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A B S T R A C T

The penetration of small molecules through the human skin is a major issue for both safety and efficacy issues in
cosmetics and pharmaceutic domains. To date, the quantification of active molecular compounds in human skin
following a topical application uses ex vivo skin samples mounted on Franz cell diffusion set-up together with
appropriate analytical methods. Coherent anti-Stokes Raman scattering (CARS) has also been used to perform
active molecule quantification on ex vivo skin samples, but no quantification has been described in human skin
in vivo. Here we introduce and validate a framework for imaging and quantifying the active molecule pene-
tration into human skin in vivo. Our approach combines nonlinear imaging microscopy modalities, such as two-
photon excited auto-fluorescence (TPEF) and coherent anti-Stokes Raman scattering (CARS), together with the
use of deuterated active molecules. The imaging framework was exemplified on topically applied glycerol di-
luted in various vehicles such as water and xanthan gel. In vivo glycerol quantitative percutaneous penetration
over time was demonstrated, showing that, contrary to water, the xanthan gel vehicle acts as a film reservoir that
releases glycerol continuously over time. More generally, the proposed imaging framework provides an enabling
platform for establishing functional activity of topically applied products in vivo.

1. Introduction

Although human skin primarily functions as a barrier to prevent or
control the entry of foreign substances into the body [1], a topical
delivery is attractive to pharmaceutical and cosmetic compounds as this
route of administration avoids hepatic first pass and provides a constant
molecular flux into the blood. Understanding [2] and predicting [3]
molecular percutaneous penetration, even for small molecules [4], re-
mains extremely difficult due to the complexity of the skin layered
morphology and the variety of active metabolic processes possibly in-
volved. Addressing this complex question would require an in vivo
experimental framework capable of providing a detailed anatomical
skin description together with a 3D active molecule concentration view
over the time course of the experiment. This is in sharp contrast with
the information provided by conventional skin bioavailability ap-
proaches such as ex vivo human skin mounted on Franz cell diffusion
set-up together with validated analytical methods (such as radio-la-
beled compounds [5] or liquid chromatography-tandem mass

spectroscopy [6]) or destructive sequential adhesive tape stripping ex-
traction to determine active molecule concentration profile at specific
time point [7].

Recently many efforts have been made to develop skin imaging
modalities that use inelastic scattered light by the vibrational motions
of chemical bonds [8]. Known as spontaneous Raman spectroscopy
techniques, they provide sufficient chemical specificities to track active
molecules in skin both in-vitro [9] and in-vivo [10]. Other label free
imaging modalities such as high-frequency ultra-sound imaging [11],
optical coherence tomography (OCT) [12] and multiphoton microscopy
[13,14] can reveal the anatomical skin description but fail in providing
chemical specificity. In theory these imaging techniques can be com-
bined with Raman spectroscopy [15] but the latter cannot provide ac-
tive compounds images because of the very low molecular spontaneous
Raman cross section that requires long pixel acquisition time (ms to s).
Conversely, coherent Raman techniques [16,17] such as coherent anti-
Stokes Raman scattering (CARS) microscopy [18] and stimulated
Raman scattering (SRS) [19,20] can provide fast chemically specific

https://doi.org/10.1016/j.jconrel.2019.07.018
Received 1 February 2019; Received in revised form 4 July 2019; Accepted 14 July 2019

⁎ Corresponding author at: Hervé Rigneault, Institut Fresnel, Domaine Univ St Jérôme, 13397 Marseille, Cedex 20, France.
E-mail address: herve.rigneault@fresnel.fr (H. Rigneault).

Journal of Controlled Release 308 (2019) 190–196

Available online 15 July 2019
0168-3659/ © 2019 Elsevier B.V. All rights reserved.

T

http://www.sciencedirect.com/science/journal/01683659
https://www.elsevier.com/locate/jconrel
https://doi.org/10.1016/j.jconrel.2019.07.018
https://doi.org/10.1016/j.jconrel.2019.07.018
mailto:herve.rigneault@fresnel.fr
https://doi.org/10.1016/j.jconrel.2019.07.018
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jconrel.2019.07.018&domain=pdf


images due to the coherent addition of the radiated fields scattered by
chemical bonds [21]. CARS and SRS have been applied to image skin
and drug delivery to skin [22–27], however active molecule con-
centrations with depth couldn't be quantified. We recently filled this
gap using CARS that has the ability to provide unbiased in-depth con-
centration map, by correcting for the signal attenuation with increasing
depth into the skin sample ex vivo [28]. However, this active molecule
quantification in skin focused on ex vivo samples and potentially missed
the contributions from living skin such as sweating and active meta-
bolic contribution to percutaneous penetration. Indeed, using CARS
imaging we have recently reported in vivo sweat pore activity and
monitor the water production at a single sweat pore level [29], this
aqueous sweat addition found in living skin affects active molecule
percutaneous penetration and motivates further in vivo studies such as
the one reported here.

In this paper, the use of deuterated active molecular compounds was
combined together with CARS and two-photon excited auto-fluores-
cence (TPEF) to study in vivo percutaneous penetration of deuterated
glycerol diluted in vehicles such as water and xanthan gel. The focus on
glycerol was chosen as it is a major molecule involved in skin hydra-
tion. It has been shown previously that glycerol applied topically is
responsible for skin hydration [30,31] but can also accelerate the re-
covery of the skin barrier function [32]. In the cosmetic industry
moisturizing products extensively using glycerol to control the stratum
corneum (SC) thickness, hydration and mechanical properties [33–35].
In vivo 3D quantitative glycerol mapping in human forearms are here
provided and followed over several hours. We found that the glycerol
distribution over time is maintained when diluted into xanthan gel, the
latter acting as a glycerol reservoir on the skin surface. It was also found
that the SC thickness is affected depending on the vehicle.

2. Results

2.1. In vivo quantitative CARS imaging method

To perform an in vivo active molecule imaging on the forearm of a
Caucasian healthy subject several innovations were designed and im-
plemented that are reviewed and detailed below (Fig. 1).

2.1.1. λ-switch CARS detection
Because the CARS signal is hampered by a non-resonant background

that leads to potential spectral [36] and spatial artifacts [37] we have
implemented the ‘λ-switch’ imaging scheme that performs sequential
image acquisitions at the 2100 cm−1 carbon deuterium (C-D) vibra-
tional frequency, referred as the resonant (R) CARS signal IR, and at
2250 cm−1, a vibrational frequency that does not correspond to the
resonant C-D bond, and referred as the nonresonant (NR) CARS signal
INR. The approach is similar to earlier and recent faster FM-CARS de-
velopments [38,39]. Here to perform the IR and INR sequential acqui-
sitions a specific 3 colors CARS setup was implemented, based on a
frequency doubled ytterbium laser pumping two optical parametric
oscillators (Fig. S1). The system provides 1.5 ps pulses trains at 80MHz,
up to 300mW power at the sample plane for each of the 1031 nm,
847 nm and 837 nm beams. Using mechanical shutters to open and
close sequentially the 847 nm and 837 nm laser beams, we measure
sequentially IR and INR at a fixed depth z and over 100 μm×100 μm
field of view in<10 s. This is fast enough to avoid the artifact related
to slow movements of the forearm (Fig. 1 a ①). The imaging process is
then repeated at another depth z to acquire an in depth 3D image stack.

2.1.2. Balancing R and NR CARS signal on in vivo skin
To use INORM= (IR−INR)/INR as a quantitative measurement of

deuterated glycerol concentration in skin the 847 nm (OPO1) and
837 nm (OPO2) beam powers were adjusted to obtain equal 2100 cm−1

(IR) and 2250 cm−1 (INR) CARS signals on a forearm treated with water
only. This ensures that IR and INR are equal on in vivo samples when no
active molecules are present. To address the variation of INORM with
deuterated glycerol concentration we conduct in vitro calibration tests
where INORM= (IR−INR)/INR was recorded with the deuterated glycerol
concentration in water (Fig. S2). For concentration below 50% mass,
we found that INORM scales linearly with the deuterated glycerol con-
centration. This is why in this regime, and using relatively short pulses,
the CARS signal is dominated by the nonresonant background [28,40]
(Sup Info section 7). The assumption was made that this linear de-
pendence also holds for in vivo samples as INR is found to be stronger in
skin than in solution. Altogether we will work with the hypothesis that
INORM is a linear reporter of deuterated glycerol concentration in skin,

Fig. 1. Designed CARS and TPEF imaging framework for in vivo percutaneous penetration in human skin forearm. (a) λ-switch scheme to image sequentially
deuterated molecular compounds (2100 cm−1) and CARS non resonant background (2250 cm−1) ①, (b) balancing the CARS resonant IR (2100 cm−1) and non-
resonant INR (2250 cm−1) ② signals, enables to build INORM= (IR-INR)/INR that is linear with concentration and insensitive to skin depth artifact ③, in situ CARS
calibration using the applied active molecule solution (as accumulated on surface wrinkles) ④ and TPEF images ⑤ enable to access 3D active deuterated molecule
concentration in human skin in vivo.
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in vivo, provided that IR and INR CARS signals have been balanced on a
forearm treated with water only (Fig. 1 b ②). Note that also we observe
here a linear dependence of the CARS signal with concentration CARS is
usually quadratic with concentration, this is potentially not a problem
but it should be accurately calibrated [28].

2.1.3. INORM accounts for light scattering and attenuation in skin in vivo
In [28] the CARS nonresonant background was used to account for

the loss of excitation and collection efficiency along the sample depth z.
This is because INR should be constant with increasing depth in an ideal
sample without light scattering and attenuation. On a forearm INR is
found to decrease for increasing depth to eventually reach zero at
z~50 μm (Fig. S3), this is because at this depth skin scattering and
absorption limit CARS signal activation and collection.
INORM(z)= (IR(z)-INR(z))/INR(z) is therefore representative of the deut-
erated glycerol concentration with depth z as being renormalized by the
nonresonant background attenuation (Fig. 1 b ③). We note that a si-
milar strategy using cross phase modulation has been used to perform
background free hyperspectral stimulated Raman scattering (SRS)
spectroscopy [41].

2.1.4. In situ CARS calibration
Calibration of coherent Raman signals (CARS, SRS) is always an

issue as the signal is very dependent on power but also spatial and
temporal overlap of pump and Stokes beams. We adopt here in situ
calibration using a measurement point in the sample where the deut-
erated glycerol concentration is known. This is possible when wrinkles
are present on skin surface that tend to accumulate the applied deut-
erated glycerol solution. As an example, Fig. S4 shows a representative
wrinkle at the skin surface where the deuterated glycerol accumulates.
We assume that the deuterated glycerol concentration at these accu-
mulation areas is the known applied glycerol concentration such that, it
is possible to rescale the full INORM (x,y,z) image stack taking advantage
of the CARS signal linearity with concentration (Fig. 1 b ④ and Fig. S2).

2.1.5. TPEF provides skin morphology in 3D
Independent to CARS, the identification of skin morphology (wrin-

kles, skin surface, skin layer compartments) in 3D is provided by two-
photon excited auto-fluorescence (TPEF) (Fig. 1 b ⑤). For instance skin
surface is usually associated to a strong in plane (x,y) integrated TPEF
signal but also to a maximal in plane spatial variance (on the skin
surface the TPEF intensity fluctuates a lot because of skin morphology
irregularities).

2.2. In vivo glycerol percutaneous penetration

Using the methodology described above, the percutaneous pene-
tration of deuterated glycerol was investigated in vivo, and the differ-
ences were compared when it is diluted at 40% (mass.) in two vehicles
water and xanthan gel (Fig. S5), labeled as Gwat and Gxant, respectively.
30 μL of the formulations Gwat and Gxant are applied on the skin surface
at T=0 (see Materials and Methods) and the penetration of glycerol is
followed kinetically in space and time in the skin. Fig. 2 shows ex-
amples of TPEF and glycerol concentration recording with increasing
depth taken at T=1h after the topical application of Gwat (Fig. 2 a)
and Gxant (Fig. 2b). In both cases, TPEF images reveal the stratum
corneum (SC) corneocytes and enable to locate the skin surface using
the maximum of the in plane (x,y) integrated TPEF signal variance with
depth z (data not shown). The CARS images permit one to retrieve the
deuterated glycerol concentration with depth, where the concentration
is normalized to 1 for a bulk solution (40% mass.). Besides, glycerol
concentration profile (in plane (x,y) integration) with increasing depth
is presented in the right panels in Fig. 2 a b. Contrarily to formula Gwat

(Fig. 2 a), formula Gxant reveals a higher glycerol concentration on the
skin surface (Fig. 2b). This can be also quantitatively evaluated by
comparing glycerol penetration profiles at the skin surface (< 5 μm).

However, in both cases the glycerol concentration drops with in-
creasing depth, and reaches the concentration detection limit at
~15 μm.

To gain more insights on the glycerol percutaneous diffusion pro-
cess, Fig. 3 shows time lapse (x,z) glycerol concentration images where
the glycerol concentration has been integrated along y axis (1 corre-
sponds to a glycerol concentration of 40%). The probed areas are in the
same vicinity on the forearm (within ~1mm2) during a time lapse ex-
periment. In the case of formulation Gwat, (Fig. 3 a) glycerol con-
centration tends to decrease rapidly from the skin surface (Fig. 3 c –
blue dots) eventually reaching a close to zero skin surface concentration
at T=4h. Such a result is compatible with glycerol remanence time in
skin which is of the order of a few hours [33]. On the contrary, in the
case of formulation Gxant (Fig. 3 b) our measurements reveal the crea-
tion of a glycerol reservoir on the skin surface and a much higher
glycerol mean concentration in the upper part of the SC (T < 2h,
0–10 μm depth) as compared to formulation Gwat (Fig. 3 b). This gly-
cerol accumulation also results in stronger glycerol remanence into the
SC depth, for instance at T= 4 h the glycerol concentration is still
~20% at z= 10 μm whereas it is non-detectable in the case of for-
mulation Gwat. In both cases the glycerol spatial penetration is quite
homogeneous, although areas of stronger diffusion with depth can ap-
pear, these results are consistent with our previous ex vivo study [28].
The presented results were obtained on a 30 years old Caucasian
woman volunteer (Fig. S6).

To further quantify the percutaneous penetration of deuterated
glycerol diluted in water and xanthan gel we concentrate on the con-
centration profiles with increasing depth. Example of such traces are
shown as insets in Fig. 3 c for formulations Gwat and Gxant. With xanthan
gel (Gxant), the profile at shorter exposure time is nonlinear and be-
comes linear at higher exposure time (> 1 h10). Lack of linearity over
the exposure time with aqueous solution can be explained by the dif-
ficulty to control the skin exposure to Gwat. Despite these uncertainties,
all data were fitted through a linear regression (Fig. 4 a). Around 30
concentration profiles (acquired at different locations on the forearm),
averaged every 5min and acquired at different times T (every 8min
from 10min to 240min) after topical applications of the formulations
Gwat and Gxant on the skin surface, exhibit this linear behavior. At short
exposure time (< 60min), A is not constant and increased over the time
(Fig. 4 b). Then, it remains constant up to 3 h. The slopes A(T) (negative
slop) for both formulations are very similar (blue empty triangles and
red empty squares Fig. 4 b). Conversely the evolutions of the deuterated
glycerol concentration at the skin surface C0(T) are different for the two
formulations. For Gwat, C0(T) shows a sharp drop between T=0 and
T=60min and reaches a plateau close to the ~10% concentration
detection limit. On the contrary, for Gxant, C0(T) remains constant and
close to ~30%–40% until T=180min. At steady state, both values A
and C0 have to be constant over the time. At shorter exposure time
(< 60min), steady state is not reached. At longer exposure time, steady
state is not obtained for Gwat as C0 decreases over time. Steady state is
obtained with Gxant as supported by constant A and C0 values and the
linear profile at 1 h10 (Fig. 3c). This is a clear indication that the
xanthan gel acts as a reservoir at the skin surface and retains the
deuterated glycerol up to 3 h, enhancing its remanence as compared to
the water vehicle.

For the 3D TPEF stack it is possible to quantify the stratum corneum
(SC) thickness following the application of the formulations (Fig. 4 c d).
This has been done visually from the TPEF image stacks for every time
T, looking at the depth range where the corneocytes are clearly dis-
tinguishable (data not shown). This visual inspection could im-
mediately reveal that the corneocyte shapes are different and more
swollen for the xanthan gel formulation (Gxant) as compared to the
water formulation (Gwat) (Fig. 4c). Fig. 4 d shows the SC thickness
evolution with time T during the deuterated glycerol penetration for
both formulations. Note that the experiments were performed on dif-
ferent areas on the forearm. Both formulations tend to induce SC
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swelling between T=0 and T=220min. However this swelling is 1.5
more prominent in the case of Gxant than Gwat (30% and 50% swelling in
the case of Gwat and Gxant, respectively). This result is consistent with
the larger corneocyte shape initially observed in the case of Gxant

(Fig. 4c).

3. Discussion

CARS has been used throughout this work to perform deuterated
glycerol concentration map in human skin in vivo. This has been pos-
sible because (1) deuterated glycerol at 40%–10% concentration pro-
vides a viable epi detected CARS signal when topically applied on
human skin and (2) the nonresonant CARS background provides a ruler
for the excitation pump and Stokes beams attenuation and scattering
with increasing skin depth. Contrary to CARS our attempts to use SRS
failed because the reflected deuterated glycerol SRS signal from human
skin was to weak and the SRS contrast doesn't provide a nonresonant
background for in depth normalization purposes.

Using CARS, our results demonstrate that the in vivo percutaneous
penetration of glycerol into human skin is confirmed to be affected by
the vehicle (water or xanthan gel). The compositions of cosmetic for-
mulations indeed play an important role into skin bio-distribution and
the imaging framework presented here provides a way to visualize and
quantify how deuterated active molecules penetrate into skin in vivo.
Our measurements clearly indicate that xanthan gel retains glycerol on
the skin surface over time (Fig. S8) and enables its continuous delivery
to skin over a time frame that is at least twice that of the water vehicle
(2 h for water vehicle versus 4 h for xanthan gel, z= 10 μm).

Although the glycerol initial concentration (40%, w/w) is the same
on the skin surface and the application protocol identical for both ve-
hicles, it is more challenging to control the spreading of water vehicle
as compared to xanthan gel. This is because of both the more viscous
nature of the xanthan gel and the skin hydrophobicity. Therefore, we
cannot rule out the fact that the glycerol diluted in water might spread

over a larger skin area as compared to the xanthan gel and exhibits
slightly lower surface concentration. Such a situation further validates
the fact that xanthan gel acts as a ‘robust’ glycerol reservoir located at
the skin surface enabling the release of active molecule in the long run.
Indeed, up to 2 h after application the xanthan gel moisture is still
preset on the skin surface whereas it disappears for the water vehicle
within minutes.

We showed a SC thickness prominent increase for the xanthan gel
vehicle that is also clearly noticeable on the TPEF images. Indeed, the
corneocytes are clearly swollen at 1 h on Fig. 4 c. This is to be related to
the known homogeneous glycerol diffusion through skin that is en-
hanced with the xanthan gel vehicle.

When compared with our previous work on glycerol penetration in
ex vivo skin samples, our present findings on the forearm show that
steady state in vivo is achieved in ~1 h, especially in the case of the
xanthan vehicle (Gxant) as revealed by the linear deuterated glycerol
concentration profile (Fig. 3 c and Fig. 4 a b). This is different from the
results obtained on ex vivo skin abdominal sample where transient
diffusion was still observed after 4 h and steady state diffusion was
recorded after 24 h in an infinite dose scheme (Fig. S6 from [28]).
Beside the differences between samples (forearm in vivo and abdomen
ex vivo) and formula (xanhan gel with finite dose vs aqueous solution in
infinite dose) we conclude that living skin (metabolism, sweating,
sebum, microbiota…) accelerates the percutaneous penetration of
deuterated glycerol in skin showing that in vivo bio-availability is dif-
ferent than ex vivo.

Although our λ-switch modality requires 20 s (IR and INR) to image a
100 μm field of view, leading to 5min acquisition time for a
100 μm×100 μm×30 μm volume, the calibration process time on a
wrinkle, together with the accurate positioning on a wrinkle free area
requires ~15min total which precludes studies of fast diffusing species.
Recent development using fast modulation [42] or multifocus [43,44]
should enable to reduce the acquisition speed by one order of magni-
tude.

Fig. 2. In vivo TPEF and deuterated glycerol concentration in human forearm with increasing depth T=1h after the application of 30 μL of formulation on the skin
surface. Deuterated glycerol is diluted at 40% (mass) into water (formulation Gwat) (a) and xanthan gel (formulation Gxant) (b). TPEF images with depth z enable to
visualize the corneocytes and to locate the skin surface. The graphs on the right show the in plane (x,y) integrated deuterated glycerol concentration with depth z.
Xanthan gel retains a glycerol reservoir on the skin surface. Glycerol concentration: 1 corresponds to a concentration of 40% mass. TPEF images are in arbitrary unit.
Scale bar: 20 μm.
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The λ-switch modality can detect a glycerol concentration of ~1%
in solution (Fig. S2), however, the detection limit in vivo is of the order
of ~10% due to noise and uncertainties. Indeed, our normalization
process makes the CARS signal linear with the concentration but re-
mains dependent on the nonresonant CARS susceptibility (see Sup Info
section 7). We found that our assumption of a constant nonresonant
CARS susceptibility in skin is valid within 10% (Fig. S9) and this sets
our concentration precision and ultimate sensitivity. Furthermore, we
have shown previously [28] that this limitation doesn't preclude the
CARS quantification of active deuterated molecule in ex vivo excised
skin as good agreement was found when compared with adhesive tape
stripping followed by chromatography–tandem mass spectrometry
analyses (LC–MS/MS). Note also that glycerol sometimes accumulates
in patches in the skin and that the 10% stands for the spatially averaged
concentration. This is a limitation to study active molecule that are
commercially formulated with concentrations below 5%. A possible
improvement would be to take advantage of faster FM-CARS modula-
tion schemes [38,39] or the possible two photon absorption of active
molecule to increase the coherent Raman cross section by one order of
magnitude [45].

4. Conclusion

We have designed a multiphoton imaging framework based on two-
photon induced auto-fluorescence (TPEF) and coherent anti-Stokes
Raman scattering (CARS) that is able to monitor the skin morphology
together with deuterated active molecule percutaneous penetration in

human skin in vivo. Our λ-switch modality probes both the C-D re-
sonant and nonresonant CARS signals for increased sensitivity and is
insensitive to the scattering and attenuation of the excitation beams
with increasing skin depth as using the CARS non resonant background
as a correction ruler. With this tool, we have quantified the percuta-
neous penetration in vivo of deuterated glycerol diluted in two vehicles,
water and xanthan gel. We found that contrary to water, xanthan gel
vehicle retains glycerol on the skin surface over time enabling its
constant release in the long run. We could also measure that the stratum
corneum thickness increases more with the xanthan gel vehicle as
compared to the water case. This results highlight the critical role of the
vehicle and its ability for effective dermal delivery. The developed
multiphoton imaging platform provides a nondestructive tool with
chemical sensitivity to investigate cosmetic active molecule and phar-
maceutical drug penetration into human skin in vivo. We believe the
technology can be used to optimize active molecule design and their
formulations for optimal skin bioavailability. Ultimately such a TPEF
CARS imaging framework could be extended in handheld probes [46]
or fiber endoscopes [47] to monitor active molecule penetration in
inaccessible locations at the skin surface.

5. Materials and methods

5.1. ‘λ-switch’ nonlinear imaging

TPEF and CARS microscope images was performed on a custom
setup (Fig. S1) using two optical parametric oscillators (OPOs)

Fig. 3. In vivo time lapse glycerol percutaneous penetration after the application at T=0 of 30 μL of formulation on the skin surface. Deuterated glycerol is diluted at
40% (mass) into water (formulation Gwat) (a) and xanthan gel (formulation Gxant) (b). (c) In plane (x,y) integrated deuterated glycerol concentration evolution in time
for Gwat (blue dots) and Gxant (red dots). Glycerol concentration: 1 corresponds to a concentration of 40%. In (a) and (b) note that scale bars are not the same along x
and z axis. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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(Emerald, APE) pumped by a frequency doubled Yb fiber laser (Emerald
Engine, APE) operating at 516 nm. This 3 colors tunable system pro-
vides 1.5 ps pulses at 80MHz repetition rate at wavelengths 1031 nm,
847 nm and 837 nm suitable to image the carbon deuterium vibration at
2100 cm−1 and the nonresonant background at 2250 cm−1. The 3
beams are recombined using dichroic filters (D) and send to galvo
mirrors (Cambridge Technology) prior their injection into an invested
microscope(TiU, Nikon). The objective lens (Nikon, x20 NA=0.75)
can be translated along the z axis to focus the beams at various depth in
the sample thanks to piezo scanner (PiFoc, PI). The CARS, TPEF signals
are detected in the epi direction thanks to photomultiplier tubes
(Hamamatsu, H7421–50 for CARS and H7421–40 for TPEF). A dedi-
cated software written in Labview controls the systems including the
OPOs [48].

For each depth, the resonant carbon deuterium (C-D) and non-
resonant CARS images are acquired following the sequential obstruc-
tion of the OPO beams (Fig. S1 – inset) using mechanical shutters S1
and S2. This ‘λ-switch’ modality enables to acquire both 2100 cm−1

and 2250 cm−1 images over a 100 μm field of view and at a specific
depth in 20s, a time short enough to minimize the movement of the
forearm on the microscope stage. At the same time TPEF images are
acquired. The imaging process is repeated at a different depth thanks to
the piezo scanner.

Imaging conditions: 100 μm×100 μm (200× 200 pixels) (3 accu-
mulations) images are acquired in 10 s (20 s for both 2100 cm−1 and
2250 cm−1), performing z scan each 2 μm over 30 μm depth enables to

acquire a full 3D λ-switch stack in 5min. The power is set to 35mW at
the sample plane for each pump and Stokes beams.

5.2. In vivo human forearm imaging

The protocol follows closely the one reported in [29]. Briefly, the
right forearm of the volunteer is cleaned with water and a region is
delineated where a glass coverslip (diameter 25mm, thickness 150 μm)
is positioned directly on the skin. A custom-made metallic holder fea-
turing a 20mm clear aperture is firmly attached to the skin using
doubled-sided adhesive so that the glass coverslip fits into its aperture.
The glass coverslip flattens the skin surface and eases the image ac-
quisition. The hand together with its holder is then securely fixed on the
microscope stage with magnets for in vivo imaging, and the volunteer's
right elbow is maintained (Fig. 1).

5.3. Formulations and skin topical application

Deuterated glycerol (purity> 99.5% - Sigma) is diluted at 40%
(mass.) in two vehicles: pure water (Gwat) and 1% xanthan gel in pure
water (Gxant). 30 μL of formulation is applied on the volunteer forearm
in an area of 3 cm2 (dose =10 μl/cm2), rubbed for 3min with finger
and left in open air for 2min before being covered by a glass cover slip
(occlusive condition for at least 1 h30). A 30 years old volunteer
Caucasian women kindly participated in this study (Fig. S6).

Fig. 4. Evolution of deuterated glycerol concentration and stratum corneum (SC) thickness after topical application time T. (a) A linear regression is used to fit
concentration profiles with depth for both water and xanthan gel formulations (insets). (b) Evolution of concentration profile slopes A and surface concentration C0

with time T, highlighting a surface reservoir created by the xanthan gel. (c) SC TPEF images versus T and (d) SC thickness evolution with time T.
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