Following dimethyl sulfoxide skin optical clearing
dynamics with quantitative nonlinear multimodal
microscopy
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Second-harmonic generation (SHG) imaging is combined with coherent anti-Stokes Raman scattering
(CARS) microscopy to follow the process of optical clearing in human skin ex vivo using dimethyl sulfoxide
(DMSO) as the optical clearing agent. SHG imaging revealed that DMSO introduces morphological
changes to the collagen I matrix. By carefully measuring the dynamic tissue attenuation of the coherent
nonlinear signal, using CARS reference signals during the clearing process, it is found that DMSO
reduces the overall SHG response from dermal collagen. Evidence is provided for a role of DMSO in
compromising the structure of collagen fibers, associated with a reduction of the tissue’s scattering

properties. © 2009 Optical Society of America
OCIS codes:  170.3880, 180.4315.

1. Introduction

Tissue turbidity, caused by scattering and absorption
of light, is a limiting factor in optical biomedical ima-
ging. It is directly responsible for the compromised
light penetration in tissues and for loss of image
contrast at greater depths [1]. Not surprisingly, the
temporary reduction of scattering observed after tis-
sue immersion in select nonreactive chemical agents
has drawn the attention of biomedical microscopists.
Hydroxy-terminated organic compounds such as
sugars and alcohols and aprotic solvents such as di-
methyl sulfoxide (DMSO) have been shown to act as
optical clearing agents (OCAs) when applied to the
tissue, enabling the acquisition of high contrast
images at depths several times higher than seen
in untreated tissue [2-4]. OCAs have been success-
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fully employed in optical coherence tomography
[5,6], linear and nonlinear fluorescence microscopy
[7,8], and second-harmonic generation (SHG) micro-
scopy [9,10] to improve image quality at greater
depths in tissue, and skin tissue in particular.

Despite the useful application of the optical clear-
ing effect, the clearing mechanism itself is not fully
understood. Studies have shown that agents such as
glycerol and DMSO introduce partial dehydration of
the skin by replacing tissue water [6,8,11]. These
findings suggest that a better refractive index match-
ing between tissue components and their immediate
solvent surrounding may provide an explanation of
the clearing effect. Nonetheless, no clear correlation
was found between tissue scattering reduction and
the refractive index or osmolality of a particular
OCA [12].

This lack of correlation provides support for mod-
els that include nonspecific interactions between the
OCA and tissue components. In particular, it has

1 April 2009 / Vol. 48, No. 10 / APPLIED OPTICS D79



been shown that glycerol reversibly alters collagen I
fiber structure in skin tissues in situ [13]. Based on
changes in the SHG signal of collagen, glycerol was
shown to dissociate collagen fiber bundles into a
sparser network of apparent fibrils. In vitro studies
of collagen gels have furthermore demonstrated a
strong correlation between collagen fibril solubility
and the optical clearing potential of several chemical
agents [14]. Indeed, changes in the structural orga-
nization of collagen, which constitutes 77% of dry
weight of the dermis, are expected to significantly al-
ter the scattering properties of the tissue [15]. While
it is evident that OCAs such as glycerol interact with
tissue collagen, it is still unclear on what level der-
mal collagen structure is affected and how these
structural changes contribute to a reduction in scat-
tering. Electron microscopy and x-ray analysis
suggest that glycerinated collagen fibers are decom-
posed into microfibrils by dilating the interfibrillar
space [16]. In situ optical imaging studies show a
significant drop in the SHG response from tissue col-
lagen when treated with glycerol, which indicates
that the structural rearrangement also reduces the
second-order nonlinearity of collagen [9,13]. How-
ever, a quantitative analysis of the loss of SHG
was complicated by changing tissue scattering prop-
erties during the optical clearing process and the re-
maining uncertainty about the microscopic origin of
the second-order response. This lack of quantitative
assessment has prevented a direct correlation be-
tween the temporary reduction of tissue scattering
and the OCA-induced changes in tissue collagen as
seen with SHG.

One of the complications with quantitatively deter-
mining fibrillar collagen SHG response in tissues is
the strong dependence of the signal intensity on scat-
tering. SHG originates from the focal volume and
produces coherent radiation in both the forward
and backward directions, contingent on the packing
and orientation of the collagen fibrils. In tissues,
postgeneration scattering of SHG light brings about
a redistribution of the forward and backward propa-
gating portions, leading to detectable signals in the
epidetection channel. Hence, both forward- and back-
ward-detected SHG signal levels are significantly in-
fluenced by the tissue scattering properties [17,18],
which makes the collagen SHG particularly difficult
to interpret quantitatively in dynamic optical clear-
ing studies.

In this study, we combine SHG imaging of dermal
collagen with simultaneous coherent anti-Stokes
Raman scattering (CARS) measurements of the local
OCA concentration. This multimodal approach al-
lows us to correlate the changing SHG pattern to
two previously elusive parameters: the dynamic tis-
sue attenuation as experienced by the propagating
coherent signal and the actual concentration of the
OCA in the focal volume. An attractive feature of
our approach is that the CARS signal originates from
the same focal volume as the SHG signal. Contrary to
SHG from collagen, the CARS signal from a homoge-
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neously distributed chemical species generates a co-
herent signal that is almost exclusively forward
directed [19]. Hence, this well-defined CARS signal
is an excellent reporter of the influence of postge-
neration scattering effects on the SHG signal. In ad-
dition, by tuning into the vibrational resonance of the
OCA, the CARS signal can be quantitatively related
to the actual concentration of the agent in focus at
any time during the clearing process.

Here we have chosen to follow changes in the struc-
tural organization of collagen during the clearing
process induced by DMSO in human skin ex vivo.
Like glycerol, DMSO exhibits a high optical clearing
potential [12,20]. In addition, DMSO can be easily
identified vibrationally through its strong symmetric
CHj; stretching vibration, which shows only moder-
ate overlap with the vibrational response of the na-
tive tissue components. It is our aim to correlate the
changes in collagen organization to the actual con-
centration of DMSO in focus, and to determine
how the collagen SHG signal changes when corrected
for tissue scattering. It is expected that the scatter-
ing-free SHG signatures will reveal important infor-
mation on the nature of structural changes of
fibrillar collagen as induced by DMSO.

2. Materials and Methods

A. Materials

Cryopreserved, dermatomed human cadaver skin
was obtained from Science Care Inc. (Phoenix, Ariz.).
Each 1 mm thick sample had an intact stratum cor-
neum and epidermis. A small (~1 x 1cm) piece of
skin was rinsed with phosphate buffered saline
and placed dermal-side down on a glass coverslip.
In our studies, we use an inverted microscope to ex-
amine the skin dermis directly through the coverslip.
Strips of 0.12 mm double-sided adhesive sheet (Grace
Bio-Labs, Bend, Ore.) were used to clamp the skin
between two coverslips and stabilize the skin while
allowing DMSO (Sigma-Aldrich St. Louis, Mo.) to dif-
fuse passively through the side of the sample.

B. Nonlinear Multimodal Imaging

The pump and Stokes beams required for the CARS
process were derived from a synchronously pumped
optical parametric oscillator system. The 1064 nm,
7 ps pulses of a 76 MHz mode-locked Nd:vanadate la-
ser source (High-Q, Hohenems, Austria) provided the
Stokes radiation. A portion of the same 1064 nm
source was used to pump an optical parametric oscil-
lator (Levante, Berlin, Germany), tunable in the
760-960 nm range, which delivered the pump beam
for the CARS process. The frequency difference be-
tween the pump and the Stokes radiation was set
t0 2913 cm™!, corresponding to the symmetric CHg vi-
bration of DMSO. For the reported experiments, the
pump beam is set to 812.2 nm, resulting in the gen-
eration of CARS signal at 656 nm. In addition, the
812.2nm radiation also served as the driving beam
for the SHG process. The collinearly overlapped



pump and Stokes beams were passed through a laser
scanner (Fluoview 300, Olympus, Center Valley, Pa.)
and focused with a 20x UPLAPO objective (Olympus)
into the sample. The average power at the sample
was ~10mW for the Stokes beam and 20mW for
the pump beam.

The inverted microscope (IX 71, Olympus) is
equipped with four photomultiplier tubes (PMTs).
In the forward direction, the SHG, CARS, and trans-
mitted pump light are captured by a condenser lens
(0.565NA) and directed to a 760nm long-wave pass
dichroic mirror (z760xrdc, Chroma, Rockingham,
Vt.). The transmitted light was detected by a fiber
coupled PMT, whereas the reflected light was passed
on to a dichoric mirror (FMO02, Thorlabs, Newton,
N.J.) for separating the SHG and forward (F-) CARS
signals. The CARS detector consists of two 650 +
40nm bandpass filters (HQ650/40, Chroma) and a
red-sensitive PMT, while the SHG detector includes
a set of two 400 +40nm bandpass filters and an
PMT photodetector. In the backward (epi-) direction,
E-CARS radiation was reflected off a 760 nm long-
pass dichroic mirror, passed through a 650 +40nm
bandpass filter, and sent onto a PMT. All nonlinear
signals were detected by red-sensitive PMTs
(R3896, Hamamatsu, Hamamatsu City, Japan).

C. Optical Clearing Experiments

In this work, we have used pure 14 M DMSO as the
clearing agent. We have chosen to work with undi-
luted DMSO in order to examine the effects of higher
concentrations of the OCA on the tissue. Note that
upon application of the DMSO on the skin, the clear-
ing agent will be immediately diluted by the tissue
water of the hydrated sample. One of the purposes
of this study is to resolve the local DMSO concentra-
tion over a wide range (in volume %) and to correlate
the OCA density with the structural rearrangements
of the collagen fibrous network. Because the experi-
ments are performed on tissue ex vivo, the process of
tissue rehydration as seen in skin in vivo is absent in
our study. Hence, in our studies we are primarily con-
cerned with the details of DMSO-induced optical
clearing and not with the reversible process asso-
ciated with rehydration of the tissue.

DMSO was applied in portions of ~100 uL. Within
a minute after application of DMSO, images (1.5s
per frame) were taken every 15 s from an area of in-
terest ~1 mm from the cross-sectional tissue cut, on
the application side of the tissue. Measurements
were taken over a 3 h period. For each time point,
an average of two images was taken. The focal plane
was adjusted to a depth of ~25um into the dermis.
While moderate CARS signals from tissue lipids
were detected at 2913 cm™!, such contributions were
easily separated from the much stronger CARS re-
sponse of DMSO, especially at higher concentrations
of the OCA.

Once collected, images were processed using Ima-
ged for quantitative analysis. The total CARS and
SHG signals were corrected for background contribu-

tions and integrated over a spatial area of interest of
at least 100 x 100 ym?.

D. Raman Spectroscopy

A 10mW beam of 532nm light from a frequency-
doubled Nd:vanadate laser (Verdi, Coherent, Santa
Clara, Calif.) was directed into the backport of the
microscope frame and focused with the same objec-
tive used in the nonlinear studies. Raman scattered
light was collected in the epigeometry, filtered with a
532 nm holographic notch filter (Kaiser, Ann Arbor,
Mich.), and detected with a spectrometer (Spectra-
Pro-150, Acton Research Corporation, Acton, Mass.)
equipped with a cooled CCD camera (Princeton
Instruments, Trenton, N.J.).

3. Results and Discussion

A. CARS as a Probe for DMSO Concentration

The CARS signal strength of the CH3z mode of DMSO
provides, in principle, a handle for determining the
concentration of our OCA in skin tissue. However,
even in the absence of tissue scattering, the CARS
signal intensity is not linearly proportional to the
CHj-mode density. First, the CARS signal is depen-
dent on the square modulus of the sum of the
CHj;-vibrational signal and the intrinsic electronic
nonresonant background. The quadratic dependence
and the entwining of resonant and nonresonant con-
tributions complicates a straightforward assessment
of the DMSO concentration. Second, when DMSO
diffuses through the tissue matrix it is consequently
diluted by the tissue water. The CH3-mode frequency
is sensitive to the immediate molecular environment
formed by the polar water molecules [21]. At higher
water concentrations, the CH; mode shifts to higher
frequencies, as illustrated by Fig. 1. These changes
are also reflected in the CARS spectra of DMSO-
water mixtures depicted in Fig. 2(a).

To reliably extract the DMSO concentration from
the observed CARS signal, the above-mentioned ef-
fects have to be accounted for. We accomplish this
by calibrating the CARS intensity measured at
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Fig. 1. Raman spectra of DMSO:water mixtures for different vo-
lume fractions of DMSO. The inset shows the shift of the center

frequency of the CH; symmetric stretch vibration for different
mole fractions of DMSO in water.
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2913 cm™! as a function of DMSO concentration in
water. The results are shown in Fig. 2(b). At low con-
centrations, an approximate quadratic dependence is
observed. At higher concentrations, the shifting
CHs-mode frequency leads to a reduction of the
CARS signal, producing a maximum CARS signal
at 92 volume % of DMSO and a subsequent CARS
signal decline at higher concentrations. Below
92v/v%, however, the observed CARS signal is un-
iquely related to a single DMSO concentration.

We will use the calibration curve in Fig. 2(b) to de-
duce the DMSO concentration from CARS tissue
measurements. First, we will assume that the CHj
vibration is predominantly affected by the water con-
centration and that spectral shifts induced by other
tissue components are negligible. This assumption is
reasonable, given the high concentration of water in
the tissue and the relative insensitivity of the CHj
vibration to apolar tissue components. Second, in
nonscattering samples, the CARS signal at
2913 cm™! can be directly related to the DMSO con-
centration through the calibration curve in Fig. 2(b).

A direct comparison is enabled when the CARS sig-
nal of a sample of unknown DMSO concentration is
related to the signal obtained from two reference
samples under the same imaging condition. Our re-
ference samples are a 0v/v% and a 50 v/v% aqueous
DMSO solution. However, a direct comparison with

60
(a) .
50 —/\—25%
—0—50%
401 —m— 100%

30+
20+

Relative Intensity

10+

0157 : e ey
2850 2900 2950 3000 3050 3100
Wavenumber (cm'1)
100
) p
80
=
2 60+
Q
=
o 404
[he
<
O 204
0 T . T T
0 20 40 60 80 100

% DMSO v/v

Fig. 2. CARS of DMSO for different volume fractions in water.
(a) CARS spectra for different v/v% of DMSO in water. (b) Relative
CARS intensity at 2913 cm™! for increasing volume fractions of
DMSO in water.
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the reference signal is compromised by the presence
of scattering in the sample. In order to use our cali-
bration curve, the effect of scattering on the CARS
signal has to be factored out first, as discussed in
the next section.

B. CARS as a Probe for Tissue Scattering

The total CARS signal from DMSO in a tissue sample
is determined by both the DMSO concentration and
the scattering properties of the tissue. During a tis-
sue clearing experiment, both the DMSO concentra-
tion and the scattering properties of the tissue will
change. Hence, a proper method of separating these
two effects is required for a quantitative analysis of
the tissue clearing process.

Figure 3 shows a typical evolution of the CARS sig-
nal as a function of time during DMSO-induced clear-
ing of the skin. The clearing of the tissue is evident
from the enhanced transmission of the incident
pump light. As expected, the F-CARS signal grows
as a result of the increasing DMSO concentration
and the reduced scattering of the tissue. The total de-
tected F-CARS light SZ, can be approximated as

Sgs = fFSaS(C)e_gava (1)

where S, (c) is the total CARS signal generated in
the focal volume as a consequence of DMSO concen-
tration ¢, g, is the time-dependent tissue attenua-
tion coefficient at the anti-Stokes wavelength, and
L is the total propagation length of the signal
through the tissue. The efficiency of the collection op-
tics and the detector is captured by the parameter /.
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Fig. 3. CARS signal at 2913cm™! during skin optical clearing
with DMSO. (a) F-CARS and E-CARS signals as a function of time
after application of the clearing agent. The transmitted pump light
(812.2nm) is also shown. (b) Extracted transmittance of CARS ra-
diation in the tissue and local concentration of the clearing agent
during the optical clearing process.



Note that both S ;(c) and g, are changing during the
optical clearing process. In the E-CARS channel, an
initial decrease is seen, followed by a steady rise of
the CARS signal. This observation is consistent with
the notion that E-CARS signal results from forward
generated CARS signal that is subsequently back-
scattered in the epidirection [22]. The E-CARS signal
can be modeled as

SES = fESas(C)[l - e_gaSL]v (2)

with fr the fraction of the backward-scattered
light captured by the lens and the epidetector. From
Eq. (2) it is evident that a reduction in g, is thus ac-
companied by a reduction of the E-CARS signal. The
subsequent increase of the E-CARS signal is ex-
plained by the increasing contribution of S(c) rela-
tive to the changes in tissue scattering. The
balancing between S,(c) and tissue transmittance
e 8sl determines the overall trend of the time-
dependent E-CARS signal.

While both the F-CARS and E-CARS signals de-
pend on the DMSO concentration ¢ in focus, the ratio
SE /SE, is independent of concentration. The tissue
transmittance depends in the following way on the
epi-to-forward CARS ratio:

_ fr SE ] -1
e 8l — |22 785 4 1 3
I:fE Sgs " ( )
The factor fr/fg can be determined from control
experiments using the constant nonresonant CARS
signal from the glass substrate as a reference, with
and without a slab of scattering tissue. Note that this
ratio is sensitive to the alignment of the microscope
and needs to be determined prior to every skin opti-
cal clearing experiment. In Fig. 3(b) the extracted
transmittance for the CARS radiation is plotted as
a function of time. The observed trend is reminiscent
of the transmission changes of the 812 nm pump light
but differs in magnitude. By combining Eqs. (2) and
(3), and by using the calibration curve in Fig. 2(b), the
time-dependent DMSO concentration in the focal vo-
lume can be retrieved. The result is included in
Fig. 3(b). This procedure thus allows a quantitative
separation of the concentration and the attenuation
variables. Note that our DMSO detection sensitivity
in the dermis, compromised by resonant and non-
resonant tissue components, is about 4%, which
explains the offset of the concentration curve in
Fig. 3(b).

C. Correlation between Scattering of CARS and SHG
Contributions

While the transmittance for postgeneration CARS
light due to tissue scattering can be conveniently at-
tained, a direct characterization of the attenuation of
SHG radiation is significantly more difficult to ac-
quire. Unlike the CARS signal, which follows from
a virtually homogeneous distribution of DMSO mole-
cules in the focal volume at all times, the SHG signal

depends on the details of the collagen organization in
the focal probing spot. We can write the forward-
detected SHG intensity as

85, = FrSau(rje et (4)

with Sy, (r) the total SHG generated light at a par-
ticular location r of the focal volume in the sample
and g,, the attenuation coefficient at the SHG emis-
sion wavelength. Note that in this analysis we
have omitted the effects of tissue scattering on the
incident light. The motivation for this omission is
twofold. First, pregeneration scattering during the
first ~25um results in a much smaller effect on
the nonlinear signals than the postgeneration scat-
tering over ~1mm of the tissue. We verified that
postgeneration scattering affects the signal by more
than an order of magnitude relative to pregeneration
scattering of the incident light under all tissue con-
ditions examined. Second, because both SHG and
CARS stem from a second-order interaction of the
812nm beam with the material, both signals are si-
milarly affected by the scattering-induced changes to
the incident pump light. The CARS signal also de-
pends linearly on the 1064 nm Stokes beam. In the
following analysis, we have assumed that the de-
tected CARS signal is negligibly affected by scatter-
ing of the Stokes light over 25um of propagation
through the dermis.

The total SHG radiation S(r)y, is a complex
function of collagen microfibrillar density and orien-
tation. In addition, depending on the fibrillar align-
ment relative to the incident polarization, S(r),,
produces forward- and backward-propagating por-
tions of coherent light [23,24], which are subse-
quently affected by scattering in the tissue [17,25].
Hence, the ratio of forward detected light to back-
ward detected SHG is a function of both S(r),,
and tissue scattering. This notion complicates the
use of the forward-to-backward SHG ratio for ex-
tracting the attenuation coefficient at the SHG emis-
sion wavelength. This is especially true during the
clearing process, when the fibrillar arrangement is
significantly altered during the time course of the ex-
periment. Unraveling of thick ym-sized collagen fi-
bers into tentatively much thinner microfibrils is
accompanied by changing phase matching condi-
tions, which enhances the relative contribution of
epidirected coherent emission [18]. The S(r)q,-
related forward-to-backward ratio thus changes in
an unknown fashion during the experiment, making
SE /SE  an unreliable reporter of tissue scattering
changes alone. Nonetheless, it is possible to relate
the attenuation coefficient of the CARS radiation
to the attenuation of the SHG light. Both signals
are coherent and originate from the same focal vo-
lume. The difference in attenuation results predomi-
nantly from the chromatic differences in the tissue
scattering coefficient at 656nm (CARS) and
406 nm (SHG).
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We have established a quantitative relationship
between g, and gy, in the following way. A constant
light beam at 656 nm was produced through nonre-
sonant anti-Stokes generation in a glass coverslip.
A second light beam at 406 nm of constant power
was generated by frequency doubling 812 nm laser
light in a beta-barium borate crystal. Both beams
were accurately overlapped in the focus of the same
microscope objective lens as used in the imaging stu-
dies. About 10 um beyond the focal volume, the two
light beams were attenuated by a 1mm thick skin
sample treated with DMSO. At different levels of op-
tical clearing, the relative attenuation of the 656 and
406 nm contributions were determined. The results
are plotted in Fig. 4. A linear relation is found be-
tween the attenuation coefficients g,; and g,,. We
will use this relation to correct the SHG signals
for tissue scattering based on the retrieved attenua-
tion coefficient from the CARS signals.

D. Structural Changes of Collagen During Skin Optical
Clearing

Figure 5(a) shows a typical SHG image of collagen in
the dermis [13,26]. Figure 5(b) depicts the SHG col-
lagen distribution 3 h after DMSO application. The
continuous fibrous collagen structures are replaced
by a rather discontinuous pattern of knots and
threads. Similar signatures have been observed in
skin in situ treated with glycerol [13]. The similarity
of the apparent effects of DMSO and glycerol seems
to suggest that DMSO exhibits a similar ability to
alter the structure of collagen fibers as previously ob-
served for glycerol.

However, it is unclear from these images whether
the qualitative morphological changes are accompa-
nied by an actual reduction of the SHG signal. A de-
crease of the SHG signal would provide evidence that
DMSO affects the high density and crystalline orga-
nization of microfibrils on a sub-um level, as opposed
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0.8 1.2 1.6 20 24

YasL
Fig. 4. Comparison of the tissue attenuation coefficient at the
SHG wavelength (406nm) and at the CARS wavelength
(656 nm) measured at different levels of optical clearing. The solid
line is a linear fit, which is used to correlate the CARS transmit-
tance to the SHG transmittance.
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to a simple geometric arrangement of the thick (um-
sized) collagen fibers in the dermis. Such information
can only be obtained conclusively after correcting the
images for light scattering in the tissue.

E. Correlation of Corrected Collagen Changes with DMSO
Concentration

Figure 6(a) displays a trial in which the forward de-
tected SHG signal of skin collagen is detected along
with the simultaneously collected F-CARS and E-
CARS signals during treatment with DMSO, over
a time course of more than 3 h. As expected, the
CARS signals increase dramatically as a conse-
quence of higher DMSO concentration and tissue
clearing. The detected SHG signal also rises during

Fig. 5. SHG images of dermal collagen (a) before and (b) after 3 h
of immersion with DMSO . The scale bar is 50 ym.



the time course of the experiment, a reflection of the
decreasing attenuation of the skin tissue.

Using Eq. (3), the time-dependent transmittance of
the forward CARS signal from this trail can be ex-
tracted. In addition, the results of Fig. 4 allow us
to determine the attenuation of the SHG radiation
generated in the tissue. The extracted transmittance
curves for both the CARS and SHG signals are given
in Fig. 6(b). It is seen that the OCA-induced transpar-
ency of the skin approaches its maximum values of
~60% transmission at 6566 nm and ~20% transmis-
sion at 406 nm after 3 h of immersion. Hence, the in-
creasing CARS intensity 3 h after application of
DMSO [Fig. 6(a)] cannot be explained by changes
in the scattering properties of the tissue. Instead,
the increase is solely due to the growing concentra-
tion of DMSO in the tissue. We found that the varia-
tion of the transmittance between different samples
was large, with maximum transmittance values at
656 nm in the range 0.35-0.65 (n = 5), which we at-
tribute to the difference in tissue thickness and the
variation in the maximum DMSO concentration
reached in the skin. Nonetheless, because our meth-
od provides direct access to the tissue transmittance
and DMSO concentration, a direct comparison be-
tween these two parameters can be made irrespec-
tive of the sample thickness.

With the aid of the calibration curve in Fig. 2(b),
the changing tissue scattering properties in terms
of the CARS transmittance can be plotted as a func-
tion of DMSO concentration. The results are given in
Fig. 7(a). We find for all samples (n = 5) that a reduc-
tion in tissue scattering is not observed at DMSO
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Fig. 6. Variation of SHG, F-CARS, and E-CARS signals during
skin optical clearing (a). The extracted transmittance of the CARS
radiation, along with the derived transmittance for the SHG light,
is given in (b).

concentrations higher than ~40v/v% in the tissue.
Within the assumption that the DMSO-induced
changes to the tissue optical properties take effect
on a time scale faster than the gradual process of
increasing OCA concentration, we conclude that
maximum reduction of tissue scattering is obtained
at a local DMSO concentration of 40 volume % in the
tissue.

Using the results found in Fig. 4, the SHG signal is
corrected for postgeneration scattering and Sy, is de-
termined. Figure 7(b) summarizes our findings.
Whereas the detected signal in Fig. 6(a) shows an in-
crease of the SHG channel, after correction for scat-
tering a decrease of the integrated Sy, is observed.
Although we found it difficult to determine the exact
SHG signal at low DMSO concentrations (<4%), we
observe a clear decrease of the SHG signal during
optical clearing for each skin sample examined.

The optical clearing effect of glycerol in rat tail ten-
don samples has been partially explained in terms of
swelling of the overall tissue [10]. It was suggested
that while the overall morphology of collagen was re-
tained, the hyperosmolarity of glycerol increases the
interfibril spacing, thereby lowering the number of
scattering objects per unit volume. In our skin optical
clearing experiments with DMSO, we rule out a sig-
nificant contribution from swelling to the observed
decrease of the SHG signal. The skin sample was
fixed between two glass slides, preventing significant
changes in the thickness of the sample. Only a small
increase (<5%) in the overall volume of the skin
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Fig. 7. CARS transmittance and SHG response as a function of
DMSO concentration. (a) CARS transmittance for different con-
centrations of DMSO. (b) Extracted SHG signal as a function of
DMSO concentration. The oscillatory trend observed at higher
concentrations relates to long-term laser fluctuations rather than
changes in the SHG response.
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sample was observed after DMSO immersion, which
cannot quantitatively account for the reduced scat-
tering properties. Rather than a lower density of
SHG-generating elements on a macroscopic level
due to tissue swelling, our results clearly point to-
wards the possible role of DMSO in altering the
structure of collagen on a sub-um level. The dense
packing of collagen I fibrils into highly organized fi-
bers with diameters that extend onto the ym scale
has often been suggested as the source for the strong
SHG response of skin tissue collagen [24,27,28].
When these highly organized “domains” are affected,
areduction of the SHG signal is expected. Both a low-
er density at the sub-um level due to increased spa-
cing between the microfibrils or a diminished degree
of organizational symmetry will affect the second-or-
der nonlinear response from the fiber. Our study thus
suggests that the intrinsic structure of the collagen
fibers in human skin ex vivo is modified by DMSO,
and possibly associated with the reduced scattering
properties of the tissue.

In addition, we clearly observe that, while the tis-
sue optical scattering properties continue to change
for concentrations up to 40v/v%, the SHG signal
settles to a constant value at a much lower concen-
tration of ~20v/v%. From this we infer that the
DMSO-induced structural changes to the collagen fi-
bers cannot be the only mechanism responsible for
the optical clearing effect. The continuing clearing
with increasing DMSO concentration up to
40v/v% fits a model that includes the improved re-
fractive index matching between the liquid matrix
and tissue components. Our results thus indicate
that both the decomposition of the highly ordered col-
lagen fibers and the process of refractive index
matching play a likely role in the underlying physics
of skin optical clearing.

Our experiments in skin ex vivo show that
changes to the collagen structure are substantial
for concentrations below 20v/v%. Because of tissue
rehydration, it is expected that the local DMSO con-
centration in the dermis in vivo stays well below
40v/v% during the optical clearing process. Conse-
quently, the DMSO-induced modifications to dermal
collagen could play an important role in optical clear-
ing in skin in vivo as well.

4. Conclusion

In this study we have combined SHG imaging of col-
lagen fibers with CARS microscopy to quantitatively
follow the process of DMSO-induced optical clearing
in human skin ex vivo. By detecting both the F-CARS
and E-CARS signals, we were able to extract two
hitherto elusive parameters during the clearing pro-
cess: (1) the time-dependent attenuation coefficient
for the coherent nonlinear signal and (2) the local
concentration of the OCA. Using this multimodal ap-
proach, the SHG signal from collagen I fibers was cor-
rected for the changing scattering properties of the
skin during clearing and correlated with the local
concentration of the OCA.
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Our measurements suggest that DMSO interferes
with the highly organized structure of thick collagen
fibers, possibly by changing the interfibril spacing on
a sub-um scale. DMSO-assisted decomposition of col-
lagen continues up to concentrations of 20 volume %
of the clearing agent. Higher concentrations do not
further compromise the SHG response from dermal
collagen. On the other hand, reduction of tissue
scattering persists up to DMSO concentrations of
40v/v%. These combined observations emphasize
that both the mechanism of refractive index match-
ing and the structural changes of collagen I fibers
play an important role in reducing the scattering
properties during skin optical clearing.
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