area contain
w the skin surfa
ratum spinosum
nd a fog-like 
c) and d) illu

ation pulses (i
ence at the cen
by the tempora

vivo multiphoto
Each image dep

or 30 s at a rat
rrections for th

cally perform
ensure a fixe

ormed at the 
gave their wr
followed. Th

3
performed on

ptical biopsy”)
a typical roun
ei appear dark

which images C
on, a cloud-li
containing m

f the skin surf
ndicates the e
hich is visible
e image from 
hore whose ex
cyte structures
s known to ex

ning a part of 
ace. Fig. 5 a) a
m) hardly con
intensity dist

ustrate the eff
i.e. pump/prob
nter of the ima
al delay (comp

on imaging of h
picts an area of 

te of 2 s/frame
he spectral sen

med on the for
d position of 
Charité hosp

ritten informe
he measureme

. RESULT
n healthy skin
) perpendicula
nd structure a
k due to a lac
CH2 vibration
ike distributio

molecules, i.e. i

face (stratum 
end point of a 
e from top to 
the TPF/SHG
xcitation lead
s. This indicat

xhibit a strong 

a sweat gland
and b) show im
ntains keratin. 
ribution appe

fect of the tem
be and Stoke
age which leak
pare Fig. 5 c)

healthy human s
124 x 124 µm2

e. The spectra
nsitivity of the

rearms of ma
the focusing 

pital in Berli
ed consent. T
ents were fur

TS AND DI
n of human vo
ar to the optica
and dark cell n
ck of fluoresce
nal resonances
on of bright a
in this layer m

corneum) fro
 sweat gland
bottom of the

G channel (Fig
ds to the imag
tes a similar d
 CH2-Raman 

d as in Fig. 4 i
mages from T
 Here, cells ar
ars in Fig. 5 b

mporal delay o
es pulses) the 
ks into the CA
and d) except

skin in vivo at a
2. 

represent the 
e spectromete

ale and female
optics relative
in, Germany. 
The ethical gu
rther approved

ISCUSSIO
olunteers. An 
al axes which 
nuclei. The in
ent material. F
s at 2845 cm-1

and dark area
most probably 

om the TPF/S
(indicated by 
e images resu
g. 4 a), flat, no
ge contrast is 
distribution of
peak at 2845 

is also shown 
TPF/SHG and 
round the regi
b) resulting fr
on the signals
CARS signal

ARS channel. 
t by slight cha

a depth of abou

overall detect
r and transmis

e volunteers a
e to the skin a

All patients 
uidelines of th
d by an appro

ON 
example ima
lies about 24 
ter-cell fluore
Fig. 3 b) show
. In Fig. 3 b) 
s is visible. T
lipids.  

HG and CAR
an arrow in F

ults from a ga
on-living corni
keratin. The C
f CH2 containi
cm-1 18. 

in Fig. 5 but r
CARS chann

ion containing
rom CH2 cont
s. Without tem
l vanishes (Fi
The image fro

anges due to m

t 24 µm. a) TPF

ted signals fro
ssion of the sy

and patients. 
as described in

were inform
the Helsinki D
ropriate institu

age is shown 
µm below th

escence mainl
ws the corresp
some cellular
This brightne

RS channel, re
Fig. 4 a). The 
ap in the skin 
nified cells (co
CARS channe

ning molecules

recorded at a d
nel, respectivel
g the sweat gla
taining molec
mporal overla
ig. 5 d) excep
om the TPF/S
motion artifact

 
F/SHG channel

om the imaged
ystem. 

A taped-fixed
n Ref. 15. The

med about the
Declaration in
utional review

in Fig. 3. The
e skin surface
ly results from
ponding image
r structures are
ss distribution

espectively. A
vertical black
surface, i.e. a

orneocytes) are
el image (Fig
s, in particula

depth of abou
ly. The skin in
and are visible
ules, probably
p between the
pt for residua
HG channel is
ts.  

l, b) CARS 

d 

d 
e 
e 
n 
w 

e 
e. 
m 
e 
e 
n 

A 
k 
a 
e 

g. 
r 

ut 
n 
e 
y 
e 

al 
s 

Proc. of SPIE Vol. 8588  85880N-4

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 10/05/2015 Terms of Use: http://spiedigitallibrary.org/ss/TermsOfUse.aspx



111=1=MPIPPI

Immum.

 

 

Fig. 4 In v
image. Th
Each imag

Fig. 5 In v
TPF/SHG
overlap of
Stokes pu
area of 12

vivo multiphoto
he arrow points 
ge depicts an ar

vivo multiphoto
G-channel signa
f CARS-pump 

ulses. d) CARS-
24 x 124 µm2. 

on at the surface
to the ending p

rea of 190 x 190

on imaging of a
l with temporal
and Stokes puls
-channel signal 

e of healthy hum
point of a sweat
0 µm2. 

a sweat gland of
l overlap of CA
ses. c) TPF/SHG
without tempor

man skin in viv
t gland. The dar

f healthy human
ARS-pump and S

G-channel sign
ral overlap of C

 

vo. a) TPF/SHG
rk vertical strip

n skin in vivo a
Stokes pulses. b

nal without temp
CARS-pump an

G-channel image
e indicates a mi

about 18 µm bel
b) CARS-chann
poral overlap of

nd Stokes pulses

 
e, b) CARS-cha
icroscopic skin

 
low the skin su
nel signal with 
f CARS-pump 
s. Each image d

annel 
n wrinkle. 

rface. a) 
temporal 
and 

depicts an 

Proc. of SPIE Vol. 8588  85880N-5

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 10/05/2015 Terms of Use: http://spiedigitallibrary.org/ss/TermsOfUse.aspx



 

 

An example f
stratum papil
and dominate
distribution. A
to be distribu
from collagen
elastin, domin

Fig. 6 In v
channel si

Further studie
other skin dis

A clinical CA
CARS excita
pulses. The C
continuum sp
spectrally dis
presented and
keratin which
were found at

Acknowledg
The support f
the WEU is t
(BMBF) unde
side-effects o
 

[1] Zipf
bios

[2] Peza
cont
145 

for imaging of
llare which is 
e in the TPF/
As can be see

uted over the w
n and elastin 
nate the image

vivo multiphoto
ignal. b) CARS

es to collect re
seases are curr

ARS/TPF/SHG
ation was real
CARS-Stokes 
pectrum a su
stinct CARS a
d discussed. T
h is both fluor
t layers deepe

ement 
from Newport
thankfully ack
er the nationa

of chemotherap

fel, W. R., Wi
ciences," Nat 
acki, J. P., Bla
trast for imagi
(2011). 

f a deeper lay
known to con

/SHG channel
en the intensit
whole imaged
structures (fo

e contrast, i.e.

on imaging of th
S-channel signal

eference CAR
rently in progr

G-multiphoto
lized by a tw
pulses were g

uitable part w
and TPF/SHG
The images f
rescent and Ra
er inside the sk

t-Spectra Phys
knowledged. T
al project (BM
py, project nu

lliams, R. M.,
Biotechnol 2

ake, J. A., Dan
ing living syst

ying layer (abo
ntain SHG-ge
l (Fig. 6 a). T
y distribution

d area. Althou
or example in
. in this case p

he human skin 
l. Each image d

RS data from m
ress and will b

4. C
n imaging sy

wo-beam setup
generated by s

was selected b
G channels. Im
from the skin
aman-active a
kin which con

sics for loan o
The work was

MBF project Ch
umber 13N105

, and Webb, W
1 (11), 1369-1
nielson, D. C.,
tems: molecul

out 40 µm) is 
enerating colla
The CARS ch
n does follows
ugh there are 
n arterial tissu
probably lipid 

about 40 µm be
depicts an area o

many individu
be subject of f

CONCLUS
ystem has bee
p. Fs pulses f
spectrally bro
by a band pa

maging examp
n surface (stra
at 2845 cm-1. D
ntained living 

 

of the MaiTai
s supported by
hemoprävent 
507). 

References
W. W., "Nonli
1377 (2003).
, Kennedy, D.
lar vibrations 

shown in Fig.
agen structure
hannel image 
s the collagen 
reports in the

ues14), in Fig.
molecules. 

elow the skin su
of 153 x 153 µm

uals including 
future publica

SION 
en presented f
from a Ti:sap
adening of the

ass filter. Ima
ples of healthy
atum corneum
Different fluo
cellular struct

HP and in par
y German Fed
- Developmen

s 
near magic: m

. C., Lyn, R. K
drive CARS m

. 6. The Figur
es. The collag
in Fig. 6 b) 
structure visi
literature of 
6 b) other m

urface (stratum 
m2. 

persons who 
tions.  

for in vivo im
pphire laser ac
e fs pulses in 
aging was sim
y human skin 

m) were simila
rophore and C
tures and/or el

rticular R. Zad
deral Ministry 
nt of preventio

multiphoton m

K., and Singar
microscopy," N

re depicts a se
gen SHG sign
shows a diffe
ible in Fig. 6 
CARS signal

molecules than

 
m papillare). a) T

suffer from sk

maging of hum
cted as CARS
a PCF. Out o

multaneously 
from differen
ar in both ch
CH2-molecula
lastin-collagen

doyan and his
of Education

on strategies a

microscopy in t

ravelu, R., "Ch
Nat Chem Bio

ction from the
nals are visible
erent intensity
a) but appears
s at 2845 cm-

n collagen and

TPF/SHG-

kin cancer and

man skin. The
S pump/probe

of the resulting
performed in

nt depths were
hannels due to
ar distributions
n networks. 

s team to setup
n and Research
against derma

the 

hemical 
ol 7 (3), 137-

e 
e 
y 
s 
1 
d 

d 

e 
e 
g 
n 
e 
o 
s 

p 
h 
al 

Proc. of SPIE Vol. 8588  85880N-6

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 10/05/2015 Terms of Use: http://spiedigitallibrary.org/ss/TermsOfUse.aspx



 

 

[3] Zumbusch, A., Holtom, G. R., and Xie, X. S., "Three-Dimensional Vibrational Imaging by Coherent Anti-
Stokes Raman Scattering," Physical Review Letters 82 (20), 4142 (1999). 

[4] König, K., Breunig, H. G., Bückle, R., Kellner-Höfer, M., Weinigel, M., Büttner, J., Sterry, W., and Lademann, 
J., "Optical skin biopsies by clinical CARS and multiphoton fluorescence/SHG tomography," Laser Physics 
Letters 8 (6), 4 (2011). 

[5] Breunig, H. G., Bückle, R., Kellner-Höfer, M., Weinigel, M., Lademann, J., Sterry, W., and König, K., 
"Combined in vivo multiphoton and CARS imaging of healthy and disease-affected human skin," Microsc Res 
Tech 75 (4), 492-498 (2012). 

[6] Breunig, H. G., Weinigel, M., Bückle, R., Kellner-Höfer, M., Lademann, J., Darvin, M. E., W.Sterry, and 
König, K., "Clinical coherent anti-Stokes Raman scattering and multiphoton tomography of human skin with a 
femtosecond laser and photonic crystal fiber," Laser Physics Letters 10, 025604 (2013). 

[7] König, K., "Clinical multiphoton tomography," J Biophotonics 1 (1), 13-23 (2008). 
[8] König, K., Raphael, A. P., Lin, L., Grice, J. E., Soyer, H. P., Breunig, H. G., Roberts, M. S., and Prow, T. W., 

"Applications of multiphoton tomographs and femtosecond laser nanoprocessing microscopes in drug delivery 
research," Adv Drug Deliv Rev 63 (4-5), 388-404 (2011). 

[9] Zipfel, W. R., Williams, R. M., Christie, R., Nikitin, A. Y., Hyman, B. T., and Webb, W. W., "Live tissue 
intrinsic emission microscopy using multiphoton-excited native fluorescence and second harmonic generation," 
PNAS 100 (12), 7075-7080 (2003). 

[10] Evans, C. L. and Xie, X. S., "Coherent anti-stokes Raman scattering microscopy: chemical imaging for biology 
and medicine," Annu Rev Anal Chem 1, 883-909 (2008). 

[11] Suhalim, J. L., Boik, J. C., Tromberg, B. J., and Potma, E. O., "The need for speed," J Biophotonics 5 (5-6), 
387-395 (2012). 

[12] Cheng, J.-X. and Xie, X. S., "Coherent Anti-Stokes Raman Scattering Microscopy: Instrumentation, Theory, 
and Applications," J Phys Chem B 108 (3), 827-840 (2003). 

[13] Chen, B. C., Sung, J., Wu, X., and Lim, S. H., "Chemical imaging and microspectroscopy with spectral 
focusing coherent anti-Stokes Raman scattering," J Biomed Opt 16 (2), 021112 (2011). 

[14] Wang, H. W., Le, T. T., and Cheng, J. X., "Label-free Imaging of Arterial Cells and Extracellular Matrix Using 
a Multimodal CARS Microscope," Opt Commun 281 (7), 1813-1822 (2008). 

[15] Breunig, H. G., Studier, H., and König, K., "Multiphoton excitation characteristics of cellular fluorophores of 
human skin in vivo," Opt Express 18 (8), 7857-7871 (2010). 

[16] Zadoyan, R., Baldacchini, T., Carter, J., C.-H., K., and Ocepek, D., "CARS module for multimodal 
microscopy," Proc. of SPIE 7903, 79039Z-79031-79039 (2011). 

[17] Fischer, F., Volkmer, B., Puschmann, S., Greinert, R., Breitbart, W., Kiefer, J., and Wepf, R., "Risk estimation 
of skin damage due to ultrashort pulsed, focused near-infrared laser irradiation at 800 nm," J Biomed Opt 13 
(4), 041320 (2008). 

[18] Edwards, H. G., Hunt, D. E., and Sibley, M. G., "FT-Raman spectroscopic study of keratotic materials: horn, 
hoof and tortoiseshell," Spectrochim Acta A Mol Biomol Spectrosc 54A (5), 745-757 (1998). 

 
 

Proc. of SPIE Vol. 8588  85880N-7

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 10/05/2015 Terms of Use: http://spiedigitallibrary.org/ss/TermsOfUse.aspx


